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Abstract  

Title: Model Based Systems Engineering High Level Design of a Sustainable Electric 

Vehicle Charging and Swapping Facility using Discrete Event Simulation 

Author: Obinna Henry Ginigeme 

Advisor: Aldo Fabregas, Ph. D.   

In line with the spate of technological advances, the transportation 

industry has also witnessed an increase in the adoption of Electric Vehicles (E.Vs). 

However, there has been and are still some underlying negating factors to the 

wide spread acceptance of these electric vehicles; one of note is the unavailability 

and inaccessibility of adequate charging infrastructure, long charging times, 

limited driving ranges, costs of the vehicles etc. These and many more 

characteristics lead to a trend popularly known as “range anxiety”.  

One of the major strengths of electric vehicles are their ability to be 

powered by electric energy via stored chemical energy in rechargeable batteries. 

Some electric vehicles run solely on batteries (Battery Electric Vehicle – BEVs), 

while others are a hybrid of the electric vehicles and the internal combustion 

engines (Plug-in Hybrid Electric Vehicles –PHEVs, and Hybrid Electric Vehicles – 

HEVs). However, since these electric vehicles lean towards reducing atmospheric 

pollution (Carbon monoxide, hydrocarbons etc.) caused by internal combustion 

engines, it also follows that the means of recharging these electric vehicles should 

also be geared towards reducing pollution to some degree. Hence, the concept of 

renewable energy sources powered recharging stations. 

However, before a lot of resources are committed into building such an 

infrastructure, a model should be designed and developed which will take into 
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account certain key factors such as storage capacity, type and size of the 

renewable sources, charger characteristics, facility layout, policies and other 

identified stakeholders requirements which are evaluated and used in trade-off 

and decision analysis. However, the status-quo involves around a document-

centric methodology of system development. This methodology carries with it 

challenging characteristics such as poor communication of data between and 

within interested parties, inability to contain complexities inherent in today’s 

projects, stored data becoming prone to damage as a result of storage or usage 

and sometimes, inaccessibility of data. In line with current systems engineering 

practice, we propose a model-centric approach of the system development life-

cycle, which will negate some of the drawbacks of the document-centric 

approach. 

In this work, a two-level approach is proposed:  First, the model based 

systems engineering (MBSE) framework approach is implemented utilizing the 

systems modeling language (SysML) to formulate and display different views and 

architecture of the system in question. The objectives of this MBSE approach in 

addition to offering different views of the model are also to aid in real-time 

communication and collaboration of designs which links to understanding change 

configurations and impact, requirements verification, and traceability. In the 

second approach, a discrete-event simulation (Arena) tool is used as the reference 

simulation and optimization tool for the model’s architectural analysis.  

The discrete-event simulation (DES) models a hypothetical renewable-

energy powered charging and swapping station with the objective of maximizing 

the electric vehicle’s throughput (amount of EVs successfully recharging and 

swapping batteries in the facility).  Certain constraints such as the allowable area 

for the renewable energy generation, operating budget, amount of energy to 

purchase from the main grid etc., are included to account for a realistic 

adaptation of the facility, which is in line with the concept of the renewable 

energy sources powered recharging stations previously mentioned. 
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1. Introduction 

With the ever-increasing scare about the possible shortage of fossil fuel coupled 

with the present spate of gas pollution (𝐶𝑂2, 𝑆𝑂2, 𝑁𝑂𝑥, etc.) from the transportation 

sector, it (the transportation sector) has witnessed a slow migration from conventional 

internal combustion engines ICEs (henceforth referred to as ICEs) to electric vehicles 

(henceforth referred to as EVs)[1][2][3][4]. However, in order to sustain this growth – 

dubbed “EV penetration” - adequate infrastructure would have to be put into place. To be 

fully or at least, a mostly green concept, the recharging of these EVs also have to utilize an 

environment friendly approach. This approach which has been used in the energy sector 

exploits renewable energy sources for energy generation[5][6][7]. Despite the method 

(via the grid, via renewable sources or a hybrid mode) chosen to recharge the EVs, some 

underlying difficulties exists. On one hand, recharging in the grid mode poses among 

other issues, extra burden on the electrical distribution network and sometimes, electrical 

generation systems especially during peak hours[7][8] (though [9] stresses that recharging 

EVs are more likely to have a short term impact on the electric distribution network than 

on the generation system). These stresses on the electric network could lead to voltage 

fluctuations and distortions[10].  On the other hand, recharging with renewable energy 

sources (or distributed energy sources) possess the inherent difficulty of intermittent 

energy supply. This intermittent nature of renewable energy sources are propagated by 

the variations in the time of day, seasons of the year, and the geographical locations[5], 

which could lead to difficulties in power system planning and scheduling[1]. One way to 

mitigate this effect is by using storage devices (battery energy storage, ultra-capacitor 

energy storage, fly-wheel energy storage, etc.); these storage devices store excess energy 

during generation or during off-peak periods which can then be used during peak periods 

or sold to the grid in a vehicle to grid mode (V2G)[11]. Additionally, recharging via 

renewable sources helps lessen the effects of stress on the distribution network brought 

by EVs [7][4]. 
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Regarding the internal primary propulsion mechanisms of EVs, the lead acid 

batteries which have low specific energy, chemical leakage and poor operating 

temperatures have been replaced by nickel batteries but more recently by Lithium-ion 

batteries (due to their power density, lighter weight, long life cycle, low self-discharge 

among other characteristics)[7]. 

EVs can be recharged in a grid-only mode[2][12], or in a renewable energy-only 

(Islanded) mode [13][14][15], [16] or in a renewable energy-grid connected mode[8], [17]. 

Our interest lies in the renewable energy-grid connected mode, more specifically, a PV-

grid connected mode with a diesel generator as a backup source, and the battery energy 

storage system. With the abundance and accessibility of renewable energy sources 

(especially the sun’s energy), the constantly reducing cost of PV panels, government 

incentives, and the emission reduction properties of solar energy generation, the PV-grid 

concept holds a lot of promise as a viable and sustainable option for energy supply not 

just for charging and swapping stations, but for a more general energy consumption 

system. This PV-grid concept will serve as the energy supply source for the hypothetical 

recharging and swapping station for electric vehicles. This facility (recharging and 

swapping station for electric vehicles) will serve as the case scenario for the application of 

MBSE and simulation in formulating and analyzing the facility’s design. 

The systems engineering life-cycle practice which is the heart of the MBSE 

approach includes the design and management of complex systems through the concept 

phase, the development phase, the production phase, the utilization phase, the support 

phase, and finally, the retirement phase. Any project or system goes through the above 

listed phases. And according to [18] in any project, the costs of extracting  defects and the 

life-cycle costs (LCC) increase as the life-cycle phases progress (Figure 1-1). The 

interpretation of this chart means that early sufficient and adequate analysis should be 

implemented in any project to save cost, improve quality, avoid reworks and wasted time, 

etc.  In line with this practice, we propose in this work, an implementation of similar 

systems engineering methodology (MBSE and simulation) in the concept, design and 
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development phases of the electric vehicle charging and swapping station which will aid in 

reducing cost and improving quality. 

 

Figure 1-1 Committed Life-cycle cost against time [18] 

Our model exploits the current trends in systems engineering which utilizes the 

model-centric methodology as opposed to the document-centric (e.g. rich-text based) 

methodology (Figure 1-2). This approaches holds true value to stakeholders and the 

systems engineering team by providing the following advantages [18]: 

 Increased productivity and cross-functional collaborations 

 Providing various views of a system from multiple perspective 

 Improved quality 

 Improved communications,  

 Reduced risks 

 Increases abstraction capabilities 
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The implemented procedure in this work consists of two approaches: the first 

approach uses the SysML-MBSE approach to present several holistic views of the 

hypothetical system while the second approach uses the model parameters from the 

views  (Figure 3-1) for simulation and optimization via the discrete-event simulation 

(Arena) model [19]. Statistical analysis are then performed on the optimized architectures 

to evaluate the results, which are then fed back to the MBSE platform and subsequently 

used for verification analysis. 

 

Figure 1-2 MBSE Focus 

The MBSE approach utilizes a standardized descriptive language for modeling 

systems. The systems modeling language (SysML) is a graphical general purpose modeling 

language that is used to visualize and communicate design specifications of a system. It 

(SysML) supports the analysis, design, optimization and verification of systems which 

include hardware, software, information, personnel, procedures and facilities [18], [20], 

[21]. Therefore, in this work, SysML will be the modeling language used to formulate the 

design specifications rendered on the MBSE platform. 

In the Arena model, the proposed hypothetical model assumes a unidirectional 

metered connection, whereby the facility can only purchase energy from the grid as 

opposed to a bi-directional scenario where the facility can sell or purchase energy to and 

from the grid. In the normal operational scenario, deficient renewable energy generation 



5  

  

 

(if any) is supplemented either with energy from the grid, from the battery storage 

system, or from the backup source (Diesel generator), or a combination of the energy 

sources. The percentage of extracted energy (one of the model parameters to be 

evaluated) from each source is sized and optimized in the Arena model which is in line 

with the stakeholders’ requirements (budget, sustainability etc.). 

In this model, certain real data [5][12], [22] were used to depict a real-world 

system. The facility’s architecture in line with the stakeholder’s requirements consists of 

electric vehicle charging stations (EVCS), an electric vehicle swapping station (EVCS),  

energy generation and backup systems (renewable energy, grid energy, and diesel 

energy), energy storage systems, and load elements.   

The projected objectives this work aims to achieve are as follows: 

 Increasing the throughput (number served) of EVs per day 

 Sizing the facility’s components (number of PVs, number of batteries in 

the battery bank, etc.) 

 Analyzing the different model architecture with Arena (via optimization) 

 Formulating the requirements analysis and providing traceability 

 Framing different views of the model in line with SysML syntax 

Based on the simulation results, the stakeholders can make informed decision on 

the design of the charging and swapping station. 

The rest of this work is categorized in the following manner: The second chapter 

covers the literature review and basic concepts definitions, while the third chapter covers 

the model formulation. Chapter four highlights the MBSE application of the model. 

Chapter fives covers the results and analysis while chapter 6 holds the conclusion of this 

work with inclusion of future work and recommendations. This work ends with the 

references in chapter 7, and subsequently, the appendix which includes the detailed logic 

program implemented in the Arena software. 
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2. Literature Review 

A lot of research has been committed into the field of renewable energy 

generation, storage, and integration with the main grid. Also, in the EV domain; 

recharging EVs in the grid mode, islanded mode (with distributed energy sources) or 

hybrid mode has seen a lot of traffic. EV Charging infrastructure siting and sizing, facility 

layout, penetration and scheduling forecasts[23]–[32] have also been adequately 

researched.  This literature review highlights the work in the following order: EVs 

recharging and facility optimization, the application of MBSE to EVs recharging and 

simulation of EV recharging facilities. 

In [5], Talebi proposes a high-level model of a micro-grid consisting of wind 

turbines and PV energy systems, a diesel generator which acts as a backup, and the 

battery bank which serves to store excess generated energy. In his work, a multi-objective 

linear programming optimization is used which minimizes both the micro grid 

implementation cost, and the emission associated with the energy generation while 

maximizing profit (as a result of the energy sold to the main grid). 

When it comes to the planning, siting and sizing of the charging infrastructure, 

Guo et al. in [23], [24] used a multi-criteria decision making (MCDM) method which 

utilized fuzzy TOPSIS for the optimal placing of the EV charging station. Here, the fuzzy 

TOPSIS based-MCDM was used to optimally select a site for the EVCS from a pool of 

choices with different weights. Sathaye et al. in [25] developed a mathematical approach 

to optimize the minimum amount of infrastructure needed for the charging station and 

the optimal deployment (siting) of these infrastructure. Various tools have been used to 

optimally find sites for the charging infrastructure deployment: Chen et al. in [26] used 

genetic algorithm as the optimization tool in the site location problem which minimizes 

investment and transportation costs, subject to capacity, coverage and convenience 

constraints. A greedy algorithm is used for the EVCS placement problem in [27], in their 
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model, total construction cost was minimized subject to coverage and convenience. In 

these optimization problems listed above, no attention was given to the integration of PV 

energy into the energy system for the charging stations. A modification to [27] above was 

carried out by Awasthi et al. in [29], where in addition to the GA, they included an 

improved version of the conventional particle swarm optimization (GAIPSO) for the 

charging infrastructure placement problem. Other placement problems [28], [30]–[32],  all 

use different methods of optimization methods from the Binary firefly algorithm (BFA) 

and the modified primal-dual interior point algorithm (MPDIPA) used to minimize the 

daily total cost in both [28], and [30] respectively. Charging station infrastructure varies 

according to the degree and nature of use, location, and budget constraints. Jia et al. in 

[31] consider the slow, regular and fast charging infrastructure in their work to carter to 

the predicted demand. Here, based on the vehicular penetration rates in the city, the 

charging demand (requiring slow, regular or fast charging) for each category is predicted, 

then a P-center location and allocation model is formulated to optimize the size and siting 

of the infrastructure while minimizing the total investment and charging cost. These siting 

and sizing formulation problems are and can be good candidates for simulation via Arena. 

2.1 Electric Vehicles 

Concepts synonymous with EVs include high energy efficiency, pleasant driving 

experience, environment friendly, and fossil fuel dependence reduction among other 

characteristics [12], [33][3]. EVs are of different kinds with varying internal main-power 

sources[34]:  The plug-in electric vehicles (PEVs) refers to those EVs that plug into a power 

source (Main or Micro-grid) for some or all of their power while the Hybrid Electric 

Vehicles (HEVs) are those that combine the power system of the conventional ICEs with 

those of the electric power system but whose batteries cannot be recharged by plugging 

into a power grid [35]. However, the battery system of HEVs are recharged internally by a 

kinetic mechanism known as regenerative breaking[7]. The table below shows a list of 

some EVs. 
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Table 2-1 Electric Vehicle Models[36] 

MAKE TECH TYPE RANGE 

(MILES) 

TESLA MODEL S (75 KW-HR BATTERY PACK) All-Electric 249 

NISSAN LEAF (24 KW-HR BATTERY PACK) All-Electric 84 

CADILLAC ELR PHEV 40 

BMW I3 REX PHEV 72 

 

  EVs have seen a somewhat steady increase in the adoption rate. Though the 

majority of vehicles on the road today are internal combustion engine vehicles 

(henceforth referred to as ICEs), EVs are steadily gaining some traction. According to [35], 

the US experienced a 40% growth rate in the sales of PEVs in 2016 as compared to 2015 

with California having a 48% of the total sales. EVs are forecasted to grow with the 

number of EVs on the road by 2021 and 2026 to be approximately 226, 579 and 260,000 

respectively[9], [35]. With this forecasted growth comes the challenges of the charging 

infrastructure. Adequate charging infrastructure has to be provided and made available.  

2.2 Electric Vehicle Supply Equipment (EVSE) 

Electric vehicles perform optimally when they are recharged frequently or when 

the battery state of charge is maintained close to full charge. The most common type of 

charging is the charging done at home (residential charging) owing to the fact that 

residential charging is convenient, and less expensive. EV owners could also recharge their 

vehicles at work and in public places. The several types of charging (residential, work or 

public stations) provide the owners with the charging flexibility thus increasing their mile 

range. However, with the several types of EV charging (residential, workplace, and public) 



9  

  

 

comes different charging infrastructure. The charging infrastructure varies according to 

the charging medium (slow or fast charging) and thus suits the needs of the EV owners. 

Most slow chargers (referred to as Level 1 and Level 2) are installed in home and 

sometimes, workplaces while the fast chargers are usually installed at public stations. 

Currently, most EVs are equipped with the standard connector and receptacle (SAE J1772) 

which makes it possible for EVs to connect to most non-fast charging stations (Level 1 and 

Level 2). Though the fast charging infrastructure does not yet have a standard connector, 

the most commonly used connectors for fast chargers are the CHAdeMO supply 

equipment, and the Tesla combo (Table 3-6). 

Recently, most charging stations have outlets for both SAE and CHAdeMo fast 

charging.   SAE International, an engineering standards-setting organization, has passed a 

standard for fast charging that adds high-voltage DC power contact pins to the SAE J1772 

connector currently used for Level 1 and Level 2 [37], thus making the EVs equipped with 

the regular SAE J1772 receptacle fit for fast charging. 

Table 2-2 Charger Level Classification [9] 

CHARGER LEVEL LOAD (KW) CHARGE TIME VOLTAGE IN 

ALTERNATING 

CURRENT (VAC) 

LEVEL 1 (HOME) 1.1 – 1.8 6 -  10 Hrs. 120 

LEVEL 2 (HOME AND WORK) 3.3 3 – 4 Hrs.  

208/240 LEVEL 2+ (HOME AND WORK) 6.6 – 19.2 30 Mins. – 2 Hrs. 

LEVEL 3 (COMMERCIAL 

STATION) 

50 - 150 15 – 30 Mins. 480 
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2.3 Basic Model Based Systems Engineering Concepts 

In this section, we would define some of the basic terminologies used in this work. 

These terminologies (peculiar to the SE and MBSE approach) often times cause confusion 

among systems engineering practitioners. In line with [38], these definitions do not boast 

of providing the standard nomenclature used in the SE domain but only attempt to 

provide definitions that seems rather acceptable by everyone. 

2.3.1 Systems Engineering 

Systems Engineering according to the International Council on Systems 

Engineering (INCOSE) “is an interdisciplinary approach and means to enable the 

realization of successful systems. It focuses on defining customer needs and required 

functionality early in the development cycle, documenting requirements, and then 

proceeding with design synthesis and system validation while considering the complete 

problem: operations, cost and schedule, performance, training and support, test, 

manufacturing, and disposal. SE considers both the business and technical needs of all 

customers with the goal of providing a quality product that meets the user needs” [18]. 

Per the definition, systems engineering can be thought of as a cross-functional 

interdisciplinary practice applicable to almost every engineering domain. 

2.3.2 Architecture Framework 

Another often confusing term is the system architecture framework utilized. 

Reichwein et al. in [38] define the architecture framework as the structure and minimal 

required content of architecture descriptions as well as the range of activities that go into 

creating and using an architecture description. i.e., within a particular domain, an 

architecture establishes a common practice for creating, analyzing, interpreting and 

communicating specifications among its users. A list of some architecture framework are 

listed below [38]–[42]: 
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1. Software-Intensive Frameworks 

 IEEE 1471  

 Kruchten 4 + 1 View Model  

2. Enterprise Related Architecture Framework: 

 TOGAF – The Open Group Architecture Framework  

 RM-ODP – Reference Model of Open Distribution Processing 

 Zachman  

3. Defense related Framework: 

 DoDAF – Department of Defense Architecture Framework  

 MoDAF – British Ministry of Defense Architecture Framework 

 NAF – NATO Architecture Framework 

2.3.3 Modeling Language 

Modeling languages are syntaxes used to express information about a system 

using a set of consistent defined rules. General purpose modeling (GPM), and domain 

specific modeling (DSM) languages are two types of modeling languages. The GPMs do 

not have any domain-specific concepts, and thus offer a wider capability [38]. An example 

of the GPM is the Unified Modeling Language (UML). UML was originally specified as a 

modeling language for software design to support general purpose software modeling 

[43]. 
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Figure 2-1 Relationship between SysML and UML [44] 

From Figure 2-1, we see how SysML extends UML with additional capabilities such 

as [43]: 

 Constraints on the physical and performance characteristic of the system 

 Requirements and their relationship (derive, satisfy, refine etc.) to other 

requirements, design elements and system components 

Though a general-purpose modeling language, SysML has the advantage of having 

additional semantics and diagrams which remove the ambiguity inherent in most general 

purpose languages. On the other hand, domain-specific languages are in a way restricted 

to the domain in which they are applied, and thus lack the generic capabilities of GPMs 

such as SysML.  

2.3.4 MBSE Methodologies 

Generally, methodologies define a formal process of modeling a system.  

According to Zachman [40], “The framework is a structure whereas a methodology is a 

process. A structure establishes definition whereas a process provides transformation”.  
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Several methodologies exist such as those according to the INCOSE 2008 report on 

surveyed methodologies [45]: 

 IBM Rational Telelogic Harmony-SE 

 IBM Rational Unified Process for Systems Engineering (RUP-SE) 

 INCOSE Object-Oriented Systems Engineering Method (OOSEM) 

 JPL State Analysis (SA) Methodology 

 Vitech Model-Based Systems Engineering (MBSE) Methodology 

 Dori Object-Process Methodology (OPM) 

A brief description of some (not all) of the methodologies will be given below. 

1. IBM Rational Telelogic Harmony-SE 

Harmony-SE which is a derivative of a larger framework (Harmony Integrated 

Systems and Software Development Process) uses a service request-driven 

modeling approach along with SysML. In the service request-driven approach, 

system architecture is described by means of SysML structure diagrams (blocks). 

Where communication between the blocks are based on messages (service 

requests) [46]. 

The key objectives of Harmony-SE are as follows [46], [47]: 

 Identification and derivation of required system functions 

 Identification of associated system modes and states 

 Allocation of the identified system functions and modes/states to a 

subsystem function/physical architecture 
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Figure 2-2 Harmony-SE [46] 

In a model-Driven development approach (depicted in Figure 2-2 by the 

model/requirements repository and test data repository), the final product is the 

baselined executable (system architecture) model. 

2. INCOSE Object-Oriented Systems Engineering Method (OOSEM) 

According to Estefan [46], OOSEM has the following objectives: 

 Capture and analysis of requirements and design information to specify 

complex systems 

 Integration with object-oriented software, hardware, and other 

engineering methods 

 Support for system-level reuse and design evolution 
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Figure 2-3 OOSEM Foundation Utilizing SE Processes [46] 

OOSEM applies a top-down, scenario-driven approach that utilizes SysML as the 

modeling language.  As can be seen from Figure 2-3, the OOSEM methodology builds 

upon the primary SE foundation with the addition of object-oriented techniques. OOSEM 

also includes modeling techniques such as casual analysis, black box and white box 

descriptions etc. [43]. A more descriptive diagram showing the major activities of the 

OOSEM methodology (OOSEM Unique) is shown in Figure 2-4. 
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Figure 2-4 Elaborated  OOSEM Activities [46] 

3. IBM Rational Unified Process for Systems Engineering (RUP SE) 

Rational Unified Process for Systems Engineering (RUP SE) which is a derivative of 

the Rational Unified Process (RUP) (a methodology used for software development) was 

developed to address the challenges faced in system development processes (system 

specification, analysis, design and development) with the best practices in the software 

development methods [46], [48]. Both processes utilize the spiral model for iterative and 

incremental development as seen in Figure 2-5. 
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Figure 2-5 IBM Rational Unified Process (RUP) [46] 

Being a derivative of RUP, RUP SE retains the primary processes of RUP and in 

addition, consists of the following extensions [46], [48]: Viewpoints for systems 

engineering, an emphasis on business modeling, new roles, etc. 

In selecting a methodology, certain characteristics or properties (ease of use, 

capability of addressing the specific SE need, and the level of tool support) are referenced 

[43]. Methodologies could either be implemented “as-is” or tailored to suit the particular 

application or domain. 

However, for the scope of this work, the sequence of formulating and deriving the 

model artifact (the final output of the MBSE process) would be architecture framework 

and methodology independent. 
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3. High Level Model Formulation 

3.1 Model Application 

In the context of this work, the first three phases (concept, development and 

production phases) of the facility design serves as the foundation for the application of 

MBSE in formulating the trade-off and decision analysis inherent in designing systems 

wherein the stakeholders desire to know how the facility would function in the “as-is” or 

“what-if” states respectively.  

As stated earlier, this work proposes a model based systems engineering (MBSE) 

approach to formulating and presenting different views of the model to the stakeholders.  

The model parameters (system level requirements) to be simulated are derived from the 

stakeholder’s requirements and several model architectures are developed in the MBSE 

model. The Arena simulation tool [19], is then used for optimizing the architectures after 

which statistical analysis are performed on the optimized results to aid in the decision 

analysis process. These sequence of steps, though not exhaustive shows the application of 

MBSE and simulation to the high level design (which is usually utilized in the concept, 

design, and development phases) of a sustainable EV charging and swapping station. 
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Figure 3-1 shows the proposed concept for the application of MBSE and 

simulation in designing the facility. A point to note is that the MBSE tool could also be 

used for simulation and optimization but we choose to use an external simulation and 

optimization tool to show the extensibility of the MBSE tool. 

3.2 Stakeholder Identification and Requirement Formulation 

Recalling the scope of this work being modeling a hypothetical sustainable facility 

for electric vehicle charging and swapping facility, the systems engineering methodology 

will be utilized in identifying the stakeholders and eliciting their requirements, deriving 

the system level requirements, and subsequently, the component level requirements. 

 

 

Figure 3-1 Proposed Model Concept 
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Table 3-1: Stakeholders and their requirements 

STAKEHOLDERS STAKEHOLDER REQUIREMENTS 

SPONSOR The facility shall have a battery 

swapping station  

The swapping station shall have 

at least 10 fully charged 

batteries at the beginning of 

each day 

The swapped depleted batteries 

shall be charged with the 

facility’s energy supply 

The station shall have a battery 

charging station where 

customers can plug-in their 

electric vehicles to recharge 

them 

The facility shall be able to 

meet customers demand 80% 

of the time 

 

CUSTOMER AND GENERAL 

PUBLIC 

ELECTRICITY UTILITY 

PROVIDERS 

TRANSPORTATION 

ADMINISTRATION 

MAINTENANCE OPERATORS 

FINANCIAL INSTITUTIONS 

REGULATORY AND 

GOVERNMENT AGENCIES 

 

3.3 System Level Requirements 

For the sake of a logical flow of the systems engineering process and to show the 

MBSE application to the system, a sample (as that of the stakeholders’ requirements 

shown in Table 3-1) of the systems level requirements will be tabulated in Table 3-2 
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below. However, in the following section (MBSE approach), the requirements diagram and 

the accompanying derive requirements matrix would be used to show the requirements 

architecture (Figure 5-10, Figure 5-11 and Figure 5-13). 

Table 3-2: Systems Level Requirements 

SYSTEMS LEVEL REQUIREMENT DERIVED FROM STAKEHOLDERS 

REQUIREMENTS 

ID TITLE TEXT ID TITLE 

SL. 13 Percentage 

of EVs 

balking 

Facility 

The percentage of EVs 

balking the facility should 

not exceed 20% of the total 

EVs entering the facility 

SN. 9 Uptime 

Characteristics 

SL. 14 Swappable 

Batteries 

Batteries with a 100% S.O.C 

shall be used to swap the 

EV’s depleted batteries 

SN .2 Swap Battery 

Station 

SL. 15 Charging 

Swappable 

Batteries 

Each swapped batteries 

shall be charged locally to a 

100% S.O.C and then put 

back into the queue of fully 

charged batteries 

SN. 2.2 Recharging Swap 

Station Batteries 

 

3.4 Component Level Requirements 

From the systems level requirements, the component level requirement are 

derived. In the component level, the specifications of the elements that make up the 

system are described. In some cases, the component level requirements are further 
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broken down into atomic (sub-component) levels. However, for the scope of this work, 

we utilize both the systems level and the component level requirements to define the 

specifications of the elements. 

Table 3-3: Solar PV Module Specifications [5] 

MODULE MATERIAL MULTI-C-SI 

NOMINAL EFFICIENCY 17.107 

MAXIMUM POWER (WDC) 264.99 

MAXIMUM POWER VOLTAGE (VDC) 30.6 

MAXIMUM POWER CURRENT (ADC) 37.7 

NUMBER OF CELLS 60 

MODULE COST ($/W) 0.65 

 

The solar PV energy generation is calculated based on the fitted hourly solar 

radiation distribution [22].  The radiation values were generated for two consecutive 

months to account for variability and the intermittent nature of the sun’s energy. The zero 

values in the distribution list depicts periods of no insolation (i.e. sunset and sunrise). 
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Table 3-4: Hourly Solar Radiation [𝐖 𝐦𝟐⁄ ] [22] 

HOURS MONTHS 

1 2 

00:00 – 01:00 0 0 

01:00 – 02:00 0 0 

02:00 – 03:00 0 0 

03:00 – 04:00 0 0 

04:00 – 05:00 0 0 

05:00 – 06:00 0 0 

06:00 – 07:00 -0.001 + 37 * BETA(0.026,0.0857) 0 

07:00 – 08:00 48 + 123 * BETA(2.71,0.787) NORM(113,12.9) 

08:00 – 09:00 NORM (313,16.6) TRIA(240,278,305) 

09:00 – 10:00 NORM (482,19.9) 270 + 209 * 

BETA(3.26,0.724) 

10:00 – 11:00 481 + 173 * BETA(2.39, 0.602) NORM(602,17.2) 

11:00 – 12:00 558 + 206 * BETA(2.51,0.601) NORM(714,28.1) 

12:00 – 13:00 538 + 297 * BETA(1.34, 0.431) 517 + 337 * BETA(3.95,1.11) 

13:00 – 14:00 472 + 399 * BETA(1.5, 0.42) 672 + 187 * 

BETA(3.27,0.858) 
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14:00 – 15:00 229 + 617 * BETA(1.13, 0.313) 400 + 436 * 

BETA(1.32,0.415) 

15:00 – 16:00 359 + 411 * BETA(1.02, 0.402) 453 + 311 * 

BETA(0.931,0.405) 

16:00 – 17:00 198 + 450 * BETA(1.09, 0.303) 174 + 481 * 

BETA(1.34,0.407) 

17:00 – 18:00 178 + 326 * BETA(1.28, 0.418) 46 + 452 * BETA(1.16,0.347) 

18:00 – 19:00 148 +278 * BETA(1.42, 0.405) 57 + 348 * BETA(2.23,0.472) 

19:00 – 20:00 103 + 233 * BETA(1.55, 0.387) 69 + 258 * BETA(2.46,0.527) 

20:00 – 21:00 63 + 91 * BETA(1.54, 0.604) - 0.001 + 148 * 

BETA(3.43,1.02) 

21:00 – 22:00 0 0 

22:00 – 23:00 0 0 

23:00 – 00:00 0 0 

 

The battery specifications used for the energy storage and the electric vehicle 

supply equipment (EVSE) characteristics are given in Table 3-5 and Table 3-6 respectively. 

The battery specifications will be used when modeling the battery bank in the discrete 

event simulation tool. However, the batteries will be permitted to discharge below the 

stated depth of discharge, thereby making it (depth of discharge) a loose constraint. 
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Table 3-5: Battery (Energy Storage) Specifications [5] 

BATTERY TYPE LITHIUM-ION 

DC VOLTAGE 12 

CURRENT RATE (AH) 200 

DEPTH OF DISCHARGE (%) 0.7 

EFFICIENCY (%) 0.95 

COST ($/KWH) 0.09 

 

Table 3-6: Electric Vehicle Supply Equipment (Charger) Specifications [12], [49] 

EVSE CHARGER TYPE DC (LEVEL 3) FAST CHARGER 

EVSE CONNECTOR TYPE CHAdeMo and Tesla Combo 

CHARGING RATE (KW/H) 20 

POWER OUTLET 208/480 V AC 3-phase Input 

APPLICATION Commercial/Public 

MILES PER MINUTES OF CHARGING 60 – 80 miles per 20 minutes 

 

The quantity of energy to extract from the backup energy source (diesel 

generator), and the supplemental energy source (main grid) would be derived from the 

architecture optimization. The above listed elements would be used to define the system 

architectures. 
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3.5 Concept of Operation 

 

Figure 3-2 Model Conops 
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3.5.1 Notations and Variables 

 𝝀   EV inter-arrival intensity 

𝑺.𝑶. 𝑪𝒊𝒏𝒊𝒕𝒊𝒂𝒍      EV Battery Initial State of Charge (𝑘𝑊) 

𝑺.𝑶. 𝑪𝒇𝒊𝒏𝒂𝒍       EV Battery Final State of Charge (𝑘𝑊) 

𝑺.𝑶. 𝑪𝒎𝒂𝒙        Maximum Battery State of Charge (𝑘𝑊) 

𝑺.𝑶. 𝑪𝟏
𝑬𝑽𝒏𝒕

     Battery State of Charge Need (𝑘𝑊) of 𝑛𝑡ℎ EV at EVCS 1 at time 

𝑡 (ℎ𝑜𝑢𝑟𝑠) 

𝑺.𝑶. 𝑪𝟐
𝑬𝑽𝒏𝒕

     Battery State of Charge Need (𝑘𝑊) of 𝑛𝑡ℎ EV at EVCS 2 at time 

𝑡 (ℎ𝑜𝑢𝑟𝑠) 

𝑺.𝑶. 𝑪𝟑
𝑬𝑽𝒏𝒕

     Battery State of Charge Need (𝑘𝑊) of the 𝑛𝑡ℎ EV at EVBSS at time 

𝑡 (ℎ𝑜𝑢𝑟𝑠)  

𝑺.𝑶. 𝑪𝒅𝒆𝒑𝒍𝒆𝒕𝒆𝒅𝒕
     Depleted Battery State of Charge Need (𝑘𝑊) at EVBSS at time 

𝑡 (ℎ𝑜𝑢𝑟𝑠) 

𝒗𝑨𝒏𝒄𝒊𝒍𝒍𝒂𝒓𝒚.𝑬𝒏𝒆𝒓𝒈𝒚𝒕    Ancillary Energy demand at time 𝑡 (ℎ𝑜𝑢𝑟𝑠) 

𝑨𝒈𝒈𝒓𝒆𝒈𝒂𝒕𝒐𝒓.𝑬𝒏𝒆𝒓𝒈𝒚𝒕     Total Aggregator Energy at time 𝑡 (ℎ𝑜𝑢𝑟𝑠) 

𝑴𝒂𝒊𝒏𝑮𝒓𝒊𝒅.𝑬𝒏𝒆𝒓𝒈𝒚𝒕     Energy purchased from the Main Grid at time 𝑡 (ℎ𝑜𝑢𝑟𝑠) 

𝑫𝒊𝒆𝒔𝒆𝒍𝑮𝒆𝒏𝒆𝒓𝒂𝒕𝒐𝒓.𝑬𝒏𝒆𝒓𝒈𝒚𝒕     Energy extracted from the Diesel Generator at 

time 𝑡(ℎ𝑜𝑢𝑟𝑠) 

𝑷𝑽. 𝑬𝒏𝒆𝒓𝒈𝒚𝒕     PV array Energy generated at time 𝑡 (ℎ𝑜𝑢𝑟𝑠) 

𝒗𝑫𝒆𝒎𝒂𝒏𝒅.𝑬𝒏𝒆𝒓𝒈𝒚𝒕     Total Energy Demand at time 𝑡 (ℎ𝑜𝑢𝑟𝑠)  
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𝒗𝑺𝒖𝒑𝒑𝒍𝒚. 𝑬𝒏𝒆𝒓𝒈𝒚𝒕     Total Energy Supplied at time 𝑡 (ℎ𝑜𝑢𝑟𝑠) 

𝒗𝑷𝑽. 𝑬𝒏𝒆𝒓𝒈𝒚𝑸𝒕𝒚𝒕      Quantity of Energy to extract from the PV energy source at 

time 𝑡 (ℎ𝑜𝑢𝑟𝑠) 

𝒗𝑴𝑮.𝑬𝒏𝒆𝒓𝒈𝒚𝑸𝒕𝒚𝒕    Quantity of Energy to extract from the Main Grid energy 

source at time 𝑡 (ℎ𝑜𝑢𝑟𝑠) 

𝒗𝑫𝑮. 𝑬𝒏𝒆𝒓𝒈𝒚𝑸𝒕𝒚𝒕     Quantity of Energy to extract from the Diesel Generator at 

time 𝑡 (ℎ𝑜𝑢𝑟𝑠) 

𝒗𝑰𝒓𝒓𝒂𝒅𝒊𝒂𝒏𝒄𝒆𝒕    Irradiance data for time 𝑡 (𝑚𝑜𝑛𝑡ℎ𝑠) 

𝒗𝑩𝑩𝟏
𝒏     Number of Batteries in EVCS Battery Bank 

𝒗𝑩𝑩𝟐
𝒏     Number of Batteries in EVBSS Battery Bank 

𝑭𝑪𝑩𝒕     Fully Charged Battery at time 𝑡 (ℎ𝑜𝑢𝑟𝑠) 

𝑨𝒎𝒂𝒙      Total available area (𝑚2) 

𝑩𝒖𝒅𝒈𝒆𝒕𝒎𝒂𝒙     Maximum Budget ($) 

𝒗𝑷𝑽𝑻     Number of PV Modules 

𝑷𝑽. 𝑬𝒏𝒆𝒓𝒈𝒚𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚    Maximum Solar PV Energy Capacity considering 1000 

𝑊 𝑚2⁄  Irradiance 

The model in Figure 3-2 has the following parameters: 

 𝜆 = 𝑅𝑎𝑛𝑑𝑜𝑚 (𝐸𝑥𝑝𝑜) 1 3⁄  𝐻𝑜𝑢𝑟    

𝑆. 𝑂. 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝑈𝑁𝐼𝐹(1%, 90%)     

𝑆. 𝑂. 𝐶𝑚𝑎𝑥 = 7𝑘𝑊  
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3.6 Base Case Model 

The EVs enter the system based on the inter-arrival rate (Λ) and a random state of 

charge calculated by the uniform distribution function, and depending on a random 

choice (charge or swap), the EVs are routed to the appropriate station. At the charging 

station, the FIFO policy is implemented, and if the any of the two stations the electric 

vehicle supply equipment (EVSE) are free, the EV in front of the queue seizes that EVSE 

and recharges its batteries accordingly. If no EVSE is unoccupied, the EVs wait in the 

queue till either one of the two EVSEs (assuming one EVSE per station) become available. 

When an EV seizes the EVSE, the following scenarios could occur: 

Scenario 1: 

If; 

𝑆. 𝑂. 𝐶1
𝐸𝑉𝑛𝑡

≤ 𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑜𝑟. 𝐸𝑛𝑒𝑟𝑔𝑦𝑡 

𝑜𝑟 

𝑆. 𝑂. 𝐶2
𝐸𝑉𝑛𝑡

 ≤    𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑜𝑟. 𝐸𝑛𝑒𝑟𝑔𝑦𝑡 

EVs recharge their batteries 

Scenario 2: 

If: 

𝑆. 𝑂. 𝐶1
𝐸𝑉𝑛𝑡

≥ 𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑜𝑟. 𝐸𝑛𝑒𝑟𝑔𝑦𝑡 

𝑜𝑟 

𝑆. 𝑂. 𝐶2
𝐸𝑉𝑛𝑡

≥ 𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑜𝑟. 𝐸𝑛𝑒𝑟𝑔𝑦𝑡 

EVs balk the facility. 



30  

  

 

In the case of the EV choosing to swap its battery, the EVs arrive at the swapping 

station (also utilizing the FIFO policy), and if there is any available battery in the swap 

station battery bank, i.e. 

𝐹𝐶𝐵𝑡  ≥ 1 

The EVs battery is swapped with a fully charged battery (Figure 3-10). Accordingly, 

the EV proceeds to exit the facility. The depleted batteries are recharged locally (Figure 

3-11) using the following principles: 

If: 

𝑆. 𝑂. 𝐶𝑑𝑒𝑝𝑙𝑒𝑡𝑒𝑑𝑡
  ≤ 𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑜𝑟. 𝐸𝑛𝑒𝑟𝑔𝑦𝑡       

 

The battery is recharged and put in the 𝑣𝐵𝐵2
𝑛   queue else, the battery remains in the 

waiting queue. 

3.6.1 Arena Model 

Recall that the ARENA tool would be used for simulating and optimizing the model 

based on parameters formulated with SysML on the MBSE platform. To describe and 

understand how the Arena Model works, we will describe the model in terms of the major 

operational activities such as the arrival, charging and swapping, energy generation, and 

energy extraction phases. 

1. Arrival Phase 

In the arrival phase, EVs enter the facility based on an inter-arrival rate and 

random state-of-charge (S.O.C). The S.O.C is randomly assigned to each EV entering the 

facility using the assign assignment function as seen in Figure 3-3. 
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Figure 3-3 Assign Module for Assigning EV’s initial S.O.C 

An assumption made in line with modeling a hypothetical facility, is that each EV 

has a battery with a maximum capacity of 7kW. Therefore, each EV requires a charge 

(supposing the EV opts to recharge its battery) equal to the equation (𝑀𝑎𝑥𝑖𝑚𝑎𝑙 𝑆. 𝑂. 𝐶 −

𝐸𝑉 𝑆. 𝑂. 𝐶) denoted by the second assign block (Figure 3-4). If a swap is required, the 

battery is exchanged for a fully charged battery, and the depleted battery (still having the 

initial S.O.C) is charged locally in the facility. 

The Route modules are used to route each EV to the respective stations (EVCS1, 

EVCS 2 or EVBSS) after the means of replenishing the batteries have been decided 

(denoted by the two Decide modules in Figure 3-5). 

Figure 3-4 Assign Module formulating EV S.O.C Energy Need 
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Figure 3-5 EV Arrival and Routing Schema 

2. Charge Station Phase 

Using the Enter module from the Advance transfer bar, EVs enter the charging 

station (Charge station 1 or 2). Based on Table 3-6, the EVSE has a charging rate of 20kW.  

The EVSE is represented in the Arena model by the regulator (Aggregator Tank.Regulator 

1) property as shown in Figure 3-6 below: 

 

Figure 3-6 EVSE Charging Rate 
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Utilizing similar FIFO policy, EVs enter the station queue, and if the EVSE is idle 

(unoccupied), the next available EV seizes the EVSE and recharges its battery with an 

energy equal to its required S.O.C as seen in the flow module diagram below (Figure 3-7): 

 

Figure 3-7 EV Energy needed at EVSE 

However, before any EV can seize the resource (EVSE), a logic is implemented in 

Arena via the Decide module. The objective of the module is to determine if the required 

energy needed by the EV (which is an attribute assigned to every EV as it enters the 

facility by the assign module) is available. The logic is given by the Arena value: 

𝑇𝑎𝑛𝑘𝐿𝑒𝑣𝑒𝑙(𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑜𝑟 𝑇𝑎𝑛𝑘)    >=   𝐸𝑉 𝑆. 𝑂. 𝐶 𝑁𝑒𝑒𝑑 𝑎𝑡 𝐸𝑉𝐶𝑆 1 

If the above value results in a true logic, the EV seizes the EVSE. Else, it balks 

(departs with an unsatisfied or unmet demand) the system. The blocks modeling the 

charging station are shown in Figure 3-8. Similar logic is implemented for the charging 

station 2, and as such, it would not be shown here. 
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3. Swap Station Phase 

EVs can recharge their batteries either by recharging at the charging station or by 

swapping their batteries for fully charged batteries at the swap station. The schema 

showing the modeling of the swapping station operation is shown in Figure 3-10. In this 

station, every EV requiring a swap requests a battery (FCB) and joins a queue (depicted by 

the Hold module) as seen in Figure 3-9. 

 

Figure 3-9 Swap Station Battery Request Queue 

Figure 3-8 EVCS 1 Schema 
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If a fully charged battery (FCB) is available (when the logic results in a true 

condition), the EV proceeds to the swap booth and swaps its battery. In the case that no 

FCB is available, the EV waits in the queue till one becomes available.  

Also in Figure 3-10, the locally charging mode (LCM) [50] is implemented wherein 

depleted batteries are recharged in the facility. In the LCM (Figure 3-11), the depleted 

batteries are routed to a charge station where they are charged by the facility’s energy 

supply.  

 

Figure 3-10 Swap Station Schema 
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The energy demand from the swap station is therefore as a result of the energy 

needed to recharge the depleted batteries. Once the depleted batteries are recharged, 

they are routed to the fully charged batteries (FCB) queue and await a request from an EV 

for a charged battery (as seen by the FCB Queue in Figure 3-11). Thus, the amount of 

batteries in the system (which is also a closed queue system) to satisfy the daily demand 

will be optimized in the simulation model. 

4. Energy Supply and Extraction Phase 

This phase shows the operation of extracting energy from each energy source and 

the accompanying energy supply process. The logic implemented sums up to calculating 

the total energy required from each charging and swapping station plus the ancillary load 

demand. 

Figure 3-11 Locally Charging Mode for Depleted Batteries 
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In Figure 3-12, the demand is met by extracting energy from the combination of 

energy from the main grid, energy from the diesel generator and energy from the battery 

bank (depicting a scenario where there is no available energy from the sun, therefore the 

stored energy from the battery bank is utilized): 

𝑣𝑆𝑢𝑝𝑝𝑙𝑦. 𝐸𝑛𝑒𝑟𝑔𝑦𝑡  =  𝐵𝑎𝑡𝑡𝑒𝑟𝑦𝐵𝑎𝑛𝑘. 𝐸𝑛𝑒𝑟𝑔𝑦𝑡 +𝑀𝑎𝑖𝑛𝐺𝑟𝑖𝑑. 𝐸𝑛𝑒𝑟𝑔𝑦𝑡 + 

𝐷𝑖𝑒𝑠𝑒𝑙𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟. 𝐸𝑛𝑒𝑟𝑔𝑦𝑡   

Or from the combination of energy from the PV modules, energy from the main 

grid, and energy from the diesel generator (depicting the scenario where the PV modules 

generate energy from the sun): 

𝑣𝑆𝑢𝑝𝑝𝑙𝑦. 𝐸𝑛𝑒𝑟𝑔𝑦𝑡  =  𝑃𝑉. 𝐸𝑛𝑒𝑟𝑔𝑦𝑡  +𝑀𝑎𝑖𝑛𝐺𝑟𝑖𝑑. 𝐸𝑛𝑒𝑟𝑔𝑦𝑡 + 𝐷𝑖𝑒𝑠𝑒𝑙𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟. 𝐸𝑛𝑒𝑟𝑔𝑦𝑡    

Figure 3-12 Energy Extraction and Supply Schema 
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5. PV Energy Generation Schema 

In relation to the energy extraction process, the energy generated from the PV 

modules are either directed routed for consumption or routed to be stored in the battery 

bank (Figure 3-13). In the case where there is excess generated energy or little or no 

demand, the energy is stored in the battery bank. This process is made possible by the 

logic (Figure 3-14) implemented in the Decide module. 

 

 

Figure 3-14 Decide Module representing routing of Sustainable Energy 

Figure 3-13 Sustainable Energy Generation 
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4. MBSE Approach 

MBSE which is an approach to forming a means to achieve integration of data 

across multiple domain uses SysML as its critical enabler. SysML as seen in Figure 2-1 is an 

extension of the Unified Modeling Language (UML), has the following taxonomy as seen in 

Figure 4-1. 

 

Figure 4-1 SysML Taxonomy 

Based on this taxonomy, the 4 pillars of SysML was derived. As previously 

discussed, the MBSE framework approach will be utilized to present various views of the 

systems according to [18], utilizing the 4 pillars of SysML (Figure 4-2).  
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Figure 4-2 4 Pillars of SysML 

The 4 pillars of SysML will be discussed in regard to the facility concept, using the 

various views to capture and explain the strengths of SysML. The MBSE framework 

approach used in this work in not thorough, and thus does not cover every possible SysML 

diagram, only the ones pertaining to the scope and nature of this research would be used. 

The order in which the elements (each of the 4 pillars of SysML) are discussed 

here is not sequential. Some SysML proponents are of the opinion that the requirement 

diagram should be implemented before any other element, while others prefer the 

structure (specifically the block diagrams) first. In that regards, we discuss each element 

with no specific sequence or order. 
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Figure 4-3 above complements Figure 3-1 (the proposed model concept diagram) and 

shows the definition of the proposed concept using the SysML Use Case diagram. The 

systems engineers elicit the requirements from the stakeholders from which the system 

level and component level requirements are derived. The model parameters are 

extracted from the requirements in building the architecture which is then simulated and 

optimized in Arena. The process of feeding and extracting the model elements to and 

from the Arena model is not part of the scope of this work, hence, it will be omitted.  

Figure 4-3 MBSE Framed Proposed Concept 
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4.1 Model Structure View 

The model structure view shows the facility’s architecture using the block 

definition diagram. A block definition diagram (henceforth called bdd) is a modular 

element which is used for describing a system’s structure (which could be logical, physical, 

software etc.) [43]. From Figure 4-6, the system of interest (Facility) is directly composed 

(using the directed composition relationship) of the EVCS and EVBSS blocks, the solar PV 

Module block, the Main Grid block, the Diesel Generator block and the Ancillary Load 

block. The directed composition relationship from the System of Interest block denotes 

that the system contains all those blocks (i.e. an instance of the system of interest 

contains or is composed of the EVCS block, EVBSS block, etc.). However, it can be noticed 

that the EV block has a different relationship (directed association) to the System of 

Interest block. The directed association shows that an instance of the EV has a directed 

access to (uses an instance of) the System of Interest block. In other words, the EV is not 

part of the system of interest but uses the facility for recharging its battery. 

  A bdd can also be used to show system hierarchy, classification and value types 

[21] as can be seen in the Battery Bank block (Figure 4-4). 

 

Figure 4-4 BDD of the Battery Bank 
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The bdd (Battery Bank) has a reference association to the EVCS, EVBSS, and Solar 

PV Modules blocks. This shows that an instance of the Battery Bank can be used or 

accessed by instances of the EVCS, EVBSS, and Solar PV Modules blocks. i.e., in the 

operational scenario, the energy generated from the PV Modules are stored in the Battery 

Bank. Also, the EVs could use energy stored in the Battery Bank to recharge their 

batteries; these usage functions of the Battery Bank are depicted by the reference 

association (or the reference compartment in the bdd). The same bdd also shows the 

value types of an instance of the block: the energy storage, efficiency, DC voltages value 

types. The representation of a model in this way aids in showing various aspects (e.g. 

type, reference, parts, constraints etc.) of a component at once which can aid in decision 

making and trade-off analysis.  

A major advantage of reprsenting views of systems using SysML is the concept of 

designing to absraction [21].  For example, the Tesla Model S is a subtype of the BEV 

block, while the BEV block is simultaneously a subtype of the EV block (displayed by the 

generalization relationships between the blocks Figure 4-6). What this relationship 

denotes is that wherever an instance of EV is accepted or required, an instance of either 

the BEV block or the Tesla Model S block would also be accepted. This abstraction helps in 

reducing the size of a model, provides extensibility to the model, and in some cases, 

reduces costs associated with those changes [21].  

In addition, bdds could also be used to show hierarchy of model value types of 

parameters used in the model. In Figure 4-5, a value type block of type Real shows a 

generalization relationship. The relationship reads as thus: the value types of 

𝐴ℎ, 𝑘𝑊,𝑊 𝑘𝑔⁄ , $ 𝑘𝑊 ∗ 𝑦𝑟⁄ ,𝑊ℎ 𝑚3⁄ , 𝑒𝑡𝑐., are all Real value types. According to [21], a 

value property (often assigned a number) can represent  a quantity (of some type), a 

Boolean, or a string.  
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The value property has the following format: 

< 𝑣𝑎𝑙𝑢𝑒 𝑛𝑎𝑚𝑒 >∶ < 𝑡𝑦𝑝𝑒 > [< 𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑐𝑖𝑡𝑦 >] = < 𝑑𝑒𝑓𝑎𝑢𝑙𝑡 𝑣𝑎𝑙𝑢𝑒 > 

Where the value type must relate to a previuosly defined value type in the model. 

 

Figure 4-5 BDD Model Value Types 

Thus the bdd is an imoprrtant modeling element which in additon to showing the 

structure of a model, also captures the realtionship between the block elements. These 

relationships and structure can be shown via the bdd compartments such as parts, 

references, values, constraints, operations, receptions, ports etc., 
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Figure 4-6 Facility Architecture BDD 
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4.2 Model Requirement View 

The requirements diagram (req) is used to capture the stakeholder’s text-based 

requirements. The requirement model view offers extensible traceability capabilities 

(Figure 5-12 and Figure 5-13) within and between primary and secondary requirements. 

Figure 4-7 shows the text based requirements format in SysML. The requirements 

table offers extensible add-ins for the requirements such as traced by, verified by, owner, 

risk etc. which offer more depth and coverage to understanding and stating the 

requirements. Requirements could also be captured in other formats (requirement 

diagram), such as the samples shown in Figure 5-10 and Figure 5-11 respectively. 

Figure 4-7 Requirements (Stakeholders) Table 
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4.3 Model Behavior View      

The third diagram and view among the 4 pillars of SysML is the behavior diagram. 

As the name implies, the behavior diagram in SysML is used to show the behavioral 

components of the system. Various kinds of behavior diagrams exist according to the 

SysML taxonomy diagram (Figure 4-8), which is an extended view of the 4 pillars of SysML 

diagram shown above (Figure 4-2). 

 

As shown in the bdd where the generalization relationship was used for 

abstraction, the same concept of abstraction implies here; the activity, use case, state 

machine and sequence diagrams are all types of behavior diagrams. For the scope of this 

work, we will use the activity diagram to describe an aspect of the operational 

characteristic of the system. 

Figure 4-8 Behavior Taxonomy Diagram 
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4.3.1 Activity Diagram 

Activity diagrams also read as act diagrams (enhanced forms of flow diagrams 

with the capability of modeling complexities) which are a type of behavior diagrams are 

used to show control and object flow (usually referred to as control and object tokens 

[21], [43]) within a system.  

The object token flow could represent a sequential flow of matter, software, 

money or any abstract entity through the system, while the control token simply 

represents the time or order each action in the activity diagram is active. An action node 

or element in the act represents the execution of activities in the system. 

The act diagram (Figure 4-9) is used to show the high-level sequence of activities 

(depicted by the frame name: EV’s recharging activity) in the facility. It should be noted 

that “a diagram of a model is never the model itself; it is merely one view of the model” 

[21]. Thus, Figure 4-9 is our representation of the activity in the model, and not the model 

itself. Different views of the same model could exist as interpretations could also be 

different. In light of that, the activity diagrams shows the high-level “activities” or 

processes taken by the EVs to recharge their batteries, and also those taken by the facility 

in calculating the required amount of energy to generate and extract from each source 

before satisfying the demand. 

In Figure 4-9, fork nodes are used to split the “object token” into two paths: one 

path represents the EVs being routed to the EVCS while the other path represents the 

routing of EVs to the EVBSS. At the path routing to the EVCS, a decision node is used with 

the True Guard representing the equation: 

𝑆. 𝑂. 𝐶1
𝐸𝑉𝑛𝑡

 ≤   𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑜𝑟. 𝐸𝑛𝑒𝑟𝑔𝑦𝑡 

Resulting in the EV proceeding to recharge its battery.  
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On the other hand, the False Guard depicted by: 

𝑆. 𝑂. 𝐶1
𝐸𝑉𝑛𝑡

≥ 𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑜𝑟. 𝐸𝑛𝑒𝑟𝑔𝑦𝑡 

Results in the EVs balking the facility. The similar logic is implemented on the 

other path (routing to the EVBSS): 

True Guard:  

𝐹𝐶𝐵𝑡  ≥ 1 

EVs swap batteries and depart the facility. However, if: 

False Guard: 

𝐹𝐶𝐵𝑡 ≤ 1 

EVs either wait for a battery to become available or they balk the facility 
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Figure 4-9 Activity Diagram [EVs recharging] 
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4.4 Model Parametric View 

In formulating a system’s requirements, certain constraints are developed either 

by the requirements themselves, or by the enabling environment or system. SysML 

supports constraints analysis with the use of the parametric diagrams. SysML uses 

constraint blocks to model equations and inequalities, with the parameters of the 

equation bound to the properties of the system being analyzed [21], [43]. 

Figure 4-10 Parametric diagram showing the internal details of the Net Energy consumption 

equation 
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Figure 4-10 above represents the Net Energy equation which states that the sum 

of the generated Energy must be equal to the total demand: 

∑𝐸𝑛𝑒𝑟𝑔𝑦𝑠𝑢𝑝𝑝𝑙𝑦  = ∑𝐸𝑛𝑒𝑟𝑔𝑦𝑑𝑒𝑚𝑎𝑛𝑑 

In the Net energy consumption parametric diagram (Figure 4-10), there are 

several binding connectors which denote equality between the two bound parameters. 

On the diagram frame (top right), three ports are shown which represents the bounded 

elements for the energy generated and extracted from the different sources. The ports 

represent different constraint parameters for each element. 

Figure 4-11 shows the constraint parameter block for the PV_Energy source. 

Based on the constraint parameter, the PV_Energy source is derived either from the 

battery bank or directly from the PV Modules. The logic describing the exact amount of 

energy to extract is formulated in the Arena module (Figure 3-12). 

Figure 4-11 Parametric Diagram for the Supply Energy 
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Figure 4-12 shows how a constraint block could be used to refine a requirement. 

The parameter of the constraint block (available area) binds the area to a value parameter 

with value type 𝑚2 (as described in Figure 4-5). 

 

 

 

Figure 4-12 Refinement by a constraint parameter 
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5. Results 

5.1 Two population t-test Hypothesis 

Before running the model, we would like to determine the effects of the radiation 

value (gotten from two consecutive months) on the throughput (response variable). The 

reason behind this is to determine if the optimization model would be run separately with 

the two values or if one of the value would depict what would happen if the other values 

were used. 

A design of experiment (simple comparative experiments [49]) approach would 

be used. The experiment is set up as thus: 

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 1 =  𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜1(𝐽𝑢𝑛𝑒 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑉𝑎𝑙𝑢𝑒) 

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 2 =  𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜2(𝐽𝑢𝑙𝑦 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑉𝑎𝑙𝑢𝑒) 

The simple comparative experiment utilizes the statistical hypothesis test to 

compare the two treatments (𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜1, and 𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜2) using: 

𝐻0: 𝜇1  =  𝜇2 

𝐻1: 𝜇1  ≠  𝜇2 

The above equations can be rewritten as: 

𝐻0: 𝜇1  −  𝜇2  = 0 

𝐻1: 𝜇1  −  𝜇2  ≠ 0 

Where: 

𝜇1 = 𝑀𝑒𝑎𝑛 𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 1 (𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜1) 
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𝜇2 = 𝑀𝑒𝑎𝑛 𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 2 (𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜2) 

In formulating such experiments, the following steps are taken [49]: 

1. Develop a means of observing random samples (𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 1 and 

𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 2 ) from the population 

2. Compute the test statistic 𝑍0 𝑜𝑟 𝑡0 (when the population standard 

deviation "𝜎𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛" is known, 𝑍0 is used, else we use 𝑡0) 

3. Based on the test statistic, reject or do not reject the null hypothesis (𝐻0) 

Since we do not know the population of the entire EVs (population), we 

consequently do not know its standard deviation. Therefore, the test statistic to 

be utilized for this experiment would be 𝑡0. Based on this deduction, and 

according to [49], the following formulations are applicable: 

1. In formulating the experiment, if the two samples standard deviations 

(denoted 𝑆1 = √𝑆1
2 and 𝑆2  =  √𝑆2

2) are similar, and we can assume that 

the two population standard deviations (𝜎1, 𝑎𝑛𝑑 𝜎2) are also similar. The 

test statistics for comparing the two treatment becomes: 

𝑡0  =  
𝑥1̅̅ ̅  − 𝑥2̅̅ ̅

𝑆𝑝√(
1
𝑛1

 + 
1
𝑛2

)

 

𝑤ℎ𝑒𝑟𝑒 𝑆𝑝 = 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒 𝑜𝑓 𝑐𝑜𝑚𝑚𝑜𝑚 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 

𝑆𝑝
2 = 

(𝑛1  − 1)𝑆1
2  + (𝑛2  − 1)𝑆2

2

𝑛1  + 𝑛2  − 2
 

 𝐴𝑛𝑑 𝑑𝑓 =  𝑑𝑒𝑔𝑟𝑒𝑒𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒𝑑𝑜𝑚  

𝑑𝑓 =  𝑛1  +  𝑛2  − 2 
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2. If the two population standard deviations (𝜎1, 𝑎𝑛𝑑 𝜎2) cannot be 

assumed to be similar (i.e. 𝜎1  ≠  𝜎2), the test statistic becomes: 

𝑡0  =  
�̅�1  − �̅�2

[√(
𝑠1
2

𝑛1
 + 

𝑠2
2

𝑛2
)]

 

 𝑑𝑓 =
[
𝑠1

2

𝑛1
 +  

𝑠2
2

𝑛2
]
2

1
𝑛1  − 1 [

𝑠1
2

𝑛1
]  +  

1
𝑛2  − 1 [

𝑠2
2

𝑛2
]

 

In both cases if: 

  |𝑡0|  >  𝑡𝛼

2
,   𝑑.𝑓  or |𝑡0| < −𝑡𝛼

2
,   𝑑.𝑓  

We reject the null hypothesis 𝐻0 (and state that the mean throughputs of the two 

treatments differ) else, we will fail to reject the null hypothesis and conclude that the 

average throughputs from the two treatments are the same. 

Using: 

𝐿𝑒𝑣𝑒𝑙 𝑜𝑓 𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑐𝑒 𝛼 = 0.05 

𝑆𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒 𝑛1  = 50 

𝑆𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒 𝑛2  = 50 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑠 𝑁 = 10 

𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜1  = 𝐽𝑢𝑛𝑒 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑉𝑎𝑙𝑢𝑒 

𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜2  = 𝐽𝑢𝑙𝑦 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑉𝑎𝑙𝑢𝑒 

𝑥�̅�  =  𝑖𝑡ℎ 𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑒𝑎𝑛 𝑖 = 1,2,3… . . , 10 
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The model is run and the average throughput is recorded as shown below: 

Table 5-1: Average Throughput across Scenarios 

NREP AVERAGE THROUGHPUT 

𝑻𝒓𝒆𝒂𝒕𝒎𝒆𝒏𝒕 𝟏
𝑺𝒄𝒆𝒏𝒂𝒓𝒊𝒐 𝟏

 
𝑻𝒓𝒆𝒂𝒕𝒎𝒆𝒏𝒕 𝟐

𝑺𝒄𝒆𝒏𝒂𝒓𝒊𝒐 𝟐
 

1 11 13 

2 10 15 

3 9 18 

4 12 10 

5 10 13 

6 13 10 

7 10 15 

8 9 11 

9 9 13 

10 14 10 

 

A visual representation of the sample data in Table 5-1 are shown using the box 

plot diagram [51] (Figure 5-1 and Figure 5-2). 
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Figure 5-1 Box plot for treatment 1 

 

Figure 5-2 Box plot for treatment 2 
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Visually comparing the two dot diagrams, it might be inferred that the mean 

throughput is greater in treatment 2, but is this statistically correct? The test statistic will 

verify or discredit this claim. 

Using: 

 𝑆𝑎𝑚𝑝𝑙𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛  𝑠𝑖
2  =  

1

𝑛−1
 ∑ (𝑥𝑖  −  𝑥�̅̅�)

2𝑛
𝑖=1      𝑖 = 1,2   

𝑆1
2  = 0.57 

𝑆2
2  = 1.2  

Since the sample standard deviations are not similar and we cannot assume that 

the population standard deviations are similar, we use the test statistic as follows: 

𝑇𝑒𝑠𝑡 𝑆𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐 𝑡0  =  
�̅�1 − �̅�2

[√(
𝑠1
2

𝑛1
 + 

𝑠2
2

𝑛2
)]

 = 10.5 

𝑑𝑒𝑔𝑟𝑒𝑒𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒𝑑𝑜𝑚 𝑑𝑓 =
[
𝑠1
2

𝑛1
 + 

𝑠2
2

𝑛2
]
2

1

𝑛1 −1
 [

𝑠1
2

𝑛1
] + 

1

𝑛2 −1
 [

𝑠2
2

𝑛2
]
 = 1.74  

Using the student t-distribution chart, we obtain: 

𝑡𝛼
2

= 𝑡0.05
2

 = 𝑡0.025,1 =  12.706 

Since the test statistic 𝑡0 = 10.5 does not fall into either critical regions (marked 

by the margin of error 𝑡𝛼

2
 =  ±12.706, we fail to reject the null hypothesis. In other 

words, there is no statistical difference to suggest that the average throughputs from the 

two treatments are different. Thus, we can use either radiation values for the simulation 

model. 
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5.2 ARENA Simulation Results 

With the model’s parameters derived and the constraint properties formulated, 

the model can be run and optimized. For the purpose of this work, the model’s objective 

is to maximize the throughput (EVs leaving the system with a full charge). The model’s 

optimized parameters are shown in Figure 5-3. 

From the OptQuest model, certain conclusions can be drawn. For instance, we 

can immediately observe an increase in the average throughput of EVs. Comparing the 

Figure 5-3 Arena OptQuest Result 
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throughputs in the optimized and base case model, the average throughput increases by 

31% as can be seen in Figure 5-4 and Figure 5-5 respectively. 

 

Figure 5-4 Throughput in Base Case 

 

Figure 5-5 Throughput in Optimized Case 
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The OptQuest model shows the various recommend sizes and quantities of the 

facilities parameters. With the aid of the optimized model, certain decisions can be made 

with satisfactory results. 

Table 5-2 Model Parameters in the Base and Optimized Cases 

 BASE CASE OPTIMIZED CASE 

THROUGHPUT [FOR EVERY 60 EVS ENTERING 

THE FACILITY] 

29 38 

NUMBER OF PV MODULES 110 115 

NUMBER OF BATTERIES IN BATTERY BANK 90 92 

 

From the table above (Table 5-2), though we see an increase in the throughput 

which is the response variable (from the base case to the optimized case), we cannot for 

sure say if the increase is solely as a result of one variable or a combination of several 

independent variables (number of PV Modules, Number of Batteries in Battery Bank, etc.). 

Therefore, In order to interpret and validate the optimized model’s results, statistical 

analysis will be performed to observe and understand the correlations (if any) of the 

model’s parameters to the desired output, thus aiding in the decision analysis process. 

Several analysis could be performed on the result to understand the 

dependencies between the response variable and the independent variables. Such 

analysis could include factorial analysis, regression analysis etc. [52]. For our work, we 

choose regression analysis as the statistical method for interpreting the results. 
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5.2.1 Linear Regression Model Analysis 

Based on the model, we might expect the throughput to increase with an increase 

in an independent variable (say the number of PV modules)? Maybe yes but not perfectly. 

 

Figure 5-6 Scatter Plot of Avg. Throughput vs. Number of PV Modules 

In Figure 5-6, there is an upward trend between the response variable (Avg. 

throughput per day), and the independent variable (number of PV Modules). However, 

though this trend shows a positive relationship, there still exists some scatter. Therefore, 

it can be concluded from the graph that there is a statistical relationship between the 

response variable and the independent variable. 

However, the objective of this analysis is to understand the main effects of not 

just one independent variable but two or more independent variables on the response 

variable. For this, we could use either a factorial design or a regression analysis model as 

stated previously. Since the independent variable are quantitative, a regression model is 

better suited to formulate the main effects model [49]. 
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Regression analysis aids in the interpretation and understanding of results, and 

also show the relationship of the response variable (Avg. Throughput) to one or more of 

the independent variables, exploring their independent or combined effect on the 

response variable. Regression analysis are also widely used in interpolation, i.e., for 

predicting and forecasting response variables. 

The general form of a regression analysis, relating the response variable to the 

independent variables is given by: 

𝑦 =  𝛽0  + 𝛽1𝑥1  + 𝛽2𝑥2  + ⋯ + 𝛽𝑘𝑥𝑘  +  𝜖 

Where: 

𝑦 = 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 

𝑥1, 𝑥2 = 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑜𝑟/𝑅𝑒𝑔𝑟𝑒𝑠𝑠𝑜𝑟𝑠  𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠 

𝛽𝑗 = 𝑅𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠 𝑗 = 0,1, … , 𝑘 

The general equation above is called a multiple linear regression model with 𝑘 

regressor variables. 

From the optimized model, we would like to determine the effects of the 

variables (number of PV Modules, and number of batteries in the battery bank) on the 

response variable.  

Therefore, fitting our model with the two quantitative predictors become: 

𝑦 =  𝛽0  +  𝛽1𝑥1 + 𝛽2𝑥2 +  𝜖 

Where: 

𝑦 = 𝐴𝑣𝑔. 𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 

𝑥1 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑉 𝑀𝑜𝑑𝑢𝑙𝑒𝑠 
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𝑥2 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 𝑖𝑛 𝑆𝑤𝑎𝑝 𝑆𝑡𝑎𝑡𝑖𝑜𝑛 𝐵𝑎𝑡𝑡𝑒𝑟𝑦𝐵𝑎𝑛𝑘 

𝛽0, 𝛽1, 𝛽2 = 𝑢𝑛𝑘𝑛𝑜𝑤𝑛 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 𝑡𝑜 𝑏𝑒 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 

𝜖 = 𝑟𝑎𝑛𝑑𝑜𝑚 𝑒𝑟𝑟𝑜𝑟 𝑡𝑒𝑟𝑚 

Table 5-3 Multiple Linear Regression Data 

PROCESS VARIABLES THROUGHPUT 𝒚𝒊 

𝑹𝒖𝒏𝒊 𝒙𝟏 𝒙𝟐 

1 100 10 36 

2 115 5 36 

3 90 15 34 

4 80 12 32 

5 120 20 37 

 

Using the Least Squares Estimates method, the X matrix and Y vector are given by the 

general formula:  

𝑦 =  

[
 
 
 
 
𝑦1

𝑦2

𝑦3

𝑦4

𝑦5]
 
 
 
 

, 𝑋 =  

[
 
 
 
 
1 𝑥11 𝑥12

1 𝑥21 𝑥22

1 𝑥31 𝑥32

1 𝑥41 𝑥42

1 𝑥51 𝑥52]
 
 
 
 

, 𝛽 =  [

𝛽0

𝛽1

𝛽2

] , 𝑎𝑛𝑑 𝜖 =  

[
 
 
 
 
𝜖1

𝜖2

𝜖3

𝜖4

𝜖5]
 
 
 
 

 

Where the 𝑋′𝑋 𝑚𝑎𝑡𝑟𝑖𝑥 becomes: 
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𝑋′𝑋 = [
1 1 1 1 1

𝑥11 𝑥21 𝑥31 𝑥41 𝑥51

𝑥12 𝑥22 𝑥32 𝑥42 𝑥52

]. 

[
 
 
 
 
1 𝑥11 𝑥12

1 𝑥21 𝑥22

1 𝑥31 𝑥32

1 𝑥41 𝑥42

1 𝑥51 𝑥52]
 
 
 
 

, 

The 𝑋′𝑦 𝑣𝑒𝑐𝑡𝑜𝑟 becomes: 

𝑋′𝑦 =  [
1 1 1 1 1

𝑥11 𝑥21 𝑥31 𝑥41 𝑥51

𝑥12 𝑥22 𝑥32 𝑥42 𝑥52

]. 

[
 
 
 
 
𝑦1

𝑦2

𝑦3

𝑦4

𝑦5]
 
 
 
 

 

Therefore, the least squares estimate of 𝛽 is given by: 

�̂� =  (𝑋′𝑋)−1𝑋′ 

�̂� =  [
23.6

0.1113
0.0114

] 

Therefore, the least squares fit with the regression coefficients becomes: 

�̂�  = 23.6 + 0.11𝑥1  + 0.0114𝑥2 
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From the regression model, it can be inferred that for every change in the 

independent variable 𝑥1 (Number of PV Modules) the response variable (Throughput) 

changes by 0.11. The same relationship goes for every change in the independent 

variable𝑥2, the response variable changes by 0.0114. 

 

 

 

 

Figure 5-7 JMP FIT Least Squares 
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The regression model can be used to predict and obtain the value of the 

throughput for different values of the independent variables as seen below. 

Table 5-4 Table showing Throughput, Predicted Values and Residuals 

𝑹𝒖𝒏𝒊 𝒙𝟏 𝒙𝟐 𝒚𝒊 PREDICTED �̂�𝒊 𝑹𝒆𝒔𝒊𝒅𝒖𝒂𝒍 𝒆𝒊 

1 100 10 36 34.8610 1.13894 

2 115 5 36 36.4741 -0.474175 

3 90 15 34 33.8047 0.1952109 

4 80 12 32 32.6566 -0.656609 

5 120 20 37 37.2033 -0.203371 

6 70 20 32 31.6348 0.3651884 

7 110 10 36 35.9747 0.0252335 

8 95 10 33 34.3041 -1.304198 

9 125 15 37 37.7027 -0.702781 

10 85 20 32 33.3053 -1.305379 

 

Where  �̂�𝑖  denotes the predicted values for the response variable. 
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Figure 5-8 Plot of Residuals versus the predicted values 

From Figure 5-8 above, though the plotted data values are somewhat sizeable, it 

can still be inferred from the plot that there is a random scatter (no pattern) about the 

zero line. This means that there is a relationship between the variables (independent and 

dependent), and that the variances of the error terms are equal. Therefore, the regression 

model is validated with the plot. 

 

Figure 5-9 Residual Normal Quantile Plot 

The above two plots (Figure 5-8 and Figure 5-9) appear satisfactory therefore, it 

can be concluded that the results obtained in Table 5-4 are valid, and the optimization 
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results are also valid. Based on that, the regression analysis can be used to determine the 

different weights of the independent variables on the response (dependent) variable. This 

provides a useful technique to both the systems engineering team and the stakeholders 

for determining and understanding the optimal architectures in the design. 

Referring to Figure 3-1, the optimized architecture is fed back and formulated 

(updated) in the MBSE platform.  From there, the requirements are updated, verified, 

validated and satisfied. Satisfying requirements involves using a component to satisfy or 

fulfil a requirement. According to [21], the satisfy relationship exist between the supplier 

(the originating requirement) and the client (which is usually a block). Figure 5-10 shows 

how a component (in this case, an external data value from the Arena model) satisfies a 

system level requirement (id=”SL. 13”). SysML imposes no constraints on what the client 

element could be. In other words, though it (the client element) is usually a bdd, it could 

also be another element as seen in Figure 5-10. However, in Figure 5-11, we see two bdds 

(Solar PV Modules, and EV_Battery Bank) being the client elements in satisfying various 

requirements. 
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Figure 5-10 Requirements Diagram showing the satisfy relationship 
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As the model goes through different iterations of optimization, the requirements 

diagram subsequently gets updated and traced to the primary requirements that drove 

them in the requirements diagram. This process and development leads to efficient 

requirements traceability [21]. 

Figure 5-11 shows a requirement diagram depicting the derive and satisfy 

relationships of a single system level requirement (id=SN.4). This requirement diagram 

notation becomes useful when the incoming and outgoing relationship of a requirement 

is desired. To see the satisfy relationships of all the requirements in a broader context, the 

satisfy relationship matrix is used (Figure 5-12). 

 

Figure 5-11 Requirements Diagram for the Sustainable Energy Generation System 
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Figure 5-12 shows which of the system level requirements are satisfied. Though 

not exhaustive, this matrix diagram shows how the satisfy relationship matrix could be 

used to keep track of which requirements have been satisfied, and which ones are yet to 

be satisfied.  In the systems engineering methodology, requirements are elicited from 

stakeholders and subsequently transformed or broken down into system level 

requirements. The relationship and traceability between the source requirements 

(stakeholder’s requirements), and the derived or secondary requirements (system level 

requirement) is shown in the derive requirements traceability matrix (Figure 5-13). 

 

Figure 5-12 Satisfy Relationship Matrix 
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Figure 5-13 Derive Requirement Dependency Matrix 

The requirement dependency matrix above (though not comprehensive) shows 

the holistic view of the relationship between the source and derived requirements, 

providing adequate traceability for the project. 

The sequential process implemented in this work provides the complete cycle of 

the application of MBSE and modeling into the design of a charging and swapping facility. 
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Figure 5-14 Requirement Verification Matrix 
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6. Conclusion 

In as much as the proposed model was centered on the application of MBSE and 

simulation to the high level design of a charging and swapping station using a hypothetical 

model, certain valid conclusions could be made from it such as: 

 The proposed approach showed a 31%  increase in the throughput of EVs 

from the base case to the optimized case 

 The proposed approach was able to determine the required amount of PV 

panels and Bank to use in order to achieve the optimal throughput 

 The proposed approach showed the current practice in SE using MBSE to 

design the charging and swapping station 

 The proposed approach shows how requirements of such critical projects 

could be captured,  managed, accessed, analyzed and shared  

 The simulation model helps in visualizing the operation of the facility and 

observing bottlenecks where they might occur 

 Designing such stations could help alleviate range anxiety, promote the 

adoption of EVs, and increase the use of renewable energy generation by 

providing  optimal design parameters 

 The approach is robust and thus could be applied and tailored to suit 

more applications such as energy generation, transportation etc.  

 Charging and swapping stations are still developing, thus this approach 

could help analyze, experiment, study and design more robust and 

sustainable facilities 

 Statistical analysis were performed on the optimized results thereby 

increasing the robustness of the model. Several outputs could be 

analyzed to suit different stakeholders needs 

 



77  

  

 

6.1 Future Work 

The approach utilized in this work, though modeled using a hypothetical scenario 

can be expanded to show more applicability and validity by: 

 Implementing the model into a real charging and swapping facility 

scenario to account for the assumptions made in modeling a hypothetical 

system 

 Implementing other renewable sources such as wind turbines, Biofuel, 

etc.  

 Extending the model to account for the changes in electricity market 

prices, day-ahead forecasting for demand and the different battery 

characteristics for swapping stations 

 Accounting for the difficulty in using Micro- grids and the integration with 

the Main-grid 

 Executing the mapping transformation between MBSE (SysML) and Arena 

which will result in a seamless automation between the two platforms 

 Expanding the capability of the MBSE tool by integrating with other 

Requirement and Analysis Tool 

 Formulating the Arena model in 3 D for better visualization 

 Extending the design approach to the design of charging and swapping 

stations for electric planes 

 Using the day ahead (DA) approach to determine the demand of EVS 
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APPENDIX 

EV ARRIVAL:: 

1. Create Block: EVs entering the facility (Entity Type= EVs)  

Type: Random Expo, Value= 1/3 hrs, Units=Hours 

Entities per Arrival= 1 

Max Arrival= infinite 

First Creation= 0 

2. Record Block: EVs Entering Facility 

Type: Count, Value= 1 

3. Signal Block: Send signal to turn on Energy supply (Signal Value = 1, Limit = 0) 

4. Assign Block: S.O.C of EV   

a. Attribute: EV S.O.C = UNIF(70,6300) 

5. Assign Block: Energy Needed  

a. Attribute: EV S.O.C Need = Maximal EV S.O.C - EV S.O.C 

6. Decide Block: Charge or Swap? 2-way by chance (80%) 

   True:: 

7. Decide Block: Station 1 or Station 2?  2-way by chance (50%) 

True:: 

8. Route Block: Route to Station 1 

Route time= 0, Units= Hours 

Destination Type= Station, Station Name= Charge Station_1 

9. Route Block: Route to Station 2 

Route time= 0, Units= Hours 

Destination Type= Station, Station Name= Charge Station_2 

10. Route Block: Route to Swap Station 

Route time= 0, Units= Hours 

Destination Type= Station, Station Name= Swap_Station 
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EVCS 1:: 

11. Station Module: Charge Station 1, Station Type= Station 

Station Name= Charge Station_1 

12. Record Block: EVs Entering EVCS 1, Type= Count 

Value= 1 

13. Hold Block: Signal Received to Calculate EV demand at station 1, Type= Wait for signal 

Wait Value= 5, Limit= 1 

14. Assign Block: EV S.O.C Need at station 1 

a. Attribute: EV S.O.C Need at EVCS 1, New Value= EV S.O.C Need 

b. Attribute: EV S.O.C at EVCS 1, New Value= EV S.O.C 

c. Variable: vEV S.O.C Need at EVCS 1, New Value= EV S.O.C Need at EVCS 1 

15. Signal Block: Signal From Station 1 to extract Energy 

Signal Value= 7, Limit= 1 

16. Hold Block: Signal received for EV to proceed at Station 1 

Wait for Value= 8, Limit= 1 

17. Decide Block: Enough Energy in Aggregator Bank to satisfy demand? 2-way by 

condition 

Expression: TankLevel(Aggregator Tank) >= EV S.O.C Need at EVCS 1 

True::  

18. Seize Regulator Block: Seize EVSE 1  

Regulator Type= Regulator 

Regulator Name= Seize Aggregator Tank.Regulator 1 

19. Regulate Block: Energy Demand 1  

Regulator Type: Regulator 

Regulator Name= Aggregator Tank.Regulator 1  

New Maximum Rate= 20000, Units= Hour 

20. Flow Block: EVCS Charger 1 Energy Drawn from Aggregator Tank 

Type= Remove, Source Regulator Type= Regulator 

 Regulator Name= Aggregator Tank.Regulator 1  
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 Stop Flow After:  

Quantity= EV S.O.C Need at EVCS 1 

21. Release Regulator Block: Release EVSE 1  

Regulator Type= Regulator, Regulator Name= Aggregator Tank.Regulator 1 

22. Assign Block: EV S.O.C of EV in station 1 

a. Attribute: Final E.V S.O.C at EVCS 1, New Value= EV S.O.C at EVCS 1 + EV S.O.C 

Need at EVCS 1 

23. Record Block: EVs Leaving EVCS 1, Type= Count, Value= 1 

24. Dispose Block: EVs leave EVCS with full charge   

False::  

25. Record Block: EVs Balking EVCS 1 

Type= Count, Value= 1 

26. Dispose Block: EVs Balk EVCS 1 

EVCS 2:: 

27. Station Module: Charge Station 2  

Station Type= Station, Station Name= Charge Station_2 

28. Record Block: EVs Entering EVCS 2, Type= Count 

29. Hold Block: Signal received to calculate EV demand at Station 2 

Type= Wait for signal, Wait for Value= 3, Limit= 1 

30. Assign Block: EV S.O.C Need at station 2  

a. Attribute: EV S.O.C Need at EVCS 2, New Value= EV S.O.C Need  

b. Attribute: EV S.O.C at EVCS 2, New Value= EV S.O.C 

c. Variable: vEV S.O.C Need at EVCS 2, New Value= EV S.O.C at EVCS 2 

31. Signal Block: Signal from Station 2 ton extract energy 

Signal Value= 9, Limit= 1 

32. Signal received for EV to proceed at station 2,  

Type= Wait for Signal, Wait for Value= 8, Limit= 1 

33. Decide Block: Energy in Aggregator Bank satisfies load? 2-way by condition 

 Expression: TankLevel(Aggregator Tank) >= EV S.O.C Need at EVCS 2 

 True::  
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34. Seize Regulator Block: Seize EVSE 2  

Regulator Type= Regulator, Regulator Name= Seize Aggregator Tank.Regulator 7 

35. Regulate Block: Energy Demand 2  

Regulator Type= Regulator 

Regulator Name= Aggregator Tank.Regulator 7 

New Maximum Rate: 20000, Units= Hour 

36. Flow Block: EVCS Charger 2 Energy Drawn from Aggregator Tank 

Type= Remove 

Source Regulator Type= Regulator, Regulator Name= Aggregator Tank.Regulator 7  

Stop Flow After:  

Quantity: EV S.O.C Need at EVCS 2 

37. Release Block: Release EVSE_2 

Regulator Type= Regulator, Regulator Name= Aggregator Tank.Regulator 7 

38. Assign Block: EV S.O.C of EV in Station 2 

a. Attribute: Final EV S.O.C at EVCS 2, New Value= EV S.O.C at EVCS 2 + EV S.O.C 

Need at EVCS 2 

39. Record Block: EVs Leaving EVCS 2 

Type= Count, Value= 1 

40. Dispose Block: EVs Leaving EVCS 2 with full charge 

False::  

41. Record Block: EVs Balking EVCS 2 

Type= Count, Value= 1 

EVBSS:: 

42. Station Module: EVs Enter Swap Station  

Station Type= Station 

Station Name= Swap_Station 

43. Record Block: EVs Entering EVBSS 

Type= Count, Value= 1 

44. Signal Block: Request Battery Swap  

Signal Value= 4, Limit = 1 
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45. Route Block: Go to Station  

Route Time= 0, Units= Seconds 

Destination Type= Station, Station Name= Swap Station 1 

46. Station Module: S.S 1  

Station Type= Station, Station Name= Swap Station 1 

47. Hold Block: Requested Battery Available?  

Type: Scan for condition  

Condition= NQ(Swap Station with FCB.Queue) == 1 

48. Separate Block: Swap Depleted Battery 

 Type: Duplicate Original, number of duplicates = 1 

 Original:: 

49. Batch Block: Swap Station with FCB 

 Type = Permanent 

 Batch size = 2 

 Save criterion = Last 

 Rule = Any Entity 

 Representative Entity Type = FCB Entity 

50. Record Block: EVs Leaving EVBSS 

Type= Count, Value= 1 

51. Dispose Block: EVs with swapped batteries eave Swap Station 

 Duplicate:: 

52. Batch Block: Depleted Battery 

 Type = Permanent 

 Batch size = 2 

 Save criterion = Last 

 Rule = Any Entity 

 Representative Entity Type = EVs 

53. Route Block: Route DB for Localized Charging 

Route Time= 0, Units= Seconds 

 Station Name: LCM Station 
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54. Station Module: DB Charge Station  

Station Type= Station, Station Name= LCM Station 

55. Hold Block: Signal received to calculate demand at swap station 

Type= Wait for signal, Wait for Value= 10, Limit= 1 

56. Assign Block: Swapped Battery S.O.C 

a. Attribute: aEV Swapped Battery S.O.C Need, New Value= EV S.O.C Need 

b. Variable: vEV Swapped Battery S.O.C Need, New Value= aEV Swapped Battery 

S.O.C Need 

57. Signal Block: Signal from Swap Station to extract energy 

Signal Value= 11, Limit= 1 

58. Hold Block: Signal received to proceed at Swap Station 

Type= Wait for Signal, Wait Value=12, Limit= 1 

59. Decide Block: Energy in Aggregator satisfies Swap Station Load?, 2-way by condition 

Expression= TankLevel(Aggregator Tank)   >=   aEV Swapped Battery S.O.C Need 

60. Seize Regulator Block : Localized Charging  

Regulator Type= Regulator, Regulator Name= Aggregator Tank.Regulator 6 

61. Regulate Block: Charge Rate for DB Charger  

Regulator Type= Regulator, Regulator Name= Aggregator Tank.Regulator 6  

New Maximum Rate: 20000, Units= Hour 

62. Flow Block: Charge Depleted Swapped Batteries , Type= Remove 

Regulator Type= Regulator, Regulator Name= Aggregator Tank.Regulator 6  

Stop Flow After: 

Quantity = aEV Swapped Battery S.O.C Need 

63. Assign Block: New S.O.C of Battery 

a. Attribute: aEVFCB_S.O.C, New Value = Maximal EV S.O.C 

64. Release Block: Stop LCM  

Regulator Type=Regulator, Regulator Name= Aggregator Tank.Regulator 6 

65. Route Block: Route to FCB Station  

Route Time = 0, Units = Seconds 
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Station Name = Fully Charged Battery Station 

66. Station Module: FCB Station  

Station Type= Station, Station Name= Fully Charged Battery Station 

67. Assign Block: Recharged Batteries S.O.C 

a. Entity Type: FCB Entity 

b. Attribute: S.O.C of FCB_Swap, New Value= Maximal EV S.O.C 

((connect to Hold Block (Any EV for Swap?))) 

68. Create Block: Quantity of Fully Charged Batteries (Entity Type = FCB Entity) 

 Type: Constant, Value = 1, Units = seconds     

 Entities per Arrival: vNumber of FCBs 

 Max Arrivals: 1 

 First Creation: 1 

69. Assign Block: S.O.C of FCBs 

 Attribute: S.O.C of FCB_Swap, New Value = Maximal EV S.O.C 

 ((connect to Hold Block (Any EV for Swap?))) 

70. Hold Block: Any EV for Swap? 

 Type: Wait for signal 

 Wait for value = 4, Limit = 1 

71. Separate Block: Exchange FCB with DB 

 Type: Duplicate Original 

 Number of Duplicates = 1 

 Original:: 

 ((connect to Batch Block (Depleted Battery))) 

 Duplicate: 

 ((connect to Batch Block (Swap Station with FCB))) 

 ANCILLARY LOAD:: 

72. Create Block: Ancillary Load Demand 

 Entity Type: Ancillary Load 

 Type: Constant, Value: 1 Units: Hours 

 Entities per Arrival: 1, Max Arrivals: infinite, First Creation: 0 
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73. Hold Block: Signal received to calculate Ancillary Demand 

Type= Wait for Signal, Wait for Value= 12, Limit= 1 

74. Assign Block: vLoad Demand 

Variable= vHourly Load Demand, New Value= SchedValue(Hourly Load Distribution) 

75. Signal Block: Signal from Ancillary Demand to extract energy 

Signal Value = 13, Limit = 1 

76. Hold Block: Signal received to proceed for Ancillary Load 

Type= Wait for signal, Wait for Value= 14, Limit= 1 

77. Decide Block: Energy in Aggregator to satisfy Ancillary Load? 2-way by condition 

Expression = TankLevel(Aggregator Tank)   >=   SchedValue(Hourly Load Distribution) 

True: 

78. Signal Block: Turn on Energy Supply 

Signal Value= 2, Limit= 1 

79. Seize Regulator Block: Request Energy  

Regulator Type= Regulator, Regulator Name= Aggregator Tank.Regulator 2 

80. Regulate Block: Regulate Energy Flow  

Regulator Type= Regulator, Regulator Name= Aggregator Tank.Regulator 2  

New Maximum Rate= (SchedValue(Hourly Load Distribution)), Units= Hour 

81. Flow Block: Supply Energy 

 Type= Remove 

Source Regulator Type= Regulator, Regulator Name= Aggregator Tank.Regulator 2 

Stop Flow After: 

Quantity = SchedValue(Hourly Load Distribution)  

82. Release Block: Energy Satisfied  

Regulator Type= Regulator, Regulator Name= Aggregator Tank.Regulator 2 

83. Dispose Block: Dispose Ancillary Demand 

False: 

84. Dispose Block: Unmet Ancillary Demand 
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TOTAL ENERGY DEMAND PER HOUR:: 

85. Create Block: Energy per Hr 

 Entity Type= Total_Energy 

 Type= Constant, Value= 1 Units= Hours 

 Entities per Arrival= 1, Max Arrivals= 1, First Creation= 0 

86. Assign Module: Total Energy Demand Per Hr 

 Variable= vTotal Demand per Hour, New Value = vEV S.O.C Need at EVCS 1 + vEV S.O.C 

Need at EVCS 2 + vEV Swapped Battery S.O.C Need + vHourly Load Demand 

87. Delay Block: Delay Entity for 1 Hr 

 Allocation= Other 

 Delay Time= 1, Units= Hours 

88. Separate Block: Duplicate Entity 

 Type: Duplicate Original 

 Number of Duplicates: 1 

Original: 

89. Dispose Block: Dispose 18 

Duplicate: 

((connect to Assign Module: Total Energy Demand Per Hr)) 

TOTAL ENERGY SUPPLIED PER HOUR:: 

90. Create Block: Energy Supplied Per Hr 

Entity Type= Total_EnergySupplied 

Type= Constant, Value= 1, Units= Hours 

Entities per ARRIVAL=1, Max Arrival= 1, First Creation=0 

91. Assign Block: Total Energy Supplied Per Hr 

Variable= vTotalEnergySupplied per Hour, New Value= vPVEnergy Qty + vMGEnergy Qty + 

vDGEnergy Qty 

92. Delay Block: Delay Supply Entity for 1 Hr 

Allocation= Other, Delay Time= 1, Units= Hours 
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93. Separate Block: Duplicate Entity for Supply 

Type: Duplicate Original 

Number of Duplicates: 1 

Original: 

94. Dispose Block: Dispose Energy Supplied Per Hr 

Duplicate: 

((connect to Assign Block: Total Energy Supplied Per Hr)) 

AGGREGATOR TANK:: 

95. Create Block: Begin EV Demand, Entity Type = Demand 

Type= Constant, Value= 1, Units= Hours 

 Entities per Arrival: 1, Max Arrivals= Infinite, First Creation: 0 

96. Hold Block: EV demand? 

 Type= Wait for signal, Wait Value= 1, Limit=1 

 ((connect to Duplicate Block)) 

97. Create Block: Begin Ancillary Demand, Entity Type = Demand 

 Type= Constant, Value= 1, Units= Hours 

 Entities per Arrival= 1, Max Arrivals= Infinite, First Creation= 0 

98. Hold Block: Ancillary Demand? 

 Type: Wait for signal, Wait Value= 2, Limit= 1 

99. Duplicate Block, Number of Duplicates= 3 

Original: 

100. Signal Block: Signal_12 to Calculate Energy to extract Variable 

 Signal Value= 12, Limit= 1 

((connect to Hold Block: Energy Variable Calculated?)) 

Duplicate 1: 

101. Signal Block: Signal_10 to Calculate Energy to extract Variable 

Signal Value= 10, Limit= 1 

((connect to Hold Block: Energy Variable Calculated?)) 
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Duplicate 2: 

102. Signal Block: Signal_3 to Calculate Energy to extract Variable 

Signal Value= 3, Limit= 1 

((connect to Hold Block: Energy Variable Calculated?)) 

Duplicate 3: 

103. Signal Block: Signal_5 to Calculate Energy to extract Variable 

Signal Value= 5, Limit= 1 

104. Hold Block: Energy Variable Calculated? 

 Type: Wait for Signal 

 Wait Value: 6, Limit: 1 

105. Decide Block: Qty to extract from each source excluding Battery Bank,  2-way by 

Condition 

Expression=  TankLevel(PV Module Energy Supply) >= vPVEnergy Qty )  &&  ( 

TankLevel(Main Grid) >= vMGEnergy Qty )  &&  ( TankLevel(Diesel Generator) >= 

vDGEnergy Qty ) 

True:: 

106. Seize Block: Seize Energy Source Regulators 

Regulators: 

Regulator Name= Aggregator Tank.Regulator 8 

Regulator Name= PV Module Energy Supply.Regulator 1 

Regulator Name= Aggregator Tank.Regulator 4 

Regulator Name= Main Grid.Regulator 1 

Regulator Name= Aggregator Tank.Regulator 5 

Regulator Name= Diesel Generator.Regulator 1 

107. Duplicate Block: 

Quantity to Duplicate: 2 

Original:: 

108. Regulate Block: Transfer Rate_PV 

Regulator Type = Regulator, Regulator Name = Aggregator Tank.Regulator 8 
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New Maximum Rate= vPVEnergy Qty, Units= Hour 

Regulator Type= Regulator, Regulator Name = PV Module Energy Supply.Regulator 1 

New Maximum Rate: vPVEnergy Qty, Units: Per Hour 

109. Flow Block: Solar PV to Aggregator, Type: Transfer 

Source Regulator= Regulator, Regulator Name= PV Module Energy Supply.Regulator 1 

Destination Regulator= Regulator, Regulator Name= Aggregator Tank.Regulator 8 

Stop Flow After: 

Quantity: vPVEnergy Qty 

110. Release Block: End PV extraction 

Regulators: 

Regulator Name= Aggregator Tank.Regulator 8 

Regulator Name= PV Module Energy Supply.Regulator 1 

((connect to Signal Block: Signal for EV to proceed)) 

Duplicate 2:: 

111. Regulate Block: Transfer Rate_MG 

Regulator Type=  Regulator, Regulator Name= Aggregator Tank.Regulator 4  

New Maximum Rate: vMGEnergy Qty, Units: Per Hour 

Regulator Type= Regulator, Regulator Name= Main Grid.Regulator 1  

New Maximum Rate: vMGEnergy Qty, Units: Per Hour 

112. Flow Block: Main Grid to Aggregator, Type= Transfer 

Source Regulator= Regulator, Regulator Name=  Main Grid.Regulator 3 

Destination Regulator= Regulator, Regulator Name= Aggregator Tank.Regulator 4 

Stop Flow After: 

Quantity: vMGEnergy Qty 

113. Release Block: End MG extraction 

Regulators: 

Regulator Name= Aggregator Tank.Regulator 4 

Regulator Name= Main Grid.Regulator 1 

((connect to Signal Block: Signal for EV to proceed )) 
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Duplicate 3:: 

114. Regulate Block: Transfer Rate_DG 

Regulator Type= Regulator, Regulator Name= Aggregator Tank.Regulator 5  

New Maximum Rate= vDGEnergy Qty, Units= Per Hour 

Regulator Type= Regulator, Regulator Name= Diesel Generator.Regulator 1  

New Maximum Rate= vDGEnergy Qty, Units= Per Hour 

115. Flow Block: DG to Aggregator, Type= Transfer 

Source Regulator= Regulator, Regulator Name= Diesel Generator.Regulator 1 

Destination Regulator= Regulator,Regulator Name= Aggregator Tank.Regulator 5 

Stop Flow After: 

Quantity: vDGEnergy Qty 

116. Release Block: End DG extraction 

Regulators: 

Regulator Name= Aggregator Tank.Regulator 5 

Regulator Name= Diesel Generator.Regulator 1 

117. Signal Block: Signal for EV to proceed 

Signal Value= 8, Limit= 1 

118. Dispose Block: End extaction 

False:: 

119. Decide Block: Qty to extract from each source with Battery Bank, 2-way by 

Condition 

Expression= ( TankLevel(Battery Bank) >= vPVEnergy Qty )  &&  ( TankLevel(Main Grid) >= 

vMGEnergy Qty )  &&  ( TankLevel(Diesel Generator) >= vDGEnergy Qty ) 

True:: 

120. Seize Block: Seize Energy Source Regulators with Battery Bank 

Regulators:  

Regulator Name= Aggregator Tank.Regulator  

Regulator Name= Battery Bank.Regulator 3 

Regulator Name= Aggregator Tank.Regulator 4 
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Regulator Name= Main Grid.Regulator 1 

Regulator Name= Aggregator Tank.Regulator 5 

Regulator Name= Diesel Generator.Regulator 1 

121. Duplicate Block, Number to Duplicate= 2 

Original:: 

122. Regulate Block: Transfer Rate_Battery Bank 

Regulator Type= Regulator, Regulator Name= Aggregator Tank.Regulator 3 

New Maximum Rate= vPVEnergy Qty, Units= Per Hour 

Regulator Type= Regulator, Regulator Name= Battery Bank.Regulator 3 

New Maximum Rate= vPVEnergy Qty, Units= Per Hour 

123. Flow Block:  Battery Bank to Aggregator, Type= Transfer 

Source Regulator= Regulator, Regulator Name=  Battery Bank.Regulator 3 

Destination Regulator= Regulator, Regulator Name=  Aggregator Tank.Regulator 3 

Stop Flow After:  

Quantity = vPVEnergy Qty 

124. Release Block: End Battery Bank extraction 

Regulators:  

Regulator Name= Aggregator Tank.Regulator 3 

Regulator Name= Battery Bank.Regulator 3 

((connect to Signal Block: Send Signal for EV to Proceed) 

Duplicate 1:: 

125. Regulate Block: Transfer Rate_MG with BB 

Regulator Type= Regulator, Regulator Name= Aggregator Tank.Regulator 4  

New Maximum Rate= vMGEnergy Qty, Units= Per Hour 

Regulator Type= Regulator, Regulator Name= Main Grid.Regulator 1  

New Maximum Rate= vMGEnergy Qty, Units= Per Second 

126. Flow Block: Main Grid to Aggregator Including Battery Bank, Type= Transfer 

Source Regulator= Regulator, Regulator Name=  Main Grid.Regulator 1 

Destination Regulator= Regulator, Regulator Name=  Aggregator Tank.Regulator 4 

Stop Flow After: 
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Quantity: vMGEnergy Qty 

127. Release Block: End MG Extraction Including BB 

Regulators: 

Regulator Name= Aggregator Tank.Regulator 4 

Regulator Name= Main Grid.Regulator 1 

((connect to Signal Block: Send second signal for EV to proceed)) 

Duplicate 2:: 

128. Regulate Block: Transfer Rate_DG with BB 

Regulator Type= Regulator, Regulator Name= Diesel Generator.Regulator 1 

New Maximum Rate: vDGEnergy Qty, Units: Per Hour 

Regulator Type= Regulator, Regulator Name= Aggregator Tank.Regulator 5 

New Maximum Rate: vDGEnergy Qty, Units: Per Hour 

129. Flow Block: DG to Aggregator Including Battery Bank, Type= Transfer 

Source Regulator= Regulator, Regulator Name= Diesel Generator.Regulator 1 

Destination Regulator= Regulator, Regulator Name=  Aggregator Tank.Regulator 5 

Stop Flow After: 

Quantity: vDGEnergy Qty 

130. Release Block: End DG Extraction Including BB 

Regulators: 

Regulator Name= Aggregator Tank.Regulator 5 

Regulator Name= Diesel Generator.Regulator 1 

131. Signal Block: Send second Signal to for EV to Proceed 

Signal Value= 8, Limit= 1 

132. Dispose Block: End Energy Extaction 

False:: 

133. Signal Block: Send third Signal to for EV to Proceed 

Signal Value= 8, Limit=1 

134. Dispose Block: Dispose 28 
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SOLAR ENERGY GENERATION:: 

135. Create Block: Radiation_Rate, Entity Type = Energy 

Type= Constant, Value= 1, Units= Hours 

Entities per Arrival= SchedValue(Irridiance_Entities), Max= infinite, First Creation= 0 

136. Decide Block: Save PV Energy to Battery Bank? Type= 2-way by Condition 

Expression: TankLevel(PV Module Energy Supply) >= vTotal Demand per Hour 

TRUE:: 

BATTERY BANK MODULE: 

137. Seize Block: Seize to Store Energy in Battery Bank  

Regulator Type= Regulator, Regulator Name= Battery Bank.Regulator 1 

138. Decide Block: Irradiance Month_Battery Bank?, Type: 2-way by Condition 

Conditions: If:: 

Variable = vIrradiance Month, Value= 1 

True: 

139. Regulate Block: PV Energy Generation Rate_June 

Regulator Type= Regulator, Regulator Name= Battery Bank.Regulator 1 

New Maximum Rate= PV Module Area * PV Module Efficiency * Charging and Discharging 

Loss Factor * SchedValue(Irradiance_June) * Battery Bank Efficiency * 

vNumberofPVModules,   Units= Hours) 

140. Flow Block: Energy Input Rate_June, Type= Add 

Destination Regulator Regulator, Regulator Name=  Battery Bank.Regulator 1 

Stop Flow After:  

Quantity: PV Module Area * PV Module Efficiency * Charging and Discharging Loss Factor 

* SchedValue(Irradiance_June) * Battery Bank Efficiency * vNumberofPVModules) 

((connect to Assign Block: Injected PV Energy into Battery Bank)) 

False: 
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141. Regulate Block: PV Energy Generation Rate_July 

Regulator Type= Regulator, Regulator Name= Battery Bank.Regulator 1 

New Maximum Rate: PV Module Area * PV Module Efficiency * Charging and Discharging 

Loss Factor * SchedValue(Irradiance_July) * Battery Bank Efficiency * 

vNumberofPVModules,  Units: Hours) 

142. Flow Block: Energy Input Rate_July, Type= Add 

Destination Regulator= Battery Bank.Regulator 1 

Stop Flow After:  

Quantity= PV Module Area * PV Module Efficiency * Charging and Discharging Loss Factor 

* SchedValue(Irradiance_July) * Battery Bank Efficiency * vNumberofPVModules) 

143. Assign Block: Injected Energy into Battery Bank 

Variable = vTotalEnergyInjectedintoBatteryBank, New Value= TankQtyAdded(Battery 

Bank) 

144. Release Block: Release PV Array  

Regulator Type= Regulator, Regulator Name= Battery Bank.Regulator 1 

145. Dispose Block: End PV Generation 

FALSE:: 

PV MODULE: 

146. Seize Block: PV Energy Supply  

Regulator Type= Regulator, Regulator Name = PV Module Energy Supply.Regulator 1 

147. Decide Block: Irradiance Month?, Type: 2-way by Condition 

Conditions: If:: 

Variable= vIrradiance Month, Value=  1 

True:: 

148. Regulate Block: PV Energy Rate_June 

Regulator Type= Regulator, Regulator Name= PV Module Energy Supply.Regulator 1: 

New Maximum Rate= PV Module Area * PV Module Efficiency * Charging and Discharging 

Loss Factor * SchedValue(Irradiance_June) * Battery Bank Efficiency * 

vNumberofPVModules,  Units: Hours 
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149. Flow Block: PV Energy Input Rate_June, Type= Add 

Destination Regulator= Regulator, Reg Name=  PV Module Energy Supply.Regulator 1 

Stop Flow After:  

Quantity= PV Module Area * PV Module Efficiency * Charging and Discharging Loss Factor 

* SchedValue(Irradiance_June) * Battery Bank Efficiency * vNumberofPVModules) 

((connect to Release Block: End PV Energy Supply)) 

False:: 

150. Regulate Block: PV Energy Rate_July 

Regulator Type= Regulator, Regulator Name= PV Module Energy Supply.Regulator 1 

New Maximum Rate= PV Module Area * PV Module Efficiency * Charging and Discharging 

Loss Factor * SchedValue(Irradiance_July) * Battery Bank Efficiency * 

vNumberofPVModules,  Units:= Hours 

151. Flow Block: PV Energy Input Rate_July, Type= Add 

Destination Regulator= Regulator, Regulator Name=PV Module Energy Supply.Regulator 1 

Stop Flow After:  

Quantity= PV Module Area * PV Module Efficiency * Charging and Discharging Loss Factor 

* SchedValue(Irradiance_July) * Battery Bank Efficiency * vNumberofPVModules) 

152. Release Block: End PV Energy Supply 

Regulator Type= Regulator, Regulator Name= PV Module Energy Supply.Regulator 1 

((connect to Dispose Block: End PV Generation)) 

BATTERY BANK DEGRADATION: 

153. Create Block: Degradation Entity, Entity Type= Battery Degradation Entity 

Type= Constant, Value= 1, Units= Days 

Entities per Arrival= 1, Max Arrivals= infinite, First Creation= 0 

154. Seize Block: Battery Degradation 

Regulator Type= Regulator, Regulator Name= Battery Bank.Regulator 2 

155. Regulate Block: Degradation factor per day 

Regulator Type= Regulator, Regulator Name= Battery Bank.Regulator 2 

New Maximum Rate= Battery Bank Degradation Factor, Units= Per Day 
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156. Flow Block: Battery energy loss flow, Type= Remove 

Source Regulator= Regulator, Regulator Name= Battery Bank.Regulator 2 

Stop Flow After:  

Quantity: Battery Bank Degradation Factor 

157. Release Block: End degradation cycle  

Regulator Type= Regulator, Regulator Name= Battery Bank.Regulator 2 

158. Dispose Block: End Battery Degradation 

BATTERYBANK TANK CAPACITY: 

159. Create Block: Logic for tank capacity variable, Entity Type = vlogicBB 

Type= Constant, Value= 1, Units= Hours 

Entities per Arrival= 1, Max Arrivals= 1, First Creation= 0 

160. Assign Block: Assign vBB 

Variable= vBatteryBank Tank Capacity, New Value = 2400 * vNumberofBatteriesinBank 

Other= TankCapacity(Battery Bank), New Value= vBatteryBank Tank Capacity 

161. Dispose Block: End vBB logic 

CALCULATE VARIABLE OF EXTRACTED ENERGY PER HOUR: 

162. Create Block: Energy Extraction Policy, Entity Type = vExtractEnergy 

Type= Constant, Value= 1 Units= Hour 

Entities per Arrival= 1, Max Arrivals= infinite, First Creation= 0 

163. Duplicate Block, Number to Duplicate= 3 

Original: 

164. Hold Block: Receive signal_7 to calculate Energy to extract Variable 

Type= Wait for Signal, Wait for Value= 7, Limit=1 

((connect to Assign Block: Assign qty of energy to be extracted from each source)) 

Duplicate 1: 

165. Hold Block: Receive signal_9 to calculate Energy to extract Variable  

Type= Wait for signal, Wait Value= 9, Limit: 1 

((connect to Assign Block: Assign qty of energy to be extracted from each source)) 
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Duplicate 2: 

166. Hold Block: Receive signal_11 to calculate Energy to extract Variable 

Type= Wait for Signal, Wait for Value= 11, Limit= 1 

((connect to Assign Block: Assign qty of energy to be extracted from each source)) 

167. Hold Block: Receive signal_13 to calculate Energy to extract Variable 

Type= Wait for Signal, Wait for Signal= 13, Limit= 1 

168. Assign Block: Assign qty of energy to be extracted from each source 

a. Variable: vPVEnergy Qty, New Value= PV_qty * vTotal Demand per Hour 

b. Variable: vMGEnergy Qty, New Value = MG_qty * vTotal Demand per Hour 

c. Variable: vDGEnergy Qty, New Value = DG_qty * vTotal Demand per Hour 

169. Signal Block: Energy Qty Variable Calculated 

Signal Value= 6, Limit= 1 

170. Dispose Block: End Logic 

 


