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ABSTRACT

This study focuses on the model validation of an Integrated Solar System Laboratory, employing a
comprehensive approach encompassing solar energy sources, batteries, DC/DC boost converters,
inverters, and controllers. Mathematical models were meticulously formulated for each key component
and implemented using MATLAB/Simulink to create a virtual environment mirroring the laboratory
setup. Validation was conducted by accurately representing the designed system parameters in the
simulation environment, and then assessing the dynamic responses of the various simulated outputs. The
system, designed for diverse photovoltaic solar applications, integrates energy management software.
Simulation results showcase the system's dynamic responses to varying solar irradiance, load patterns,
and disturbances, highlighting the efficacy of control algorithms. Key findings indicate that the
incremental conductance algorithm effectively optimizes the PV module's operating point at 7.5 Amps
and 90 volts. System stability endures load variations, with the inverter stable at 65%. Additionally, the
efficiency of the MPPT technique and converter duty cycle stability are emphasized, along with the
battery discharge rate reduction from 67% to approximately 20%. The study validates solar system
models, ensuring accurate representation. Robust control algorithms maintain stability amidst load
variations, showcasing system efficiency.

Keywords: Model validation, Integrated Solar System Laboratory, Energy management software, solar
irradiance, Control algorithms.

INTRODUCTION

The global demand for renewable energy sources has intensified as nations strive to address
environmental concerns, energy security, and sustainable development. In the context of Nigeria, a
nation endowed with abundant solar resources, harnessing solar energy presents a viable pathway
towards meeting the country's increasing energy needs while minimizing its carbon footprint [1].
However, despite the significant potential of solar energy, there exists a substantial gap between
theoretical knowledge and practical skills within the Nigerian solar energy industry [2].

The solar energy sector in Nigeria is poised for substantial growth, driven by government initiatives,
international commitments to reduce carbon emissions, and the need for decentralized energy solutions
[3]. However, the effective integration of solar technologies into the energy landscape requires a skilled
workforce equipped with hands-on experience and a profound understanding of cutting-edge
technologies such as smart grid systems, Internet of Things (IoT) connectivity, energy management
software, and hybrid renewable systems [4]. Recognizing this imperative, this study introduced an
innovative educational initiative — an automated modular solar energy training laboratory specifically
tailored to address the unique challenges and opportunities within the Nigerian context. The innovative
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laboratory aims to go beyond conventional theoretical teaching methodologies, incorporating state-of-
the-art technologies and industry-aligned curriculum to empower students with practical skills essential
for the evolving landscape of the solar energy sector.

This study contributes vital insights to the field of renewable energy by offering a comprehensive
understanding of the dynamic interactions within solar power systems. The optimized control strategies
and enhanced efficiency of energy harvesting will pave the way for more reliable and scalable
renewable energy solutions. Findings from this study will guide future developments in renewable
energy systems, facilitating their integration into mainstream energy grids and promoting sustainability.

A. Aims and Objectives

This study aims to perform model validation for the Integrated Solar System Laboratory, ensuring that
the developed models accurately reflect the dynamic behavior of the integrated solar system
components. The specific objectives were to formulate precise mathematical models for key components
within the integrated solar system, including solar energy sources, batteries, DC/DC boost converters,
inverters, and controllers; utilize MATLAB/Simulink to implement the mathematical models, creating a
virtual environment that faithfully reproduces the laboratory's integrated solar system; and, conduct
extensive validation through comparison of the simulated outputs with real-world data from the
Integrated Solar System Laboratory to ensure the accuracy and reliability of the developed models.

B. System Architecture

The developed automated solar energy training laboratory is a compact and modular prototype designed
for comprehensive student learning, with dimensions not exceeding 2.0 meters in length, 1.7 meters in
height, and 0.4 meters in depth. It has a sturdy construction, a modern appearance, and integrated
workstations. Solar panels on top generate electricity, while displays provide real-time system data. The
prototype combines functionality and aesthetics, efficiently utilizing space for training at Isa Mustapha
Agwai | Polytechnic, Lafia Nigeria. The system architecture is shown in Figure 1.

Voltage/Current
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DC/AC ﬁ
Controller inverter load
DC

= P load
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Supervisory Control & Data
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Figure 1: Block Diagram of the System

C. System Description

The system shown in Figure 1 comprises a solar energy source, battery storage, DC/DC boost converters
with MPPT control, an inverter with a controller, and loads. This system is designed to replicate various
photovoltaic solar applications, aiming to deliver stable and reliable power. Modeling and control are
crucial for operational analysis. The simulation model includes a solar energy source, energy storage,
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MPPT control, and associated conditioning units. A PWM inverter controller regulates three-phase AC
bus voltage and frequency. A DC-DC buck/boost converter control strategy maintains constant DC link
voltage during power source or load changes. The system is implemented for effective laboratory
instruction at Isa Mustapha Agwai | Polytechnic (IMAP), Lafia, as well as various scenarios across
Nigeria.

The system also features a workstation with a display for monitoring and managing solar systems. It
integrates smart grid simulation, 10T connectivity, and energy management software. Hybrid renewable
systems and energy-efficient technologies are included. The console empowers students to gain practical
experience and contribute to solar energy education.

RELATED LITERATURE

Existing literature presents compelling evidence for the modeling and validation of integrated solar
power systems, showcasing diverse approaches and applications. A transient model for a solar hybrid
pilot plant was successfully validated by [7] in Spain, demonstrating accurate integration of
photovoltaic-thermal collectors, thermal storage, and a reversible heat pump. The system's self-
sufficiency in meeting varied energy demands highlights the model's robustness. In another study, [6]
explored optical-thermal and classical thermal models for a solar PV system, addressing varying and
constant coefficients with incident angle variations. Their comprehensive approach, involving
astronomical calculations and electromagnetic theory, resulted in accurate predictions validated against
experimental data. The significant agreement between the classical thermal model and actual electricity
production attests to its modeling accuracy and reliability. Furthermore, [5] validated detailed
photovoltaic (PV) models for building-integrated systems, emphasizing the importance of addressing
partial shading and thermal impacts. Their optical-thermal-electrical model, incorporating a five-
parameter PV cells circuit, accurately predicted power production under shading conditions. The model's
ability to improve accuracy during severe mismatching and accurately predict temperatures underscores
its value in assessing integrated PV systems' effects on power losses and hot spots. A thorough modeling
and validation of a solar PV plant was conducted by [8] using field-measured data. The study aimed to
authenticate model accuracy, covering both steady-state and dynamic models. An algorithm fine-tuned
gains for electrical and plant controllers, confirming its efficacy in capturing dynamic intricacies during
a capacitor bank switching event.

Together, these studies and many others contribute valuable insights into the modeling and validation of
integrated solar power systems, offering approaches applicable to different contexts, such as hybrid pilot
plants, general PV systems, and building-integrated systems. These findings collectively emphasize the
importance of accurate modeling techniques in optimizing the performance and reliability of solar
energy systems across diverse applications and conditions.

METHODOLOGY

Detailed mathematical models were developed for key components, including the solar photovoltaic
system, battery storage/management system, DC/DC boost converters, and inverter. Utilizing relevant
equations and fundamental physics principles, these models were used to accurately portray the behavior
of each component in the system. MATLAB/Simulink simulation tools played a central role in
converting the formulated mathematical models into a virtual environment. This involved creating a
comprehensive simulation setting that incorporated the solar energy source, energy storage, MPPT
control, and conditioning units. A robust control strategy was developed for the DC/DC boost converters
and the inverter, prioritizing power flow optimization, voltage and frequency regulation, and overall
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system stability. In addition, MPPT control algorithms were implemented to improve the efficiency of
energy harvesting from the solar source.

A. Matlab Implementation: Simulink-Simscape Modeling

The Matlab model implementation initiates with the creation of a single-line representation of the
system using Simulink-Simscape. The methodology, adopted in this study, employs Simulink-Simscape,
a block diagram modeling language in Matlab tailored for multi-domain physical systems.

Parameterization Process: To set system parameters, components are configured by double-clicking and
inputting model and control values into designated fields within the parameter block. This
parameterization step involves providing predetermined model parameters for each selected system
component from the advanced Simulink-Simscape library.

Automatic Scripting: Matlab then automatically converts these configured parameters into code,
generating M-code, C-code, or PLC-Code as required. This seamless transition from the Simulink-
Simscape environment to executable code ensures the accurate representation and implementation of the
designed model.

1) Photovoltaic System Modelling

The Current-voltage (I -V) characteristics of a typical PV module are shown in Figure 3. The current
axis (whereV = 0) is the short-circuit currentls., and the intersection with the voltage axis (where
I = 0) is the open-circuit voltage V,.. The power as a function of voltage is also shown in Figure 2.
The locus of maximum power points is also shown. The maximum power that can be obtained
corresponds to the rectangle of maximum area under the I- V curve. At the maximum power point the
power is B, the current is I,,,, and the voltage is V,,,. Ideally, cells would always operate at the
maximum power point, but practically cells operate at a point on the I — V' curve that matches the I — V
characteristic of the load. Current-voltage (I-V) curves are shown in Figure 3 for the selected PV module
(SunPower SPR-E20-327) operating at a fixed temperature and at several irradiation levels. For the
module, short-circuit current increases in proportion to the solar radiation, while open-circuit voltage
increases logarithmically with solar radiation. As long as the curved portion of the I — V characteristic
does not intersect the current axis (where V. = 0), the short-circuit current is nearly proportional to the
incident radiation.

T 1000 Wim? at50°C
|
6 1000 W/m2 i
’ |
z 4 | BOOW/m?
g |
500 W/m? ‘
2 |
| |
200W1'|:112
1]
0 10 20 30 40 70

Voltage (V)

Figure 3: The I-V Curves for the selected PV module (SunPower SPR-E20-327) at Several Irradiation
Levels.
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The single-diode model was employed owing to its suitability for system design purposes. This model
requires several parameters that are characteristic of the cell/s being modeled. The parameters are not
directly given in the manufacturers’ datasheets for commercial PV modules. They need to be extracted
from the datasheet information. Figure 4 is an equivalent circuit that can be used for an individual cell, a
module consisting of several cells, or an array consisting of several modules. As seen from the Figure,
the light-intensity dependent current source I,,;, is connected in parallel with a forward biased diode I,
while the two parasitic resistances R, and R modeling the module losses are connected as shown in
Figure 4.

—
P —
—t

N ,
I\“CID WA xlr — ToLoad

Figure 4: Equivalent Circuit for the PV System Model

At a fixed temperature and solar radiation, the external (load) current of this model is given as expressed
by [12] as:

I = Iph —Ip =I5 (1)
Where;
| = Load Current

I, = The Photon Current

q(V+IRs)
I, = Diode current = I (e akT — 1)

V + IR

Iz, = Shunt Resistance Current = R
sh

Thus;

qV+IRs) 1] V + IR,

I=1I,,—1, [e akT = (2)
sh

Where;
I,n, = Photon Current

R, = Shunt Resistance
R; = Series Resistance

I, = Reverse (dark)Saturation Current
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a = Diode Ideality Factor

For most practical applications, there are multiple PV cells connected in series to form a PV module
(as shown in Figure 5), which in turn are arranged to form PV arrays. It therefore means that the
equivalent model for the circuit in Figure 5 can be represented as;

[ a(+IRs) V +IR;
—1I,|e NsakT — 1| —

(3)

Figure 5: Arrangement of Series-Connected PV Cells

As stated earlier, the datasheets do not directly give the five parameters needed for modeling the PV
cell. They however provide enough data to derive these parameters. Hence using the datasheet
information on open circuit voltage (V¢), short circuit current (Is-), maximum power point voltage
(Vinp), maximum power point current (I,,,,,), temperature at STC, Irradiance at STC, number of series-
connected cells for the module and indeed maximum power at STC; we can extract the five parameters
using equation (3). As stated earlier, these are:

Photon Current (Iph).

Shunt Resistance (Rgp,),
Series Resistance (Rg),
Reverse (dark)Saturation Current(I,); and

a = Diode Ideality Factor.
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The Photon Current (I,,5): At short circuit conditions and under standard test conditions (STC), the
external (or) load voltage is zero (V = 0), therefore; | = Is¢ = Iy, since the voltage drops across the
shunt and series resistances are very small (and therefore negligible).

Thus;
ISC — Iph (4)

So that to obtain the photon current at any given operating condition, we scale it suitably using the
expression;

G

Ipn = (Iscgpe + KiAT) (5)

GS'TC

Where; G = Solar irradiance in W /m? at any given operating condition;
Ggtc = Solar irradiance in W/m? at STC;

Isggre = Shortcircuit current at STC from datasheets;

K, = Temperature Coefficient of Ig¢c_;

AT = Temperature difference between

cell temperature and its temperature at STC (25°C).

The Shunt Resistance (Rgy): Under short circuit conditions, the shunt resistance affects the slope of the
I-V curve inversely. Therefore, differentiating equation (3) we have;

dl I [ Vs a'f) 1 Rs dI
R, R dV

- _0 V(]_R_
v |¢ T U gy

(Note that:The Thermal Voltage (Vy) = T so that -L = i)
q akt Vp

Then;

dI Lo Bs | ToRs @l Iy YR 1 ©
- —p T = —"8 T —

dV Rsh VT T Rsh

Therefore under any given operating condition we have;

5 V+IRg
—_— 1V —
ﬂ — VT ¢ ’ RSh (7)
dV Ry  IRg HEs
- S Vv
1+ R.. + v, €7

But we are concerned specifically with short circuit conditions under which the reverse saturation
current I, = 0, and R has typically very small values, and hence R << Rgy. Thus;
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So that at short circuit conditions;

dv
Rsgp = — E (8)
The Series Resistance (Rg): The series resistance significantly impacts on the slope of the 1-V curve
near the open circuit conditions. Under these conditions, no external current flows in the system, and the
only current present is the reverse (dark) saturation current (I,). Thus, under open circuit conditions;

V+IRs Voc VOC

I{]'E Vr :IU'BVT :ISC__
Rsh

More importantly,

This is because under open circuit conditions, R, > V. Hence equation (6) becomes;

dI 1 I Iee 1
e R e
dV[ T i R5h+VT VT+R5,1

On rearranging, we have;

1 I dv (lee 1
(e ) )
[5 Rm+VT dI VTJ%?M1

So that;
dV ¢lsc 1
1\ ) S
5 i_l_fq_c dl (L _l_f'i_C)
Rsh VT Rsh VT

But at open circuit conditions,

1 Isr
<L —
Rsh VT

Since R,is usually very large; hence:

Ry = av_Vr (10)
STdl I

Where
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(Note that with the exception of the diode ideality factor ‘a’, all other terms in the expression are either
known constants or readily available from datasheets of the selected PV module).

Reverse (Dark) Saturation Current (Iy): Under open circuit conditions, the terminal voltage (V) is the
open circuit voltage (Vo) with its value at the maximum, while the short circuit current (I5.) approaches
and eventually becomes zero. Thus; V = Vp¢, I = 0 & Is¢ = I,,,. Equation (3) then becomes;

Yoc
0=1I—1Ip|evr — 1] - ‘;‘f‘i (Since I, = Isc)

Voc Voc
ISC:I{] BVT —1 +R_ (11)
sh
But
Voc
eVr > 1;
Therefore:
Yoc Y,
ISC = I{]B Vr +ﬂ
sh
Voc V
I{]g Vr = ch _Ri:_
5
1%
o= (12)
eVr

Diode Ideality Factor (a): The diode ideality factor is a measure of the material quality. This means
that lower values reflect better diode material, lower reverse saturation and higher power output. Its
impact is predominantly near the maximum power point on the I-V curve; and this can be used to
estimate the value of ‘a’ from datasheets of the given PV module. The values of ‘a’ range from 1 to 2.
At maximum power point conditions; V = V,,,, & I = I,,,,,. So that equation (3) becomes;

Vg v,
Imp:ISC_I{J eVr — 1| —
Rsh

Where; Vy = Vup + Rl
Thus;

(13)

Vimp +Rslmp Vinp + Rsl
Imp = Isc — I lg Vr — l_mpR—s"‘p
sh
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So that ‘a’ can be obtained from the expression;

_ NgakT
g q

Equations (10), (12) and (13) were parameterized in the Simulink model blocks with respect to the
parameters ‘Rs’, ‘I’ and ‘a’. The selected PV module is SunPower SPR-E20-327; a 327W (peak power)
monocrystalline flat plate, and its datasheet information is as given in Table 1. Two additional details
which are not given explicitly in the datasheets are: the slope of the 1-V curve near the short circuit
conditions, and; the slope of the I-V curve near the open circuit conditions. These can however be
estimated from the I-V curves shown in Figure 3.

Table 1: Datasheet information for SunPower SPR-E20-327 Monocrystalline Solar PV Module

Parameter Symbol | Value
Nominal Power | B, 3271 W
(+5/-0%)
Cell Efficiency | n 22.5%
Panel Efficiency | n 20.4 %
Rated Voltage Vinpp 54.7V
Rated Current Lnpp 598 A
Open-Circuit V,c 649V
Voltage
Short-Circuit Ise 6.46 A
Current
Maximum 600V  UL;
System Voltage 1000 IEC
(as per IEC)
Temperature Power —0.38%/°C
Coefficients (P)
Voltage | —
(Voc) 176.6mV/°C
Current | 3.5mA/°C
(UIsc)
Number of Cells 96
in Series
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NOCT 45°C  +/-
2°C

Series Fuse 20A

Rating

Limiting Reverse 16.2A

Current (3

strings) I

Grounding Positive
Grounding
not required

The PV system modeled using Simscape as shown in Figure 6, implements up to 11 series-connected
PV panels arranged in an array of 8 parallel strings, making a total of 88 connected PV panels to give a
net power of 28.776kW.

MEFT1

Figure 6: Simulink Model for the PV System

The values along with other defined parameters are used in the Simulink Model blocks to configure the
model characteristics into a real-time PV system, which can be tailored to fit varying scenarios based on
user pre-defined inputs on the system workstation.

2) Modeling of the Battery Energy Storage System
The lead-acid battery model is determined by equation (14), which depending on the state of function
vary between + or -, the first one is for the charging state and the second one is for the discharging state
as is described in [14].

V=E,+IR (14)

Where V is the terminal voltage, |, is the actual current used by an external charge (which in idle state is
approximated to 0) and R is the internal resistance, which vary depending on different parameters such
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as capacity, charge/discharge current, temperature, among others, and E,, is the open circuit voltage
defined by equation (15):

Ep = Emo — K.(273 + T.)(1 — S0C) (15)

From equation (15), E,, is the open circuit voltage at maximum charge, K, is a constant granted by
datasheet, T, is the electrolyte temperature and SOC is the state of charge, which can be found applying
equation (16).

q — Qais

Qmax

S50C =

(16)

Where q is the actual battery charge calculated by the result of I x t, q4;s IS the actual battery discharge
rate and g, 1S the battery capacity. The size of battery storage is important, and detailed calculations
should be made to meet the demand when the power from the electric grid is not available. [15]
suggested that the required battery capacity is given as:

Eioaa X Dayssr

B... = 17
sz DODmax X ntemp ( )
Where
Eload = the load that needs to be supplied during unavailability of power in ampere hour

Daysoff = | the storage days (the days that power from the electric grid is unavailable)

DoDmax = | the maximum depth of discharge of the battery

ntemp = the temperature correction factor

According to [13], the charge quantity of the storage system is given by:

Eg() =Eg(t—1-(1-0+ (EGA&) — EL(t)) " Npatt (18)

inv

Where ¢, and n,q¢¢ are the hourly self-discharge factor, efficiency of inverter, and efficiency of the

battery, respectively; Eg(t) and Ez(t — 1) are the charge quantity of storage system at time t and t-1,
correspondingly; and E;4 and EL are the renewable energy power and load demand, respectively. The
charge quantity is constrained by maximum and minimum charge quantitieS Egmnax and Egmin,
respectively [7].

Due to the varying nature of the internal resistance (for different battery types), many battery system
models have been proposed based on the experimental identification of the battery parameters; such as
TRNSYS model proposed by [12], Kinetic Battery Model reported by [16], etc. Hence the kinetic
battery model, simple in approach, is more commonly employed for multiple DER applications. The
Kinetic Battery model is a two-tank model with kinetics that best describes lead acid battery behavior
[17]; [18]. The first tank contains "available energy,” or energy that is readily available for conversion to
DC electricity. The second tank contains "bound energy,” or energy that is chemically bound and
therefore not immediately available for withdrawal. Three parameters are used to describe this two tank
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system. Eckstein further pointed out that the maximum (or theoretical) storage capacity (Qmax) is the
total amount of energy the two tanks can contain. The total amount of energy stored in the Storage
Component at any time is the sum of the available and bound energy, hence:

Q=0:+0Q; (19)
Where QL1 is the available energy and @, is the bound energy.

[18] suggested that the maximum amount of power that the storage can absorb over a specific length of
time is given by the equation:

—keQumax + kQ1e 7 + Qke(1 — e7*AY)

Pbatt.dma.kbm = 1 — e_kﬂt + C(kﬂt 1+ E_kﬁt) (2{:‘)

where:

Q1 | = the available energy [kWh]
in the storage at the beginning
of the time step

Q | = the total amount of energy
[KWh] in the storage at the
beginning of the time step

c | = the storage capacity ratio
[unitless]

k | = the storage rate constant [h-
1]

At | = the length of the time step
[h]

Similarly, the maximum amount of power that the Storage Component can discharge over a specific
length of time (At) is given by the following equation:

kQ e 0 4 Qke(1 — e ¥0Y)

Pbatt.dma.kbm = 1 _ g—kﬂ.t + C(kﬂt _ 1 + e_kﬂt) (21)

On calculating the actual charge or discharge power, the resulting amount of available and bound energy
at the end of the time step is calculated using equations (22) and (23):

+(ch——P)U_—e_kmj+_PC(kﬂt——1—Fe_kM)

Qi.ena = Qle_km % k

(22)

o k o —kAtL
Qoena = Qe+ Q(1 —o)(1 — e *4) + Pa - o) ﬂ; Lre ) (23)
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where

o1 = the available energy [kWh] at the beginning
of the time step

Q2 = the bound energy [kKWh] at the beginning of
the time step
= the available energy [kWh] at the end of the

Q1, end time step

02, end = the bound energy [KWh] at the end of the

’ time step,

P = the power [KW] into (positive) or out of
(negative) the storage bank

At = the length of the time step [h]

Figure 6 shows the implemented the battery energy storage system model in Simulink. It implements the
battery charging limits, the reactive power capability and the total storage capacity.

¥ Pin

I

SE%

—HQin soc{) |
Slored Energy
Calculation (%)
L] S0C [31)
Phatt B -u
O £ fofe B
Pref Qout — L4 i
Power Limits ain Qbalt » Gin Qhat H
— Reactive Power
o Charge Limits Capability

G Simple Batery
Inverler

Figure 7: Model for the Energy Storage System (ESS)

The charging limits were dictated by the round trip efficiency (as designed earlier); the reactive power
capability depending on the control signals from the load, as well as the dispatch from the PV system;
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while the storage capacity is parameterized as earlier designed. The ESS model also implements the
system converter and system controller models exactly as they are implemented in the PV system model.

3) Modeling of the Charge Controller

The employed MPPT controller adopted the incremental conductance method, chosen for its efficiency
in tracking maximum power under rapidly changing atmospheric conditions. This technique adjusts the
PV module terminal voltage based on incremental and instantaneous conductance, aligning it with the

Maximum Power Point (MPP) voltage. The correlation between % and —% signifies the controller's
ability to identify MPP location. The instantaneous conductance (—%) value of the system and

. dl . .. . .
incremental conductance (E) values are useful in determining the maximum power point on the P-V

curve. The algorithm uses the information of source voltage and current to find the desired operating
point. The equations according to [9] were used to implement Simulink model of MPPT using the
incremental conductance technique as follows:

dI = ! MPP 24
—di ! left of MPP 25
p] = efto (25)
—di L ht of MPP 26
p] < right o (26)

Using equations (24), (25) and (26), the algorithm shown in Figure 8 was used to select the most suitable
step-sizes for various adjustments corresponding to the solar irradiation at each instance.

Inputs: k), Itk)

AT=IE)-IE-1)
AV=V(E)-ViE])

D)= D)= D)= DW=
D(k-1)+AD| | D(k-1)-AD D(k-1)-AD | | D(k-1)+AD

Ifk-1)=I{x)
PrE=1)=F(E,

Figure 8: MPPT Algorithm for the Implemented Incremental Conductance

The PWM control signal of the converter is regulated by the MPPT until the condition (% +% = 0)
occurs, and in order to maintain a continuous power flow between the DC terminal and battery storage
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device with constant DC link voltage, a buck/boost DC-DC converter is used; with 2 PI control loops to
regulate the DC-link voltage as shown in Figure 9. The reference DC link voltage of 144V is considered,
so that the DC bus voltage will remain stable during changes in either the source power or load

variations.

Ve b
. 5|4 moo| ] e |
Vit Cantrollar Controller Generzter

Theef

Figure 9: IC-MPPT-Driven Control Strategy for the Buck-Boost converter

The inner loop of the control system effectively manages battery current, providing resilience against
parameter variations. Simultaneously, the outer loop maintains control of the voltage regulation. To
uphold power balance amidst fluctuating source power and dynamic load conditions, the battery
undergoes controlled charging or discharging processes. As illustrated in Figure 9, the two IGBTs in the
converter operate in a complementary fashion, driven by the PWM signal. The voltage V. is then
compared with a reference voltage (Vj,.r) to derive an error signal. Subsequently, I, is compared
with the battery current to generate a PWM signal. The obtained error is compensated by the Pl
controller, as shown.

Duty Cycle

CD—»vrv @
V_PV + [
L >0 P>
C@)—»iv Delta_Dfp———»{- | D Pulses
PV Saturation PWM Generator
{DC-DC)
| ’—» on/off

Deblock
MPPT
MPPT

Figure 10: Simulink model of the MPPT Charge Controller

The implemented Simulink model shown in Figure 10 incorporates an MPPT controller based on the
incremental conductance method. Simulink Library components are utilized based on the algorithm;
employing equations (24), (25), and (26) from [9]. To determine adjustment steps for the PV module
terminal voltage, the algorithm dynamically selects suitable step-sizes for adjustments corresponding to
changes in solar irradiation at each instance. Signal Processing blocks are used to calculate incremental

conductance (%) and instantaneous conductance (—%), and thus; identify the Maximum Power Point

(MPP) on the P-V curve. The model then integrates the correlation between % and —% to locate the

MPP on the curve. The parameterized PWM block in the model regulates the control signal of the
converter based on the MPPT algorithm. A buck/boost DC-DC converter ensures continuous power flow
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between the PV system and the battery storage device. Two Proportional-Integral (PI) control loops are
integrated into the model to regulate the DC-link voltage, thereby maintaining stability. The model
considers a reference DC link voltage of 144V. This reference voltage ensures the stability of the DC
bus voltage even during changes in source power or load variations.

4) Modeling of the Inverter

The system inverter was designed by initiating control of the output voltage and frequency based on the
state-space average models of a single-phase half-bridge inverter in real and imaginary stationary
reference frames as obtained by [10].

Figure 11: Stationary Reference Frames Model of Single-Phase Inverter [10]

From the circuit model shown in Figure 11,
d|l, U1 |, 1( Zre ) V, (1 Te )
EL&;J B lUsJE_lfﬁJE "L +Z+rc _lVBJ L L(Z+7) 27)

d | Vge I, z Ve 1

zilvd = l5lero~ lrleaa @9

Where;

V4. = constant voltage source

U, = dependent 'real’ voltage source

Ug = dependent 'virtual’ voltage source

I, = dependent current source

After obtaining the average real and imaginary models, as expressed in equations (27) and (28), the d-q

model of the inverter can be derived by applying the transformation matrix equations (29) and (30) to
these averages. Hence;
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x] =[x @)
)= [x] G0)

Where T is the transformation matrix; and:

coswt sinwt
T = [

—sinwt coswt (31)
-1 _ [coswt —sinwt
sinwt coswt

This results in:

)=o) - [ G )
- [ ]( L(l-l—rcfZ)) (32)
(_1 [1 - [ Mc(l —l—rc,/Z)) ™ [[{;jj] (m) (33)

By applying the chain rule to equations (32) and (33), and separating the ‘d’ and ‘q’ components; the
state space model can be obtained as follows:

—T 1 [—msinwt —cos wt

coswt sin wt
T—T 1= [—COS wt sinwt + sinwt coswt —(cos wt)? — (sin wt)? ]
dt (sinwt)? 4+ (coswt)? —coswt sinwt + sinwt coswt

rar=aly Gl= %)
-G S ) ) o0

S Pl e R S 5 B R [ o) (35)

Equations (35) and (34) (also known as the d-q equations) can be simplified by neglecting r; and r as in
practice, they have negligible values. It is worth noting that the cross coupling terms occur between d
and q components in the simplified equations as follows:

ddt[fd}_l.[”d} b o] [Id] Eﬂ (36)
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As seen from equation (36), the inductor cross-coupling is adequately addressed, while equation (37)
adequately addresses the capacitor coupling; between the d and g components.

The Simulink implementation of the single-phase, full sine wave inverter is shown in Figure 12. The
model was implemented in Simscape by integrating specific library blocks, including PLL &
Measurements for grid synchronization, V,;. Generator for modeling the DC link voltage, Current
Regulator for inverter current regulation, V,,,. .., Generation (max m = 1) for generating reference ABC
voltages, and PWM Generator for generating Pulse Width Modulation (PWM) signals.

w
iV m
DC_pOW L “ Puses
D
Vv g
Vabe_pim
- P labe_prim Uabc_ref b Urel
o—1I i e UntDety
fabc_pnm
PLL & Measurements
Idq_mes Vdvq coow f—p{VdVQ_conv P2 _.E]

C)—vaems

laq e
e P
T1ager Uabc_ref Generation Generaor
L = Curert Reguiaior max (m) =1

w_rel

VDC Reguator

Figure 12: Simulink Implementation of the System Inverter

The PLL & Measurements block was connected to the grid voltage, and its output was linked to the V.
Generator block. The Current Regulator block received the output of the V,;.Generator block, regulating
the inverter current. The Vg, . Generation block, configured with 'max m = 1," generated reference
values within permissible limits based on the current regulation. The PWM Generator block was
connected to the V. ., Generation block, generating PWM signals to control the inverter switches.

The PWM Generator block was subsequently linked to the inverter switches and load. Throughout the
design process, careful parameter adjustments were made to meet the specific requirements and ratings
of a 30kVA inverter system. The completed Simulink model represents the entire control system of the
inverter, encompassing grid synchronization; current control, voltage reference generation, and PWM
signal generation. Feedback loops and additional control features were incorporated to enhance system
stability and performance. Detail of parameterization and math-modeling of each block is reflected
under its mask as shown.

5) The Inverter Controller Modeling

Using the state space approach, the inverter modelling dynamics are defined at medium to high
frequencies. The DC-link voltage changes very slowly over the time, owing to the action of the DC-link
capacitor. Thus controller structure and the closed-loop model for the inverter would adopt an approach
in the synchronous rotating reference frame, so that the continuous-time state equation for the inverter in
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the d-q coordinate system would depend on our already developed inverter model. Therefore equations
(34) and (35) can be re-written as:

dig . .
U; = LE —wlig + iy + vy

dig . .
Ug = LE + wlig + 115 +vg

(38)

So that the coupling terms in equation (38) derived from equations (34) and (35) can be decoupled in
equation (39). Thus;

dig . .
Ug = L——+ wliy + 1 iy + vy

i
dr
di, (39)
dt

=L — wlig +1ig + vy

Ilq

Where w,; and u, are the control signals, v, and v, are the inverter output voltage components in the d-g
frame respectively. It is possible to derive the controller equations by integrating equation (39), with the
adoption of the Backward Euler method over the sampled period (k — 1)Ts to kTs. The % variation is
averaged over one sampling period and dividing by Ts. So that;

did id kT id k—1
_ Y, B GRS 40
di lgp — lgp—

q q.k q.k—1
— 41
Using the Backward Euler method suggested by [11], the output current variation between two
consecutive samples i, and i;,_, can be approximated to average levels. Thus;

lak T lg k-1

' —_ 0 = 42

Lak ) (42)
. iq.k + iq.k—l

lgr & T (43)

Where i, and i, _, are the d-q reference currents at the sampling instants k& and k — 1, respectively. This
results in:

Tgp — [4p— Lpp + ok Ige +ig5—

Ugp = L—d'k qu'k ! + wl (—qk 2 Ll 1) + g (_dlk 2 dk-1 1) + Vag-1 (44)
lop —lgp— [P S lgp T lgp—

T L q.k qu 1 L(d.k zd.k 1) rL(qk q.k 1) Varet (45)

Assuming that the current error is eliminated in one sampling interval, the current at instant k equal the
current reference at instant k — 1 (i}, ,,_,), then;
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The assumption is made that the fundamental output voltage remains constant during a single sampling
period, with the sampling frequency typically being several times faster than the highest frequency
component in the output voltage. That is:

From the foregoing it is seen that the PI control signal employed within the d-g controller in stand-alone
mode is expressed as:

i — 1 i+ i i i
H:;L;H-l — L d.k :I:.[r'q d.k —l—mL(q'k 12 Qk)_l_rL(d.k 12 d'k)‘l‘vd.k (46)

iy — I i, +i 0wy +ig
Wy = LR L, (—‘”‘ = d"") T (—‘”‘ = q") + g5 (47)
The integral term is computed by multiplying the integral gain with the accumulated sum of recent
errors. The steady-state error is represented as the sum of past errors within the integral component of
the PI controller. Specifically, the steady-state current error is equivalent to the cumulative sum of
previous current errors, leading to:

k-1

lgg = [ig(m) — ig(m)]
=

igr = [JL(’ir (m) — i, (m)]
m=0

Where m represents intermediate discrete samples, and the resulting PI-controller is given as:

k-1 . .
! =r = 1 -r - L Ji—1 + Lq.k
Uy prr = Ky (i — lax) + T Z lig(m) —ig(m)] ¢ + k¢ (qf + eqk
m=0

(48)

k-1 , _
, ; : 1 ., . Lig-1 T lak
Uppeq = Ky (g —igi) +EZ [i,(m) —i,(m)] ¢ — k¢ (f) +eqk
0

m=

here k. = =4t p L T= 't
W T T e e L (kD
Te " 2

The closed loop system configuration is shown in Figure 13, while the Simulink implementation is
illustrated by Figure 14.
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Figure 13: The Controller Closed Loop System Configuration
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Figure 14: The Inverter Controller Simulink Implementation
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Figure 15: Simulink Model of the Complete System
6) The Complete System

The complete Simulink model of the system, (shown in Figure 15) encompassing the solar array, boost
converter, DC/AC inverter, data acquisition block, and control unit, incorporated diverse control
algorithms with ideal switches assumed in power converters. Simulink standard blocks implement
relevant equations for a comprehensive system model, featuring 11 series-connected PV panels in 8
parallel strings, providing a net power of 28.776 kW. The single-diode model, suitable for system
design, necessitates parameter extraction from datasheets. The battery storage system mirrors the PV
system, incorporating charging limits, reactive power capability, and total storage capacity. The charge
controller adopts an MPPT controller with a buck/boost DC-DC converter ensuring continuous power
flow. Two PI control loops regulate DC-link voltage stability. The inverter model, implemented with
specific library blocks, ensures control over output voltage and frequency. The synchronous rotating
reference frame is adopted for controller stability, encapsulating the entire system for effective analysis
and optimization.

The data acquisition block was implemented in Simulink, using signal lines, math blocks, and specific
library blocks for data acquisition. Signal lines connected the data block to system points for real-time
data monitoring. Simulink library blocks interfaced with sensors, acquired data, and processed signals.
Sequencing in the subsystem ensured a logical flow: signals from sensors were routed to the data
acquisition block via input ports, capturing information on voltage, current, and temperature. Math
blocks facilitated signal conditioning, preparing data for analysis or recording within the Simulink
environment, thereby ensuring an efficient, synchronized data flow. The system configuration
parameters are presented in Table 2.
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Table 2: System Configuration Parameters

Parameter Value/Unit Symbol
Total Array Voltage 122.8 Volts V

Total Array Current 9.8 Amps A

Total Array Rated Power 28.776 Kkilo-Watt kw
Maximum Allowable Load Profile 160 kilo-watt-hour kwhr
Maximum System Storage Capacity | 4.8 kilo-Ampere-hour kAh
Inverter System Capacity 10kW x 3 Segregated Single-Phase Circuits | kW
System Charge Controller Capacity | 100 Amps 12V/24V/48V CDC A
Battery Initial State of Discharge 70% -

RESULTS AND DISCUSSION

This section presents simulated system responses under different operating conditions within the
Matlab/Simulink environment, employing a simulation time of 3.0 seconds. Utilizing the SunPower
SPR-E20-327 Monocrystalline Solar PV Module (see Table 1 for Datasheet Information) and specified
simulation parameters (Table 2), the study mirrors real-world conditions by integrating NREL's daily
global solar radiation data for Lafia, Nigeria, focusing on January. The battery controller maintains a
constant DC bus voltage, and a PWM inverter controller regulates AC bus voltage and frequency. With
the reference DC-link voltage set at 144V and the Lead-Acid battery initialized at a 70% charge, the
analysis explores variations in solar irradiation and load conditions through activated resistive and
reactive load banks.

A.1-V and P-V Curves for Selected PV Module, alongside Maximum Power Evaluation in
Complete Array:

In Figure 16, the I —V (a) and P — V (b) Curves depict the performance of the selected PV Module,
while the Locus of Maximum Power for the Complete Arrays is shown in (c). This figure provides a
comprehensive view of the system's behavior, emphasizing the critical role of incremental conductance
algorithm in discerning the optimal operating point for dynamic responses under varying conditions. At
the maximum power point, the current (I,,) is 7.5 Amps, and the voltage (V) is 90 volts. The
oscillation of the operating point around the MPP highlights the algorithm's effective tracking and
adjustment to changing conditions.

o EIE- AIZI T£ 1l5lZI 125
Voltage (V)
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Figure 16: 1-V and P-V Curves for the selected PV Module (The Locus of Maximum Power is also

shown for the Complete Array (c))

B. Responses of Key System Parameters with Changing Load Patterns

In Figure 17, the dynamic responses of key system parameters under varying disturbances are illustrated.
The system initiation at 15.5kW experiences a load increase to 17kW with an additional 5kVars of
reactive load at 0.75 seconds. Subsequently, around 1.9 seconds, an extra 3kVars load is introduced. The
inverter output initially drops from the optimal 27.8kW to about 20kW, while the system inertia,
managed by inverter controller outputs, mitigates the resulting frequency swings to maintain stable
voltage and frequency. Remarkably, the combined PV/BESS output remains largely unaffected during

these contingencies, affirming the
controller.

robust stability control algorithms of both the inverter and charge

*x 10
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Figure 17: PV Power and Inverter Power at VVarious Loads
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Figure 18: Simulation Result for PV and Converter Outputs at Different Temperature and Irradiance
Levels

C. Dynamic Responses of the PV Array, Charge Controller, and System Converter

The simulation graph in Figure 18 depicts the dynamic responses of the PV array, charge controller, and
system converter to varying solar irradiance and PV cell temperature. The simulation is scaled at 0.1375
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seconds = 60 minutes, representing a single day. The incremental conductance MPPT technique,
embedded in the system controller and dedicated converters, optimizes PV array output under different
temperature and irradiance conditions. Throughout the simulation, the converter duty cycle remains
relatively constant at 0.50, showcasing the system's efficiency in adapting to environmental changes for
enhanced energy harvesting.

D. System Integration/Coordination

In Figure 19, an integrated analysis of system components is presented, evaluating responses to
simulated dynamic load changes. From 4 to 5 seconds into the system initiation, the main load switch
triggers, causing a 65% drop in cumulative AC load to below 50% and a swing in controllable DC load
from 75% to 80% and then below 50%. Notably, the inverter output initially dips from 93%, stabilizing
at around 65% to maintain system stability. The battery discharge remains stable at 67% after the initial
dip (from 93%) until approximately T = 1 second. Subsequently, the discharge rate eases to nearly 20%
as the PV output increases with the rise in solar irradiance. This showcases the robust stability control
algorithms of both the system converter and controller as further seen in the fidelity demonstrated by the
actual DC link voltage in Figure 20.
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Figure 19: Graph of System Integration/Coordination
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Figure 20: Graph of reference DC Link Voltage Versus the Actual DC Link Voltage
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CONCLUSION

This study successfully achieved its aim of model validation for the Integrated Solar System Laboratory,
ensuring accurate representation of dynamic behaviors within the integrated solar system components.
Rigorous mathematical models were formulated for key components, and their implementation in
MATLAB/Simulink created a virtual environment faithfully mirroring the laboratory setup. The validation
process accurately mirrored designed parameters, assessing simulated outputs under varying conditions,
affirming model accuracy and reliability for the integrated solar system.

A. Practical Implications

The developed system, as presented in Figure 1, demonstrates a solar energy source, battery storage, and
associated controllers in a manner applicable to diverse photovoltaic solar applications. The integration of
smart grid simulation, 10T connectivity, and energy management software positions it as a cutting-edge tool for
practical education. The inclusion of hybrid renewable systems and energy-efficient technologies aligns with
contemporary energy trends.

B. Theoretical Implications

The theoretical implications stem from the successful implementation of mathematical models for each system
component. The integration of advanced control strategies, such as the incremental conductance MPPT method
and inverter control in synchronous rotating reference frames, contributes to the theoretical understanding of
optimizing solar energy systems.

C. Limitations

Despite the success, some limitations exist. The study primarily focuses on specific operating conditions, and
the system's response to extreme scenarios or unexpected disturbances may need further exploration.
Additionally, the model's accuracy relies on precise parameterization, and uncertainties in component
characteristics may influence results.

D. Suggestions for Future Work

To enhance the study's comprehensiveness, future work could delve into broader operational scenarios and
consider additional factors like system faults and transient responses. Exploring the impact of different battery
technologies and incorporating advanced machine learning algorithms for control could further refine the
system's performance. Continuous validation with real-world data under varying conditions would also
strengthen the reliability of the models.
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