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Abstract: Users ought to decide how to operate and manage power systems in order to achieve
various goals. As a result, many strategies have been developed to aid in this regard. Optimal
power flow management is one such strategy that assists users in properly operating and managing
the supply and demand of power in an optimal way under specified constraints. However, in-
depth research on optimal power flow management is yet to be explored when it comes to the
supply and demand of power for the bulk of standalone renewable energy systems such as solar
photovoltaics, especially when it comes to specific applications such as powering military soldier-
level portable electronic devices. This paper presents an optimal power flow management modelling
and optimisation approach for solar-powered soldier-level portable electronic devices. The OPTI
toolbox in MATLARB is used to solve the formulated nonlinear optimal power flow management
problem using SCIP as the solver. A globally optimal solution was arrived at in a case study in which
the objective function was to minimise the difference between the power supplied to the portable
electronic device electronics and the respective portable electronic device power demands. This
ensured that the demand for solar-powered soldier-level portable electronic devices is met at all times
in spite of the prohibitive case scenarios’ circumstances under the given constraints. This resolute
approach underscores the importance placed on satisfying the demand needs of the specific devices
while navigating and addressing the limitations posed by the existing conditions or constraints.
Soldiers and the solar photovoltaic user fraternity at large will benefit from this work as they will be
guided on how to optimally manage their power systems” supply and demand scenarios. The model
developed herein is applicable to any demand profile and any number of portable electronic device
and is adaptable to any geographical location receiving any amount of solar radiation.

Keywords: optimal power flow management; optimisation; modelling; solar photovoltaic; military
devices; soldier-level portable electronic device; nonlinear optimisation

1. Introduction

The largest and most intricate human-made system in the world, the U.S. electric
network, is extremely susceptible to three different sorts of outside vulnerabilities: natural
catastrophes, deliberate physical attacks, and cyberattacks [1]. Employing renewable energy
technologies (RETs) which encompass distributed generation and microgrids, such as those
of solar photovoltaic (PV) systems, to safeguard the grid and render it more resistant to
attacks is gaining mileage in recent times. However, in-depth research and development are
yet to be explored when it comes to optimal power management of such RETs, especially
when it comes to soldier-level military applications.

The soldier is at risk when carrying bulky amounts of non-rechargeable batteries. Thus,
the need for shifting to RETs such as solar PV which allow for portable power generation,
supply, and consumption is of paramount importance. Solar-PV blankets, vests, helmets,
and backpacks which can recharge batteries in portable electronic devices (PEDs) are among
the renewable energy technologies used by the U.S. military [2]. This enables soldiers to
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power their individual and troop PEDs while on combat missions. Many developing
and developed countries, inclusive of the U.S., are accelerating the deployment of solar
energy in their military applications [3,4]. Nonetheless, much still needs to be done when it
comes to soldier-level power generation, consumption, and the respective optimal power
management both from the supply and demand sides. Portable, robust, and dependable
power is needed for the PEDs and accessories used by soldiers to communicate and carry
out their missions in an intelligent and effective manner. To enable the soldiers to carry
out their missions and securely traverse foreign environments, the power consumption of
soldier-level military-grade PEDs should be ascertained and optimally managed.

Modern energy and power systems have substantially expanded and are still growing,
owing to the advancement and development of technology [5]. In order to properly manage
these increasingly intricate energy systems, technologically advanced computer approaches
are demanded. Modelling and optimisation of these complex energy and power systems
incorporating mathematical and analytical tools with the likes of MATLAB is one such
approach. The proposed modelling and optimisation approach in this study uses the OPTI
Toolbox, a robust optimisation toolbox integrated into MATLAB, which when combined
with the SCIP (Solving Constraint Integer Programs) solver, presents a formidable system
for addressing intricate optimisation problems. SCIP is a framework for solving mixed-
integer nonlinear systems, which are a subset of constraint integer programming (CIPs). It
works as both an architecture for mixed-integer programming (MIP) and mixed-integer
nonlinear programming (MINLP) [6,7].

Optimal power management can be applied to various domains, such as buildings,
vehicles, aircraft, marine vessels, renewable energy power supply systems, hybrid energy
systems, and electric grids among others. Optimal power management is the process of
using power in the most efficient way possible, by sensing when and where power is
needed most and distributing it dynamically among different PEDs or systems [8]. Optimal
power flow management problems are an indispensable issue in the planning and execution
of modern power systems. The aim of optimum power flow management is to find the
best optimal approach and decision parameters for minimizing losses, reducing emissions,
lowering costs, meeting demand, managing supply, or amalgamating the aforementioned
goals. It often involves using optimisation techniques or algorithms to find the best way to
manage the power sources, loads, and storage PED in a given system or scenario [9].

Some examples of optimisation methods are dynamic programming, reinforcement
learning, artificial neural networks, fuzzy logic, and so on [10]. The optimisation methods
can incorporate linear, nonlinear, quadratic, mixed integer, and/or binary approaches
depending on the nature of problem formulation and desired outcomes. These methods
can also help to find the optimal trade-off between different objectives, such as fuel con-
sumption, emissions, performance, cost, and so on [11]. Optimal power management can
help save energy and money by avoiding the wasteful or unnecessary use of power, such as
when PEDs are idle or not in use [12]. It can help enhance the performance and reliability
of PEDs or systems by ensuring that they have enough power to operate properly and
avoid overheating or damage. Sustainability and environmental benefits can be increased
through optimal power management by reducing greenhouse gas emissions and pollution
by promoting the use of renewable energy sources or minimizing the use of fossil fuels.
This current research adopts a nonlinear programming method in conjunction with math-
ematical analytical tools to ascertain optimal power management for solar PV-powered
soldier-level PEDs.

When it comes to the optimisation of the different energy systems, many previous
works tackle the supply side of things, having the objective of minimising fuel consump-
tion, in the case of hybrid systems ensuring that priority is given to RETs rather than
conventional sources [13-17]. Some existing optimisations target the reduction of pollutant
emissions such as carbon monoxide, carbon dioxide, and sulphur oxides among other
hazardous gasses in a bid to combat climate change [18-20]. Other reported works focus
on minimising drawing power from the grid and maximising the use of RETs and storage
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batteries [21-25]. Optimisations that tackle multi-objectives targeting the technical, eco-
nomic, and environmental aspects among others have also been reported on [26-32]. To
the best knowledge of the authors, no previous research was found to have reported on
power/energy optimisation of solar PV-powered soldier-level military PED. The proposed
modelling and optimisation method addresses the aforementioned problems and attempts
to give the best approach to optimally manage the power flows of solar PV-powered
soldier-level military PED.

Section 2 gives the problem formulation and the respective modelling and optimisation
entailed. Section 3 gives the modelling and optimisation, Section 4 gives the case study,
Section 5 gives the results, and discussion and Section 6 concludes the paper.

2. Problem Formulation

Figure 1 illustrates the proposed system to be modelled and optimised. Part of the
figure (depicted by the red circle) is extrapolated to show how power flows in the laptop
(one of the PEDs) which is typical for all the PEDs. In the extrapolation, By 4p refers to the
laptop battery and Ej 4p refers to the laptop electronics. The modelling and optimisation
approach taken in this research is not constrained to specific PEDs and is not confined to a
certain number of the same. Each PED has its own specific PED electronics demand and
an embedded battery of a certain capacity. The solar panel is integrated into the backpack
and additional foldable solar blankets can also be used as standalone or as additional solar
collectors for incoming solar radiation. The main battery can be integrated within the solar
backpack or can be a separate one to be packaged into the backpack.

Figure 1. Typical devices a soldier can potentially carry.

Figure 2 shows the modelling approach taken and how power flows within the
proposed system. The main battery receives power from the solar PV system, and the PED
batteries receive power from solar PV and also from the main battery. The respective PED
electronics power demands are supplied by the respective PED batteries and also directly
from the main battery and solar PV.
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Figure 2. Optimal power flow management framework.

3. Modelling and Optimisation

Modelling and optimisation of energy systems are crucial steps in designing efficient
and cost-effective renewable energy solutions [33,34]. In the case of solar PV, in this process,
mathematical models are developed to simulate the behaviour of the systems, taking
into account factors such as panel efficiency, solar irradiance, and shading effects, among
others. These models enable the prediction of power output, performance, and energy
production of the system under different conditions. Modelling and optimisation contribute
immensely to the successful implementation of solar PV systems and the overall energy
management of the same. By using optimisation techniques, the system performance can
further be enhanced by determining the optimal power flows and configuring and sizing
the various components under specified constraints. This iterative process of simulation
and optimisation helps in maximising the energy yield, improving system reliability,
ascertaining optimal power flows, and reducing costs [35].

3.1. PV Modelling

PV generator output can be represented as:

va = Uvaprv 1
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where Py, is the solar PV power output, A, is the solar PV generator area, 77, is the solar
PV generator efficiency which is given by

I
Hsolar = Mref {1 - 0'98(11?11;1;]") (TC,NT - TA,NT) - B(TA - TR) ’ ()

where NT represents the nominal cell operating temperature, 17, is the efficiency of the
PVs at reference cell temperature, Iy is the solar irradiation incident, T4 is the ambient
temperature, Ty is the reference cell temperature, and T, is the cell temperature [36].

Ipy is the hourly solar irradiation incident on the PV array which can be presented as

Ipy = (I + Ip)Rp + Ip, 3)

where Ip and Ip are the hourly global and diffuse solar irradiation, respectively. Rp is the
geometrical factor depicting the proportion of beam irradiance incident on a tilted plane to
that incident on a horizontal plane [36].

Just like the majority of RETs, the solar energy resource is not spared from
intermittence [37]. As the soldier will be traversing through complex environments, part
of the solar radiation is blocked from reaching the solar PV generator. In some instances,
there will be varying topographical features that can block solar irradiance from reaching
the panels.

3.2. Battery Modelling

The battery system model comprises the main battery bank (MBB) and the respective
batteries for each of the PEDs. The main battery gets power from solar PV and the separate
PED batteries obtain power from the MBB and also directly from the solar PV generator as
represented in Figure 2. The energy level of a battery can be presented as

N M
Ep(n,k) = EL(n,0) 4+ 1. Y Pr.At(n,k) —na Y Pp,At(n,k), (4)
n=1

n=1

where E| is the energy level of the battery, N is the number of PEDs, 7. and 7, are the
battery charging and discharging efficiencies, respectively, Pr, and P, are the charging
and discharging power flows, respectively, At = % where T is the duration of a one-time
interval in minutes, n and k are the PED and time interval indices, respectively.

The term “state of charge” (SoC) refers to the battery’s present charge as a percentage
of its total capacity and it describes how fully charged an electrical battery is in relation to
its maximum capacity. An SoC of 100% means that the battery is charged to full capacity.
The SoC changes as the battery charges and discharges. In this study, battery self-discharge
is assumed to be negligible. The state of charge of the battery at any particular time
(SoC(n,k)) is related to the battery energy level at any particular time Er(n,k) by the

following equation:
Ep(nk
SoC(n, k) = B U2 NN T TS (5)
Battery capacity
Each battery has a minimum allowable capacity SoC"" and a maximum allowable
capacity SoC™* so as to prevent depletion and overcharging of the battery energy storage
system (BESS) [38]. This can be presented as follows:

SoC™" < SoC(n,k) < SoC™* (6)

where SoC™* = DOD x Battery capacity and SoC™" = (1 — DOD) x Battery capacity.
DOD is the depth of discharge of the battery and it explains the extent to which a battery
is discharged.

To allow for smooth operation, the main battery is one of the key components of the
system. The main battery is modelled in such a way that it aims to return to its initial state
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or higher after a full-day cycle of 24 h. This is to ensure that there is at least some energy to
enable operations even if it is night or in cases where there is no insolation from the sun.
This is illustrated below:

SOCMB, s = SOCMB i1 (7)

where 50Cpg,,,, denotes the initial state of charge of the battery and SoCua/,,, denotes
the final state of charge of the battery.

initial

3.3. Objective Function and Constraints

In optimisation problems, the objective function represents the goal or objective that
needs to be maximised or minimised [39]. It is a mathematical expression that quantifies
the desired outcome, such as maximising the energy yield and/or determination of optimal
power flows [40]. Constraints, on the other hand, are a set of mathematical equations or
inequalities that represent the limitations or restrictions imposed on the system design [41].
These constraints can include factors such as intermittence of the resource and energy
demand requirements among others. By incorporating both the objective function and
constraints, the optimisation process seeks to find an optimal solution that satisfies all the
constraints while achieving the best possible outcome.

3.3.1. Objective Function

It is of uttermost importance to supply the PED demands at all times.Inasmuch as
this is the intention, in some instances there will not be enough solar irradiance due to
shading and cloudy weather conditions among other reasons. In such scenarios, the main
battery’s charging and discharging would also be affected and there will not be enough
power to supply the demand. As such, the objective herein targeted is to minimise the
difference between the power flows to the PED (supply) and the respective PED power
profiles (demand). The objective function can be denoted by | and is presented as follows:

i Mz

f (Do (k) — Po(m, k)7, ®)

where D (1, k) are the PED power profiles in function of PED number n and time k, Pg (1, k)
denotes the power flows to the PED electronics also in function of PED number # and time k.

3.3.2. Constraints

The objective function is subject to the following constraints: Each of the batteries
for the respective PED has a certain initial energy level, receives power from charging
operations and dissipates power by discharging operations. The energy level of any
battery at any particular instant is dependent on these phenomena of events which can be
represented as was shown previously in Equation (4). As such, Equation (4) is one of the
equality constraints.

The sum of all the power flows from the solar generator is less or equal to the total
power that could be generated from incoming solar radiation that incorporates solar
resource intermittence factor 7y as shown below:

N
Y Pr, (n,k) < yPsy(k), )
n=1

where Pr_ (11, k) are the power flows from the solar generator and Ps,; (k) is the total power
that could be generated from incoming solar radiation. The inequality constraint (9) caters
for diverse topographical features and varying terrains attributed to different geographical
locations. Different geographical locations receive different solar radiation amounts owing
to the different seasonal variations of the different locations as well as the aforementioned
topography, terrain, and other such features which affect solar irradiance. The incorporation
of the solar resource intermittence factor - will cater to any such aspects thereby making the
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optimisation approach proposed here in this study universal for any geographic location
receiving any amount of insolation.

The sum of charging power flows in a battery is less or equal to the maximum charging
allowed for the respective batteries, as shown below:

P (k) < 2 at(t) (10)

n=1

where B, is the gadget battery capacity, a is the time it takes to fully charge the battery in
hours, and At is the duration of one-time interval in hours.

The flow of energy from the solar PV generator to PED electronics can only happen
if there is energy flow from the solar PV generator to the PED battery. For this to happen,
power flow from the solar PV generator to the PED battery must always be greater or
equal to the power flows from the solar PV generator to the PED electronics. This can be
presented as shown in Equation (11):

PFPV/GButt 2 PFPV/GEIect' (11)

The flow of energy from the main battery to PED electronics can only happen if there
is energy flow from the main battery to the PED battery. For this to happen, the power
flow from the main battery to the PED battery must always be greater or equal to the
power flow from the main battery to the PED electronics. This can be presented as shown
in Equation (12):

Pryis,Gpar = Pyip Grreer® (12)

The sum of power flows to the PED electronics is less or equal to the respective PED
demands as shown below:

N
Y Ppg(n,k) < Dg(k). (13)
n=1
In this model it is taken that any particular battery cannot charge and discharge
simultaneously as presented in the nonlinear constraint equation below:

PFC (Tl,k) X de (n,k) =0. (14)

Continuous charging of PEDs for longer durations is discouraged and is not practical
since the soldier will have to be in motion traversing their vicinity carrying out their various
missions. As such, continuous charging of each PED battery should not exceed a certain
number of hours (8). The constraint to this effect is as presented in the nonlinear constraint
equation below:

—Pg%(n,k) + Pg.(n,k) - (BCG(ﬁ”k)> <0. (15)
This constraint is unique to this study and was arrived at based on the fact that we want
two points that are either zero (the battery is not being charged) or a certain minimum
amount (or an amount higher than it) is sent to charge the battery. A solution to this
formulation ideology can only be arrived at by using a quadratic equation. We want to
skip a certain interval in terms of values; either we do not charge the battery entirely or we
charge with a value above a certain quantity. We do not want to just charge with any value,
there is a range of values we do not want and would like to skip them. A quadratic function
is created for which the values of the quantities we want to skip are going to be between
two roots. One root is at zero, which is where if we do not charge we are supplying zero.
The second root is the minimum supply of energy we want to charge with. Figure 3 shows
a sketch of the quadratic equation for which we only accept it to be either at zeros or the
negative value of them for which the first zero is at zero (no charging—represented by the
first red diamond mark at the intersection of the y-axis and x-axis on the sketch) and the
second zero is at the minimum charging value (denoted by the second red diamond mark
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B
at % on the sketch. The desired solution from the quadratic equation is of the following
B
nature: {—inf, 0} U{Pf . (1 k), P (nk)}, where P . = % which is the minimum
amount of power to be sent to the battery from all charging sources within a certain number

B
of hours (f) and Py, = % which is the maximum amount of power that can be sent
to the battery from all charging sources within a certain number of hours («) to make the
battery full as indicated in the inequality constraint Equation (10). On the sketch shown in

B
Figure 3, the third red diamond mark denotes the negative root (Dcf) of the quadratic

equation, f(x), which is the maximum amount of power that can be sent to the battery from
all charging sources within a certain number of hours («); to make the battery full as was
alluded to earlier, the x-axis denotes power in watts and the y-axis denotes the value of the
auxiliary function f(x), which is essentially the nonlinear constraint Equation (15).

0.8

0.6

0.4

0.2

+ f(x)

~0.2

-0.4

-0.6

-0.8

0.5 1

Figure 3. Graph of quadratic function for nonlinear inequality constraint to prevent prolonged
continuous battery charging.

The parameters being sought out by the optimisation should fall between certain spec-
ified minimum and maximum values which are the lower and upper bounds, respectively.
In optimisation, lower and upper bounds define the permissible range of values that deci-
sion variables can take within a mathematical model. These bounds restrict the variables to
feasible regions, influencing the optimisation process to search for solutions within defined
boundaries. Mathematically, for a variable x,, , within the optimisation problem:

lbn,k < Xnk < ubn,k/ (16)

where [b, ;. denotes the lower bound of variable x, x (as a function of PED number n and
time k), representing the minimum allowable value, whereas ub,, ; represents the upper
bound, indicating the maximum acceptable value for x,, ; also as a function of PED number
n and time k. These bounds guide the optimisation algorithm to explore solutions within
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the specified range for each decision variable, ensuring feasibility and influencing the
search for the optimal solution.

3.4. Optimisation Algorithm

Several optimisation algorithms can be used to solve the nonlinear problem developed
in this study. Since the power flow management optimisation problem has a nonlinear
objective function, the OPTI Toolbox in MATLAB is used in conjunction with the SCIP
solver. The OPTI Toolbox in MATLAB, coupled with the SCIP (Solving Constraint Integer
Programs) solver, constitutes a powerful optimisation framework that excels in tackling
complex nonlinear optimisation problems [42]. SCIP, known for its robustness in solving
mixed-integer nonlinear optimisation problems, integrates seamlessly with MATLAB'’s
OPTI Toolbox, offering a wide range of optimisation algorithms and methods [43]. The
superiority of this combination lies in its ability to reach a “globally optimal solution”,
surpassing other conventional methods that might only find local optima. According
to Berthold et al. [44], SCIP stands out in exploring the solution space comprehensively,
enabling the discovery of globally optimal solutions even in intricate optimisation scenarios.
The integration of this solver within the OPTI Toolbox harnesses this capability, providing
researchers and practitioners with a reliable means to achieve globally optimal solutions
in complex optimisation problems, transcending the limitations of local optima [45]. This
algorithm solves problems in this form:

min f(X),

subject to:

AX <b (linear inequality constraint),
AeqX = beq (linear equality constraint),
C(X) <0 (nonlinear inequality constraint),
Ceq =0 (nonlinear equality constraint),

Lb <X < Ub (lower and upper bounds).

The vector X contains all the power flows considered in this model. The linear inequality
constraints (9), (10), (11), (12), and (13) are integrated into A and b and the linear equality
constraint (4) and (7) are integrated into Aeq and beq. The nonlinear equality constraint (14)
makes up Ceq. The nonlinear inequality constraint (15) makes up C. The upper and lower
boundary constraints can be presented as in Equation (16).

4. Case Study

Solar radiation data used in this study were obtained from Stellenbosch University’s
weather station under the auspices of Southern African Universities Radiometric Network
(SAURAN) [46]. The station measures solar irradiance typically using pyranometers or
radiometers, instruments that assess the quantity of solar radiation received per unit area
within a specific timeframe. Pyranometers contain a thermopile sensor that creates a
voltage in proportion to the incoming solar radiation, detecting both direct (beam) and
diffuse (scattered) solar radiation. The standard units for solar irradiance measurement are
usually in watts per square meter (W/m?), denoting the amount of solar power received
on a one-square-meter surface. Consequently, this measurement offers an understanding
of the strength of solar radiation impacting a specific area. Figure 4 shows a plot of all the
solar irradiance data for 18 March 2018 which the researchers considered as an average
day. Using radiometric data average of an average day in modelling can provide a more
accurate representation of the overall conditions and trends. By averaging the data over a
day, it helps to smooth out any short-term fluctuations or anomalies that may occur within
shorter time intervals. This approach allows for a more reliable analysis and prediction
of long-term patterns and behaviours. Additionally, using data for an average day can
help to reduce the impact of any measurement errors or inconsistencies that may occur
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900

within individual data points. Overall, incorporating radiometric data of an average day in
modelling enhances the accuracy and reliability of results.

800 —

700

600

Irradiance (W/m2)

300 —

200 —

100 —

500 —

400 —

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (h)

Figure 4. Plot of all the solar irradiance data for 18 March 2018 which the researchers considered as
an average day.

In an effort to address the issue of insufficient supply from traditional power sources,
renewable energy sources (RESs) are a very promising option to explore. However, their
intermittent nature presents a number of difficulties in power system planning and man-
agement [47]. As a result, to address this problem, the modelling strategy used in this study
takes the shading of incoming solar irradiance into consideration. Since the shading cannot
be uniform throughout the entire time due to variations in cloud cover, the proportion
of trees, buildings, and mountains, randomised percentage ranges were assumed in the
modelling approach. Four scenarios of 100%, 50-100%, 25-75%, and 0-50% irradiance
reaching the solar generator are considered as scenarios 1, 2, 3, and 4, respectively. The
solar radiation data used in this study are universal across all the scenarios.

The model developed herein and its accompanying optimisation is flexible and adapt-
able to any number of PEDs and demand profiles. In this case study, nine soldier-level
PEDs (cellphone, GPS, radio, tablet, laptop, torch, MP3 player, night vision, and binoculars)
have been used. It is worth noting that real soldier-level PED demand profiles could not be
ascertained, as such demand profiles used in this research are randomly generated and also
based on the assumption that some devices are only used during the day, some only during
the night, and some are used throughout the day. The respective PED demand profiles are
as presented in Table 1.

The respective battery specifications for the PED used in this case study are presented
in Table 2:

Table 3 gives the parameters used in this case study and their respective values.
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Table 1. PED power demands (W) for device per hour over 24 h.

Time (h) Phone GPS Radio Tablet Laptop Torch MP3 nght Binoculars
Player Vision
1 0.68 1.61 1.26 1.46 0.00 1.26 0.00 2.18 1.26
2 0.27 0.15 1.38 0.58 0.00 1.38 0.00 0.20 1.38
3 0.63 1.34 0.37 1.35 0.00 0.37 0.00 1.82 0.37
4 0.07 1.57 1.39 0.14 0.00 1.39 0.00 2.12 1.39
5 0.11 1.08 1.03 0.24 0.00 1.03 0.00 1.46 1.03
6 0.46 0.55 0.33 0.99 0.00 0.33 0.00 0.74 0.33
7 0.42 0.50 0.56 0.90 0.00 0.00 0.00 0.00 0.56
8 0.34 1.59 091 0.72 0.00 0.00 0.00 0.00 091
9 0.28 0.44 1.45 0.59 0.00 0.00 0.00 0.00 1.45
10 0.48 0.28 1.46 1.04 0.82 0.00 0.00 0.00 1.46
11 0.35 1.45 0.41 0.76 422 0.00 0.00 0.00 0.41
12 0.56 1.97 1.47 1.21 5.75 0.00 0.00 0.00 1.47
13 0.41 0.12 1.45 0.87 0.35 0.00 0.00 0.00 1.45
14 0.45 1.11 0.83 0.97 3.23 0.00 0.00 0.00 0.83
15 0.50 1.69 1.24 1.07 4.95 0.00 0.00 0.00 1.24
16 0.75 1.30 0.39 1.61 3.80 0.00 0.00 0.00 0.39
17 0.63 1.52 0.75 1.35 4.43 0.00 0.00 0.00 0.75
18 0.33 0.68 1.40 0.71 1.98 0.00 0.00 0.00 1.40
19 0.67 1.90 1.23 1.44 5.54 1.23 1.20 2.57 1.23
20 0.63 1.50 1.45 1.35 4.38 1.45 1.13 2.03 1.45
21 0.07 1.17 1.06 0.15 3.40 1.06 0.13 1.58 1.06
22 0.55 0.38 0.25 1.19 0.00 0.25 0.99 0.52 0.25
23 0.61 0.84 1.31 1.32 0.00 1.31 0.00 1.13 1.31
24 0.57 1.42 1.42 1.22 0.00 1.42 0.00 1.93 1.42
Table 2. Battery specifications.
PED Battery Capacity (mAh) Battery Voltage (V)
Main battery 20,000 5
Cellphone 2600 5
GPS 5000 37
Radio 1600 5
Tablet 4000 10.8
Laptop 4050 10.8
Torch 2600 5
MP3 5000 9
Night vision 5000 5
Binoculars 5000 5
Table 3. Case study parameters.
Parameter Value
Charging efficiency (1) 0.9
Discharging efficiency (1) 0.95
Solar panel efficiency (507) 0.22
Solar PV area (Ar) 0.3 m?
Depth of discharge (DOD) 0.95
Duration of one-time slot in minutes (T) 60 min
Duration of one-time slot in hours (Af) 1h
Solar irradiance sampling time slot length (N) 24 h
The time it takes to fully charge the PED oh

battery («)
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Table 3. Cont.

Parameter Value

The time it takes to fully charge the main
battery (¢)

Incoming solar irradiance factor (vy) for
scenarios 1, 2, 3, and 4, respectively
Maximum time to continuously charge a
battery from zero to full capacity (8)

3h
100%, 50-100%, 25-100%, and 0-50%

12h

5. Results and Discussion

Figure 5 shows the solar power output considering the shading scenarios. A universal
amount of solar radiation amount for a specific day was used across all scenarios as was
pointed out in Section 4. In reality, there will not be the same amount of radiation for
every hour for all the scenarios owing to varied shading aspects attributed to different
seasonal variations, terrains, topography, cloud cover, and shading effects from trees and
other obstacles. The modelling and optimisation approach taken was made to mimic the
real practical state of things by picking random percentages of solar radiation for each
hour accordingly as per each prescribed scenario’s distribution. As such, scenario 1 shows
a symmetrical pattern as 100% solar radiation is received for the chosen day in question.
Scenarios 2, 3, and 4 do not show symmetrical patterns as these are deviations from
scenario 1 which have randomly assigned the optimisation system’s percentage decreases
in irradiance which follows no particular order. However, the distributions in the scenarios
will be symmetrical on average in terms of the overall power output for the scenarios.

| |=—6—Scenario 1: 100% irradiance

= ® =Scenario 2: 50% - 100% irradiance
Scenario 3: 25% - 75% irradiance

= P> =Scenario 4: 0% - 50% irradiance

i
1
p -

——————---J,---———————

P»-
1
1
1
1
1
1
1
1
=

B o o S e S BN L S
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Time (h)
Figure 5. Solar power output considering shading scenarios.

The findings depicted in Figure 5 elucidate a noteworthy correlation between the
degree of shading and its consequential impact on power output. As shading increased
progressively from 0% in scenario 1 to an average of 75% in scenario 4, a discernible
negative effect on power output emerged. The shading phenomenon notably diminished
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the incident irradiation on the solar cells, consequently leading to a reduction in their power
generation capacity. Visualised in Figure 5, scenario 1, characterised by minimal shading,
covered a larger area, indicating higher power generation compared to scenarios 2, 3, and 4.
The decline in power generation is apparent, with scenario 2 exhibiting lower output than
scenario 1, followed by a further reduction in scenario 3 compared to scenario 2. Ultimately,
scenario 4 showcased the least power generation, aligning with the escalating degree of
shading observed across the scenarios.

Figure 6 shows the main battery and the solar irradiance charging the PED battery.
When it comes to the share of the solar irradiance, it can be seen from scenario 1 that a lot
of sun has charged the PED battery more than in other scenarios, in scenario 2 it is seen
that the sun still charged the PED battery a lot but less than in scenario 1 and more than in
scenarios 3 and 4. In scenario 3, solar PV did not charge the PED battery that much because
there was not enough sun. The sun did not charge the PED battery at all in scenario 4
because of the high intensity of shading. The main battery charged the PED battery more
in scenario 1 because of the abundant solar insolation available from the solar PV unlike
in scenarios 2 and 3 where the incident solar radiation is limited. In scenario 3, both solar
PV and the main battery did not charge the PED battery that much as there was too much
shading. In scenario 4, the main battery did not charge the PED battery at all owing to itself
not having been adequately charged by solar PV in the first place.

‘-Mam Battery to Dewce Battery I Solar PV to Device Battery‘
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Figure 6. PED battery charging power flows.

Power flows to PED electronics are presented in Figure 7. The bulk of the power to
meet the PED electronics demand is supplied by the respective PED battery with fewer
instances where solar PV and the main battery supply the PED electronics directly. The
share of solar PV and main battery power supply to the PED electronics decreases as we
move from scenario 1 to scenario 4 in congruence with the increase in shading percentage
increase from scenario 1 through to scenario 4. In all the scenarios in Figure 7, it can be seen
that the amount of power supplied to the PED electronics is the same in all the scenarios for
the respective hours even though there are variations of the source in a few instances. This
is attributed to the fact that there are always similar demands for the respective hours for all
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Power (W) Power (W) Power (W)

Power (W)

the scenarios. Overall, the optimisation guaranteed the consistent satisfaction of demand
for PED electronics, utilising a supply derived from the solar PV or the main battery or
PED battery or a combination thereof, ensuring continuous availability of power supply.

I Solar to Device Electronics I Main Battery to Device Electronics [ Device Battery to Device Electronics |

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
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Figure 7. Power flows to PED electronics.

Figure 8 presents the State of Charge (SoC) for the phone (PED under consideration)
battery. For scenario 1, SoC starts lower but based on the fact that there was a lot of energy
available, the battery ended up charging more than all the other scenarios. In scenario 2,
SoC started at almost the same level as in scenario 1 but it ended up lower than scenario 1,
meaning that it did not obtain more charge as compared to scenario 1. SoC for scenario 3
started higher than that of scenarios 1 and 2 but lower than that of scenario 4. For scenario 4,
the optimisation system picked that there was not enough solar radiation to charge the
main battery and decided to start it on a higher SoC initial level in order to satisfy the
objective of meeting the demand by all costs at all times. The SoC trend for scenario 4 shows
that the PED battery did not charge at all, which agrees with the result shown in Figure 6
alluding to the unavailability of enough incident solar radiation to boost the energy.

The modelling and optimisation results under discussion are for all nine PEDs. How-
ever, due to their similar nature, the graphical results presented in Figures 68 are for one
of the nine PEDs (the phone). The presented results for the phone in the aforementioned
figures are typical of the rest of the PEDs used in this study with major differences in the
amount and source of power to meet the demand for the respective PED electronics for
every hour of the day, amount and source of power to charge the PED batteries for every
hour of the day and variation in PED battery levels as depicted by change in state of charge
(SoC) for every hour of the day. For further information regarding optimisation results for
the rest of the PEDs, the authors refer the reader to Tables A1-A6 in the Appendix A. The
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energy levels of the batteries fluctuate as the charging and discharging happen, leading to
the obtainable results presented in Table A1l. The majority of the PEDs’ SoC in Table A1l
show similar trends as were seen in Figure 8 with the exception of a few PEDs like the
torch, MP3, night vision, and binoculars showing different SoC trends, mainly owing to
the difference in demand patterns. It is worth noting as visualised in Tables A2 and A3
that the PEDs’ batteries were mainly charged by solar PV during the day and that similar
charging trends for all the scenarios as those depicted in Figure 6 are clearly visible. A
comparison of Tables A4—A6 shows that PED electronics were mainly supplied by the
respective PED’s battery and the main battery and solar PV alternate to supply the PEDs’
demands depending on the nature of the demand and the time of its use. Overall, the
optimisation ensured that the demand for the PED electronics was met at all times by either
the supply from solar PV, the main battery, the PED battery, or a combination of any of
the same.
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Figure 8. Scenarios state of charge variations for the PED.

Globally optimal solutions were arrived at in all the cases studied. However, it is
worth noting that when the level of shading was increased, the simulations took longer to
arrive at optimal solutions. This therefore necessitates the need for further investigations on
PED consumption patterns and for future works in the direction of consumption prediction
by way of exploring the use of advanced techniques such as model predictive control
(MPC), among others.

Despite the absence of a controlled experiment, the achieved optimisation is deemed
the best possible solution based on practical considerations and unique real-world con-
straints used. The optimisation approach used underscores the reliance on practicality
and real-world applicability, implying that although a control experiment is not included,
the optimisation method and its obtaining results stand as the most favourable solution
from a pragmatic perspective. This implies that whereas there might not be a direct control
experiment, the optimisation achieved is considered the most optimal solution from a
practical perspective.

6. Conclusions

An approach to modelling and optimisation for the best power flow management
for solar-powered soldier-level PED is presented in this research. The specified nonlinear
optimal power flow management problem is solved in MATLAB by applying the OPTI
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toolbox and using SCIP as the solver. Overall, globally optimal solutions were found in
case study scenarios where the objective function was to minimise the disparity between
the power supplied to the PED electronics and the corresponding PED power demands.
Thus, the proposed optimisation method’s commitment to meeting the demand for solar-
powered soldier-level portable electronic devices regardless of the challenges subjected
to, ensured a resolute dedication to satisfying the specified constraints. This ensured that
the necessary supply of solar-powered portable electronic devices for soldiers remained
uninterrupted and adequately met, regardless of the specific prevailing limitations.

This research will help military personnel and the entire community of solar pho-
tovoltaic users to manage supply and/or demand cases for their power systems in the
most effective way possible. The proposed optimisation method holds significant potential
to revolutionize the photovoltaic (PV) industry. A way to optimise power flow within
Pico-Grids is provided, ensuring that generated solar energy is utilised efficiently. This
efficiency boost could set a precedent for improving overall PV system effectiveness across
various scales, from individual installations to larger commercial solar systems. The ap-
proach taken in this study sets a precedent for minimising wastage and maximising the
utilisation of energy generated from solar PV systems, potentially influencing PV system
design principles across the entire industry. The optimisation method’s ability to streamline
power flow can enhance the reliability and stability of Pico-Grids. This reliability factor is
critical in remote settings, where dependable power sources are essential and this could
drive a shift in designing more reliable PV systems industry-wide. The approach taken
in this study promotes research and development efforts aimed at refining optimisation
algorithms, improving control mechanisms and advancing smart grid technologies across
the solar photovoltaic sector. Ultimately, the optimisation methodology proposed informs
policy and encourages the development of guidelines or regulations promoting efficient
power flow management in solar PV system setups.

The model created in this research and its accompanying optimisation framework can
be customised for use in any region and may be implemented for any demand pattern,
as well as any number of PEDs. Perceived future work in relation to this current research
will encompass exploring the dynamic modelling and optimisation approach towards
optimal power flow management. Scenarios to do with the sizes of the solar photovoltaic
generator and batteries in relation to the overall weight to be carried by the soldier can also
be considered in future studies. A model predictive approach can also be taken in related
future works towards PED charging control and/or load switching when it comes to cases
of insufficient insolation. Issues to do with load prioritisation and controlling the charging
and discharging process to guide the power flows will also be looked at in future work.
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Appendix A

Table A1l. Battery state of charge (%).

Time Cellphone Scenarios GPS Scenarios Radio Scenarios Tablet Scenarios Laptop Scenarios Torch Scenarios MP3 Scenarios Night Vision Scenarios Binoculars Scenarios Main Battery Scenarios
2

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

01:00 1194 1194 19.67 8407 3453 4808 4297 9500 80.83 5584 7246 9500 1276 36.50 5.00 5470 678 3852 2844 9500 3453 79.67 3298 92.09 12.28 1228 500 1228 7446 7446 3738 7446 2929 33.03 3798 9500 4894 86.57 3538 6218
02:00 697 697 1470 79.10 2626 39.82 3471 8673 9500 70.01 86.63 80.04 955 3329 1400 5149 678 3852 2844 9500 2532 7047 2377 82.88 12.28 1228 500 1228 66.18 66.18 29.09 66.18 2450 2824 33.20 90.21 46.54 84.18 2750 6218
03:00 500 500 1272 7713 2549 39.05 3394 8596 7861 8554 7024 63.65 828 3201 2300 5021 6.78 3852 2844 95.00 3487 6038 13.68 72.80 12.28 1228 500 1228 7518 6542 2833 6542 19.26  23.00 2795 8497 4135 8155 22.84 6218
04:00 14.00 14.00 8.12 72.52 18.61 3216  27.05 79.08 7422 9454 6585 5926 531 29.04 20.03 4724 678 3852 2844 9500 3217 5768 2268 70.10 12.28 1228 500 1228 6826 5850 2142 5850 17.85 2159 26,55 8356 39.52 7861 2125 6218
05:00 23.00 2300 1712 7201 1055 24.10 1899 71.02 5771 7803 4934 4275 500 2874 1972 4694 678 3852 2844 9500 2201 4752 1253 59.94 1228 1228 500 1228 6021 5045 13.36 50.45 1257 1631 2126 7828 3822 7731 1995 6218
06:00 3200 2220 2612 7121 500 1856 2799 6547 4548 6580 6093 30.52 1400 2821 1920 4641 678 3852 2844 9500 1448 5652 500 5241 1228 1228 500 1228 5466 4490 7.81 4490 865 1239 1735 7437 3255 7509 1387 6218
07:00 2864 1883 2276  67.85 1250 1573 3699 6265 4156 61.88 57.01 26.60 11.82 26.03 2820 4423 678 3852 2844 9500 2348 5411 14.00 50.00 1228 1228 500 1228 51.85 4209 500 42.09 1765 11.14 1610 7311 2632 7509 5.00 62.18
08:00 2557 2800 19.69 6478 2150 13.16 3442 60.08 49.06 5523 5036 19.95 9.84 2405 2622 4225 678 3852 2844 9500 3248 5411 14.00 50.00 1228 1228 500 1228 51.85 4209 500 42.09 1553  9.01 1397 7098 2176 7348 5.3 62.18
09:00 23.08 4135 1720 6229 3456 5.00 2626 5192 5930 4443 3956 3625 2095 2247 24.63 4067 678 3852 2844 9500 3248 5411 14.00 50.00 1228 1228 500 1228 6330 4209 500 42.09 1207 555 1051 6753 1321 7240 7.14 60.66
10:00 59.08 39.30 1516 6025  69.00 14.00 24.00 49.66  42.08 27.21 2234 19.04 1966 2117 2334 3937 678 3852 2844 9500 3248 5411 14.00 50.00 1228 1228 500 1228 63.30 4209 500 4209 656 1370 500 6202 2037 7718 1261 60.66
11:00 5558 4887 11.65 5674 6756 2444 2256 4822 2474 987 500 6404 1875 2027 2243 3847 500 3674 2665 9322 3248 5411 14.00 50.00 1228 1228 500 1228 63.30 4209 500 4209 500 1214 3079 6046 51.64 7637 1892 5548
12:00 70.55 4631 9.09 5418 60.12 1699 1512 40.77 6074 5.00 2246 59.17 17.08 18.60 30.54  36.80 14.00 4543 1749 8405 7748 5411 14.00 5000 5728 1228 500 1228 7230 4209 500 42.09 1475 1059 69.45 5890 49.07 93.12 16.67 5548
13:00 79.55 5531 5.00 50.09  50.00 6.88 500 3066 4329 2222 500 41.71 26.08 63.60 27.88 3414 2583 5726 500 7156 7748 5411 14.00 50.00 5728 1228 5.00 1228 7230 4209 500 4209 2375 500 6387 5331 78.03 93.12 50.84 7727
14:00 8855 6332 1400 47.09 9500 1588 50.00 75.66  68.60 5.00 2131 86.71 2417 6169 36.88 3222 3483 5650 2135 8056 7748 5411 3428 50.00 5728 1228 14.00 1228 7230 42.09 50.00 42.09 3797 1400 5836 4780 7279 93.12 46.69 6573
15:00 8526 7232 23.00 4380 8930 2488 4430 6996 5874 1792 4959 7685 2204 5955 3475 30.09 27.82 4948 3594 7355 7748 5411 3428 50.00 5728 1228 14.00 1228 7230 42.09 50.00 42.09 3482 59.00 7207 4465 8736 9246 4205 6573
16:00 81.60 68.67 40.15 4015 80.62 41.00 56.68 6128  44.02 5027 6354 62.13 19.68 5720 3240 2774 3800 3873 2519 6280 7748 5411 4328 5000 5728 1228 14.00 1228 7230 4209 9500 4209 7268 68.00 6736 39.94 8498 9246 4158 6573
17:00 90.60 77.67 34.67 3467 7395 86.00 50.00 5460 5741 5927 5890 5750 2868 86.00 28.86 2420 2975 3048 1694 5455 7748 5411 4328 5000 5728 1228 14.00 1228 7230 4209 9500 4209 8168 77.00 6583 3846 8422 9500 63.07 76.74
18:00 86.00 86.67 30.07  30.07 66.14 9500 9500 46.80 7141 5037 6790 4859 2571 9500 2589 2123 7475 2086 3853 4492 7748 5411 4328 5000 5728 1228 1400 1228 7230 4209 9500 4209 7883 7415 9500 3561 8317 9500 4994  89.62
19:00 95.00 9500 27.65 27.65 6265 91.51 9151 4331 8716 9500 51.28 3197 2415 9344 2433 19.67 7045 3393 3423 4062 7748 5411 4328 5000 5728 1228 14.00 1228 7230 4209 9500 4209 7351 8315 89.68 3029 9500 90.84 59.27  95.00
20:00 90.10 90.10 2276 2276 5289 8175 8175 33.55 7255 8039  36.67 7697 3493 9027 21.16 1650 5841 21.90 2220 2859 9500 4512 3429 9500 5475 2368 1147 975 6254 3232 8523 3232 8251 7848 8501 2561 8556 8657 6122 8376
21:00 8550 8550 1815 1815 4519 7405 7405 2585 5533 63.18 1945 59.75 4393 8730 1819 1353 4890 1238 1268 3760 8440 3452 2370 8440 5236 2130 9.08 7.36 54.82 2461 7752 2461 77.00 7297 79.50 70.61 80.17 86,57 6122 6218
22:00 8499 8499 1764 1764 5419 6804 68.04 1984 6726 5059 6.87 4716 5293 8697 2569 1320 4152 5.00 21.68 3022 7666 2678 1595 7666  52.09 21.02 881 7.9 4882 1860 7152 18.60 8600 6894 7547 6658 67.66 8657 5028 6218
23:00 9399 8097 1362 13.62 63.19 66.09 66.09 17.89 6429 47.62 1587 44.19 5032 8436 23.07 1059  41.52 5.00 21.68 3022 8566 2495 2495 7483 5000 1893 672  5.00 5632 16.63 69.54 16.63 9500 6799 7452 6563 5723 8657 4781 62.18
24:00 89.53 7651 9.17 9.17 5888 6178 6178 1357 79.03 32.06 30.60 28.64 4741 8145 3207 7.68 4152 5.00 21.68 3022 76.08 1538 1538 6526  50.00 1893 6.72  5.00 5202 1233 6525 1233 90.02 63.01 69.54 60.66 5474 86.57 39.96  62.18

Table A2. Solar PV to PED batteries (W).

Time Cellphone Scenarios GPS Scenarios Radio Scenarios Tablet Scenarios ~ Laptop Scenarios Torch Scenarios MP3 Scenarios  Night Vision Scenarios  Binoculars Scenarios
2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 2 3 4 1 2 3 1 2 3 4 1 2 3 4 1 2 3 4
01:00 O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
02:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
03:00 O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
0400 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
05:00 O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
06:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
07:00 0 0.02 0 0 0 0 0 0 0.07 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
08:00 0 078 0 0 083 0 0 0 091 0 0 065 127 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 08 0 0 0 0 0 0 0
09:00 52 0 0 0 708 1.85 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 2260 0
10:00 O 082 0 0 0 1.85 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 716 0
11:00 216 0 0 0 0 0 0 0 32 0 155 0 0 0 152 0 437 422 0 0 65 0 0 0 2250 0 0 25 0 0 0 021 0 10740
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Table A2. Cont.

Time Cellphone Scenarios GPS Scenarios Radio Scenarios Tablet Scenarios Laptop Scenarios Torch Scenarios MP3 Scenarios  Night Vision Scenarios  Binoculars Scenarios
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
1200 13 13 0 0 0 0 0 0 0 153 0 0 432 216 0 0 575 575 0 0 0 0 0 0 0 0 0 0 O 0 0 0 25 0 0 0
13:00 13 116 13 0 704 185 925 74 145 0 145 0 0 0 432 0 437 0 357 0 0 0 293 0 0 0 450 0 0 125 0 145 25 0 0
14:00 0 13 13 0 0 185 0 0 0 08 251 0 0 0 0 0 0 0 2720 0 0 0 0 0 0 0 0 O 0 0 0 0 125 381 0
15:00 0 0 248 0 0 331 254 0 0 2.88 099 0 0 0 0 0 49 0 0 0 0 0 13 0 0 0 0 0 O 0 125 0 8.02 25 0 0
16:00 13 13 0 0 0 925 0 0 039 08 0 0 432 13820 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 25 25 0 0
17:00 0 13 0 0 0 185 925 0 044 0 08 0 0 432 0 0 21870 055 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 809 0
1800 13 12 0 0 0 0 0 0 14 397 0 0 0 0 0 0 0 198 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 25 0 0
19:00 0 0 0 0 0 0 0 0 0 0 0 113 085 0 0 0 0 0 0 0 123 0 0 0 0 12 0 0 O 0 0 0 0 0 0 0
20:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
21:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
22:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
23:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
24:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
Table A3. Main battery to PED battery (W).
Time Cellphone Scenarios GPS Scenarios Radio Scenarios Tablet Scenarios Laptop Scenarios Torch Scenarios MP3 Scenarios  Night Vision Scenarios  Binoculars Scenarios
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
01:00 0 0 0 0 0 0 0 0 126 126 126 0 0 0 432 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
02:00 0 0 0 0 0 0 0 0 0 138 0 0 0 0 432 0 O 0 0 0 138 0 0 0 0 0 0 0 25 0 0 0 0 0 0 0
03:00 13 13 0 0 0 0 0 0 0 08 0 0 0 0 0 0 0 0 0 0 0 0 13 0 0 0 0 0 O 0 0 0 0 0 0 0
0400 13 13 13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
05:00 13 0 13 0 0 0 185 0 0 0 1.03 0 432 0 0 0 0 0 0 0 0 13 0 0 0 0 0 0 O 0 0 0 0 0 0 0
06:00 0 0 0 0 154 0 185 0 0 0 0 0 0 0 432 0 0 0 0 0 13 0 13 0 0 0 0 0 O 0 0 0 25 0 0 0
07:00 0 13 0 0 185 0 0 0 06 0 0 0 0 0 0 0 0 0 0 0 13 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
08:00 0 114 0 0 185 0 0 0 0 0 0 08 4.07 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2330 0 0 0 0 0 0
09:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
10:00 0 056 0 0 0 03 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
11:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 238 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 25 0 0 0
12:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
13:00 0 0 0 0 221 0 0 185 08 0 0 4 0 0 0 0 0 0 4.37 4370 0 0 0 0 0 0 0 O 0 0 0 25 0 0 0
14:00 0 0 0 0 0 0 0 0 0 035 0 0 0 0 0 0 0 0 437 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
15:00 0 0 0 0 0 0 0 0 0 0 025 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 25 0 0 0
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Table A3. Cont.

Time Cellphone Scenarios GPS Scenarios Radio Scenarios Tablet Scenarios Laptop Scenarios Torch Scenarios MP3 Scenarios  Night Vision Scenarios  Binoculars Scenarios
2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
16:00 0 0 0 0 0 0 0 0 08 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
17:00 0 0 0 0 0 0 0 0 08 0 0 0 0 0 0 0 0 0 994 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
18:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 437 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
19:00 0 0 0 0 0 0 0 0 0 0 0 287 432 0 0 0 0 0 0 0 13 0 0 65 0 45 0 0 0 0 0 0 25 0 0 0
20:00 0 0 0 0 0 0 0 0 0 0 0 0 432 0 0 0 0 0 0 4.380 0 0 0 0 0 0 0 O 0 0 0 0 0 0 12.5
21:00 O 0 0 0 1.85 0 0 0 1.06 0 0 0 432 0 36 0 0 0 437 0 0 0 0 0 0 0 0 0 O 0 0 0 25 0 0 0
22:00 13 0 0 0 185 0 0 0 0 0 08 0 0 0 0 0 0 0 0 0 13 0 13 0 0 0 0 0 208 0 0 0 25 0 0 0
23:00 0 0 0 0 0 0 0 0 131 0 131 0 0 0 432 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
2400 0 0 0 0 185 0 0 0 142 0 0 0 0 0 36 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
Table A4. Solar PV to PED electronics (W).
Time Cellphone Scenarios GPS Scenarios Radio Scenarios Tablet Scenarios ~ Laptop Scenarios Torch Scenarios MP3 Scenarios  Night Vision Scenarios  Binoculars Scenarios
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
01:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
02:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
03:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
04:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
05:00 O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
06:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
07:00 0 002 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
08:00 0 034 0 0 083 0 0 0 091 0 0 011 072 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0
09:00 028 0 0 0 044 044 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 145 0 0
10:00 O 048 0 0 0 028 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 041 0
11:00 035 0 0 0 0 0 0 0 041 0 041 0 0 0 076 0 422 422 0 0 0 0 0 0 0 0 0 0 O 0 0 0 021 0 041 0
12:.00 056 0.56 0 0 0 0 0 0 0 147 0 0 121 121 O 0 575 575 0 0 0 0 0 0 0 0 0 0 O 0 0 0 147 0 0 0
13:00 041 041 041 0 012 012 012 0 145 0 145 0 0 0 087 0 035 0 035 0 0 0 0 0 0 0 0 0 O 0 0 0 145 145 0 0
14:00 O 045 045 0 0 111 0 0 0 048 0.83 0 0 0 0 0 0 0 272 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0.83 0.83 0
15:00 0 0 05 0 0 1.69 1.69 0 0 124 099 0 0 0 0 0 49 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 124 124 0 0
16:00 075 075 0 0 0 13 0 0 039 039 0 0 161 1.61 0O 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 039 039 0 0
1700 0 063 0 0 0 1.52 152 0 044 0 075 0 0 135 0 0 443 0 055 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 075 0
18:00 033 033 0 0 0 0 0 0 14 14 0 0 0 0 0 0 0 198 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 14 0 0
19:00 O 0 0 0 0 0 0 0 0 0 0 0 085 0 0 0 0 0 0 0 123 0 0 0 0 12 0 0 O 0 0 0 0 0 0 0
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Table A6. PED battery to PED electronics (W).

Time Cellphone Scenarios GPS Scenarios Radio Scenarios Tablet Scenarios Laptop Scenarios Torch Scenarios MP3 Scenarios Night Vision Scenarios Binoculars Scenarios
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

01:00 068 068 068 068 161 161 161 1.61 0 0 0 126 146 146 0 146 0 0 0 0 126 126 126 126 0 0 0 0 218 218 218 218 126 126 126 126
02:00 027 027 027 027 015 015 015 015 138 0 138 138 058 058 0 058 0 0 0 0 0 138 138 138 0 0 0 0 0 02 02 02 138 138 138 138
03:00 0 0 063 063 134 134 134 134 037 0 037 037 135 135 135 135 0 0 0 0 037 037 0 037 0 0 0 0 182 1.82 1.82 182 037 037 037 037
04:00 0 0 0 0.07 157 157 157 157 139 139 139 139 014 014 014 014 0 0 0 0 1.39 139 139 139 0 0 0 0 212 212 212 212 139 139 139 1.39
05:00 0 011 0 011 1.08 108 0 1.08 103 103 0 1.03 0 024 024 024 0 0 0 0 1.03 0 1.03 103 0 0 0 0 146 146 146 146 1.03 1.03 1.03 1.03
06:00 046 046 046 046 0 055 0 055 033 033 033 033 099 099 0 099 0 0 0 0 0 033 0 033 0 0 0 0 074 074 074 074 O 033 033 033
07:00 042 0 042 042 0 05 05 05 0 056 056 056 09 09 09 09 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 056 056 0.56 0.56
08:00 034 0 034 034 0 159 159 159 0 091 091 0 0 072 072 072 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 091 091 091 091
09:00 0 028 028 028 0 0 044 044 145 145 145 145 059 059 059 059 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 145 0 145 1.45
10:00 048 0 048 048 028 0 028 028 146 146 146 0 041 041 041 041 082 082 082 082 0 0 0 0 0 0 0 0 0 0 0 0 041 041 0 0.41
11:00 0 035 035 035 145 145 145 145 0 041 0 041 076 076 0 076 0 0 422 422 0 0 0 0 0 0 0 0 0 0 0 0 0 041 0 0.41
12:00 0 0 056 056 197 197 197 197 147 0 147 147 0 0 121 121 O 0 575 575 0 0 0 0 0 0 0 0 0 0 0 0 0 147 147 147
13:00 0 0 0 041 0 0 0 0 0 145 0 0 087 087 0 087 0 035 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 145 145
14:00 045 0 0 045 111 0 111 111 083 0 0 083 097 097 097 097 323 323 0 323 0 0 0 0 0 0 0 0 0 0 0 0 083 0 0 0.83
15:00 05 05 0 05 169 0 0 169 124 0 0 124 107 107 107 107 0 495 495 495 0 0 0 0 0 0 0 0 0 0 0 0 0 0 124 124
16:00 0 0 075 075 13 0 13 13 0 0 039 039 0 0 161 161 38 38 38 38 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.39 0.39
17:00 063 0 0.63 063 152 0 0 152 0 075 0 075 135 0 135 135 0 443 0 443 0 0 0 0 0 0 0 0 0 0 0 0 075 075 0 0.75
18:00 0 0 033 033 0.68 068 0.68 0.68 0 0 14 14 071 071 071 071 198 0 198 198 0 0 0 0 0 0 0 0 0 0 0 0 14 0 14 14
19:00 067 067 067 067 19 19 19 19 123 123 123 0 0 144 144 144 554 554 554 554 0 123 123 0 12 0 12 12 257 257 257 257 0 123 123 123
20:00 063 063 063 063 15 15 15 15 145 145 145 145 0 135 135 135 438 438 438 0 145 145 145 145 113 113 113 113 2.03 203 203 203 145 145 145 0
21:00 0.07 0.07 0.07 007 0 117 117 117 0 1.06 106 1.06 0 015 0 015 34 34 0 34 106 106 1.06 106 013 013 0.13 013 1.58 158 158 158 0 1.06 1.06 1.06

22200 0 055 055 055 0 038 038 038 025 025 0 025 119 119 119 119 0 0

0 0 0 025 0 025 099 099 099 099 0 052 052 052 0 025 025 025
23:00 0.61 061 061 061 084 084 084 084 0 131 0 1.31 132 132 0 132 0 0 0 0 131 131 131 131 0 0 0 0 113 113 113 113 131 131 131 1.31
24:00 0.57 057 057 057 0 142 142 142 0 142 142 142 122 122 0 122 0 0 0 0 142 142 142 142 O 0 0 0 193 193 193 193 142 142 142 142
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