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Abstract— Renewable energy sources (RES) are among the 

most popular emerging energy resources during the past two 

decades. Many countries have introduced various energy policy 

instruments, such as renewable energy certificates (RECs), to 

support the growth of RES. RECs are tradable non-tangible 

assets, which have a monetary value. Tracking and certification 

of the origin of an energy resource regardless of its type (e.g.,      

a conventional power plant or RES) is a critical operation.  In 

addition to the certification of origin, trading transactions are 

needed to be performed using a secure method. Energy industry 

participants need to secure the data and applications related to 

RECs. Distributed ledger technology (DLT) is a perfect 

framework that can support such REC functionalities. This 

paper addresses the cybersecurity aspects in REC trading using 

Blockchain and a distributed ledger technology, considering 

detailed cybersecurity perspectives.  

Keywords— Renewable Energy Certificate, Distributed 

Ledger Technology, NIST Cybersecurity Frameworks. 

I. INTRODUCTION  

Decentralization, decarbonization, and digitalization are 
the three most popular trends in the energy sector. Renewable 
energy sources (RES), such as wind and solar generators, are 
among the most well-known energy generation technologies 
during the past two decades. RES can be connected to power 
grids at the transmission, distribution, and customer levels. 
Large-scale RESs are typically connected at the transmission 
level, while small-scale and Behind-the-Meter (BTM) RESs 
are connected at the distribution/customer systems. Although 
the primary revenue source of RES is to sell clean electricity, 
other derivative products, which can provide additional 
benefits to project owners, are such as renewable energy tax 
credits and renewable energy certificate (REC) trading. 
Currently, participation in renewable energy markets may 
require certificates-of-origin. These are, such as GOs in the 
EU, RECs in the U.S., and I-RECs globally [1]. A blockchain-
based REC trading platform that is owned and managed by a 
consortium of market participants is under development by 
Power Ledger, together with Midwest Renewable Energy 
Tracking System (M-RETS) and Clearway Energy Group in 
the U.S. [2]. 

The study in [3] investigated renewable energy policy 

mechanisms for transforming the electricity industry into a 

low carbon market, focusing on an auction-based mechanism 

and the trade-off between direct policy and integration costs. 

According to this study, auctions are certainly better than 

REC in terms of costs. These certificates provide a detailed 

proof of origin for each megawatt-hour (MWh) of renewable 

generation. Blockchain-based applications are being 

developed to manage these systems, such as to document the 

provenance of renewable energy generation, to issue a 

certificate about the green attributes of each unit of 

renewable generation, to track the ownership, and perform 

compliance tasks. 

Blockchain technology has been deployed in many 

applications in the electric power sector. These applications 

include peer-to-peer (P2P) electricity transactions, energy 

financing, sustainability attributions, and electric vehicle 

charging/billing [4]. NIST has reviewed the latest 

blockchain technologies recently [5], [6]. 

The Energy Web Foundation has organized an effort to 
create open-source platforms to deploy blockchain 
applications in the energy sector [7], [8]. Authors in [9] are 
involved in defining cybersecurity standards for blockchain 
applications for energy and utilities. Authors in [10] propose a 
conceptual architecture to exchange solar electricity in a 
neighborhood using the Hyperledger blockchain framework. 
In the other study [11], a blockchain-based conceptual 
framework has been proposed, which enables a home to 
autonomously exchange electricity in a neighborhood to 
locally balance renewable energy production. Authors in [12] 
propose a blockchain-based P2P trading scheme that couples 
energy and carbon markets. This can guarantee the security 
and privacy of the trading platform, as well as solve the 
inappropriate market clearing price and carbon reduction 
imbalance. A P2P blockchain-based energy trading platform 
has been proposed for residential communities in [13] to 
reduce the peak demand and electricity bills. This paper 
addresses the cybersecurity aspects involved in the 
blockchain-based framework for renewable energy 



certificates (RECs) of origin and distributed energy resources. 
Essential cyber-security functions are discussed, and related 
methodologies are described. A use case is also presented that 
handles cybersecurity functions to secure REC data and 
applications using the National Institute of Standards and 
Technology (NIST) Smart Grid Cybersecurity Controls. 

 

II. ENERGY-RELATED DLT USE CASES AND REC 

TRADING    

As energy systems are becoming more decentralized, 
distributed, and intelligent, this paves the way for the next 
generation of digitalization technologies, such as DLT [19]. 
According to [20] and [21], the most popular energy-related 
DLT use cases are the followings: 

• Peer-to-peer (P2P) electricity trading 

• Electric Vehicle (EV) charging and payment settlement 

• Labeling and energy provenance 

• Grid and flexibility management 

• Wholesale and retail trading (early stages) 

• REC trading 

P2P electricity trading is the most commonly known 

energy-related DLT use case, where excess electricity 

generated in a local market is traded in a neighborhood, and 

in some cases, between neighborhoods. 

Fig. 1 demonstrates the segmentation of various energy-

related DLT use cases on the electrical energy value chain,            

starting from large-scale power generation, transmission, 

distribution systems, retailers, aggregators to prosumers, 

consumers. A prosumer is a new type of participant in a power 

market, acting as both a consumer and a producer of electrical 

energy. This is such a house with PV panels. In addition to 

RES, like solar PV, other decentralized components, such as 

electric vehicles (EVs) and electrical energy storage (EES) 

units can be integrated into the overall system. 

Financial (monetary), data and commodity (electricity) 

transfers are three kinds of transaction types observed in 

various energy-related DLT use cases. For instance, P2P 

energy trading is operational under retailer/aggregator and 

prosumer/consumer domains (local and regional power 

markets). These are the segments where (1) data, (2) financial 

(2), and (3) power transactions occur. On the other hand, the 

REC trading use case may only accommodate (1) data and (2) 

financial transactions. 

Renewable Energy Certificates (RECs) are tradable green 

energy certificates, which are used to prove the origin of 

renewable energy sources (RES), such as wind and solar. 

Once RES originated electrons merge into a public utility 

system where generation from other energy resources is also 

mixed,  it is impossible to track each electron whether or not 

it is from RES. The best way to track and record these 

electrons is at the origination point. RECs can be sold or 

traded, acting as legal tracking, labeling, and accounting 

mechanism. Buying RECs is supporting RES and clean 

energy resources, which reduces greenhouse gas emissions. 

Each REC gets a unique tracking ID by a certifying authority 

to make sure that it is not double-counted. REC can then be 

traded on an open market.  If a REC is used by the owner, it is 

retired and cannot be used any more. There are basically 

three ways to retire the REC: 

1. RECs are used by an end-user (prosumer/consumer), 

marketer, generator, or utility-based on statutory or 

regulatory requirements. 

2. The RECs associated with a public claim are purchased 

by an end-user. 

3. Any component attributes of a REC is purchased for any 

purpose. 

When a REC is retired, it cannot be sold, donated, or 

transferred to any other party. The owner may only make 

claims associated with retired RECs. 

RECs are associated with Renewable Energy Portfolio 

Standards, which are state laws that require utilities to 

generate a specific percentage of their energy mix from 

RES. Each REC represents the environmental benefits of 1 

MWh, which is generated by RES. RECs contain data, such 

as project name, certificate data, certificate type, certificate 

tracking ID, and renewable energy type [14]. The following 

steps are currently essential to perform conventional REC 

trading: 

• RES generates electricity and sends the data to a 

REC tracking system. 

• Once a REC is validated, the origin of electricity is 

recorded to the system. 

• Brokers collect smaller RECs and form larger REC 

blocks. 

• RECs are forwarded to the buyers’ market. 

• If RECs are used by a buyer, the record regarding 

the energy consumption is sent to the system. 

• Once RECs are used, they needed to be retired. 

• Optionally initial buyers may prefer to swap the 

REC with other buyers to generate additional 

transactions. 

• The regulator of auditor audits annual records and 

provides certificates. 

A DLT-based REC trading platform can increase the 

efficiency of the overall system and reduce the costs 

associated with unnecessary third parties. Transaction 

times can also be potentially reduced by using DLT. The 

following steps summarize the operational steps of the 

DLT-based REC trading platform: 

• RES originated electricity is labeled digitally on the 

spot where it is generated by using DLT. DLT-based 

RECs are created. 

• The issued RECs are forwarded to the DLT-based 

REC trading platform. 

• A REC tracking system records RECs. 

• RECs are traded in a P2P manner. 

• Once a new owner uses the REC, it is retired, and the 

new status of the REC is recorded in the REC 

tracking system so that it is not double traded. 

• If the owner of a REC prefers to swap RECs to have 

arbitrage gain, it can be forwarded to a new owner by 

updating the smart contract. 



• New records are kept on the REC tracking system 

simultaneously. In this case, REC is not retired, and 

it can be reused until it is used. 

• Post-purchase data is sent to the Auditing/Regulatory 

authority, where the entire records about the REC 

transactions are kept and annually audited. 

Fig. 2 illustrates a generic conventional renewable energy 
certificate market, while Fig. 3 illustrates a generic 
blockchain-based renewable energy certificate.

 

Fig. 1. Segmentation of energy-related DLT use cases.

 

 

Fig. 2. Generic conventional Renewable Energy Certificate market. 

 

Fig. 3. Generic blockchain-based Renewable Energy Certificate. 

 

III. BLOCKCHAIN CAPABILITIES TO MAKE A REC SYSTEM 

CYBERSECURE 

Cybersecurity advantages of the deployment of DLT in 

blockchains have been the focus of data security researchers 

recently [15], [16]. 

A. Distributed Architecture 

An advantage of the distributed architecture of the 

blockchain-based REC system is that it can defer or reduce  

the impact of a cyberattack. A REC system in a blockchain 

network can be permission-based to fortify further. The 

distributed structure of a blockchain provides automatically 

operational resilience as it has no single point  of  failure.  

With risk minimization through multiple nodes, an attack 

would not compromise the ledger stored on intact nodes. In 

addition, the distributed network architecture makes 

permissioned blockchains more secure because attackers need 

to compromise all or most of the nodes. However, restoring 

the network will experience some latency effects after an 

attack. 

B. Consensus Validation  

A consensus mechanism is one of the main security control 
functions in a REC system. A consensus mechanism in a 
blockchain network requires a certain number of nodes to 
reach a consensus in order to attach a new block of data to the 
shared ledger. A consensus mechanism provides integrity 
control of the past transactions and the new blocks of data. An 
attempt to hack the ledger would require a consensus 
mechanism that can manipulate the consensus validation 
process to tamper with the ledger. In a permissioned 
blockchain network, these attacks may be prevented easily if 
the blockchain network contains enough nodes with a 
significant degree of consensus. 

C. Encryption 

A permissioned blockchain network employs multiple 

types of encryption to provide multilayered protection against 

cybersecurity threats. Asymmetric key cryptography or 

public/private key encryption are widely used to meet 

security requirements. Besides, a combined cryptographic 

hashing and digital signature can be used to encrypt the linked 

lists or blocks. 

D. Transparency 

Transparency provides another level of cybersecurity 
protection in a blockchain network, where each participant has 
an identical copy of the ledger. Several security management 
processes, such as real-time auditing or real-time monitoring 
by other participants or by a third party with limited access, 
can be conducted. With these security processes and proper 
implementation of risk management and compliance controls, 
identifying vulnerabilities and cybersecurity threats can be 
accomplished easily. 



E. Administrative Risk Controls 

RES systems are hosted on systems that need to comply 

with regulations from authorities, such as North American 

Electric Reliability Corporation (NERC), and comply with 

standards, e.g., National Institute of Standards and 

Technology (NIST) Smart grid cybersecurity controls [17]. 

Some of these systems are launched on a cloud-based 

platform that already implements robust cybersecurity 

controls across different layers of its applications. Some of 

the NIST cybersecurity requirements in a RES environment 

are discussed below. Specifically, the cases where REC 

system transactions are involved are highlighted. 

IV.  CYBERSECURITY REQUIREMENTS FOR DER 

ENVIRONMENTS 

Based on NIST’s and Electric Power Research Institute 

(EPRI)’s cybersecurity requirements for the DER 

environment, the REC process that occurs in that 

environment is identified through [18]. Fig. 4 illustrates the 

hierarchical DER system architecture. This REC process 

occurs at different levels. Cybersecurity requirements differ 

among these levels. Key levels to note are at the DER 

generation storage level (Level1) and the Distribution level 

(Level 4). 

The cybersecurity requirements for the DER 

environment can be described hierarchically, as follows: 

• Level 1 Autonomous DER Generation and Storage 

• Level 2 Facilities DER Energy Management 

• Level 3 Utility and RES Operational 

Communications 

• Level 4 Distribution Utility Operational Analysis 

• Level 5 Transmission and Market Operations 

Level 1 Autonomous DER Generation and Storage is the 

initial level where electricity from RES is generated and fed 

back to the utility grid. These systems may include solar PV, 

EV charging apparatus, battery storage, diesel generator, and 

controller. RECs need to be recorded and tracked from this 

origin of certification. 

Level 2 Facilities DER Energy Management is the next 

level, where a Facility DER Management System (FDEMS) 

manages Level 1 DER systems. From the RECs point of 

view, they act as aggregators of RECs. The aggregated REC 

information is then passed to higher levels. 

Level 3 Utility and RES Operational Communications 

are used to control DER systems. The systems at this level 

function as REC tracking systems pictured above. 

Level 4 Distribution Utility Operational Analysis 

applications manage DER systems that get instructions from 

the distribution level. These systems interact with both 

transmission and DER levels. REC tracking systems 

interface to this level. 

Level 5  Transmission and  Market Operations is the 
highest level, and key players, like large utilities, Regional 
Transmission Organizations (RTOs), and Independent System 
Operators (ISOs), exchange information with REC generating 
and tracking systems at lower levels. This is done through the 
REC trading platform that does brokerage and aggregation 
tasks of the REC management system. 

 

 

Fig. 4. The hierarchical DER system architecture

 

V. CONCLUSION 

This study investigated the cybersecurity aspects of DLT- 

based REC data and applications by using the commonly used 

conventions. Tracking, certification of the origin of the 

energy resource, accounting, and auditing are the main 

applications that manage the REC data. The cybersecurity  

 

 

 

requirements to secure the REC data and applications were 

mapped by using the NIST Smart Grid Cybersecurity 

Controls. NIST Cybersecurity Frameworks are further used 

in suggesting a cybersecurity maturity model for securing the 

REC data and applications. According to the finding of this 



study, DLT technology is compatible with the existing 

cybersecurity frameworks, but the adjustment of the overall 

system shall be mapped very precisely if the full functional 

DLT-based REC trading platform is to be deployed on the 

existing power market and system. It is recommended to map 

the proposed use case at a higher resolution by considering 

the corresponding power system, communication, and 

cybersecurity standardization frameworks before running 

operational tests. 
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Abstract—The electrical equivalent circuit model used for 

Li-Ion batteries has a wide usage area such as electric vehicles, 

energy storage systems and robotic technologies. Equivalent 

circuit models of the batteries have been developed to be 

investigated the effects of the parameters on system outputs. 

The results deemed appropriate have been transferred to 

practical studies in the literature. In this paper, the ideal 

discharge characteristic of the battery was obtained from the 

computer program (Matlab) and simulation results made on 

the Thevenin electrical equivalent circuit model of the battery. 

The simulation results are analyzed compared to the discharge 

test data made on LG 18650 commercial use electrochemical 

Li-Ion battery cells. The influences of cycle change and state of 

charge on the battery's ability to provide current have been 

expressed. In the model-based study, open-circuit voltage and 

terminal voltage are a function of the state of charge. 

Keywords—energy storage, battery modeling, electrical 

equivalent circuit, lithium-ion, battery 

I. INTRODUCTION 

The battery units exhibit nonlinear dynamic behaviors 
that may vary according to different factors. Therefore, the 
batteries should be modeled to investigate the motion of the 
battery systems and to analyze the situation. It is possible to 
define the modeling of the batteries as the mathematical 
expression of the electrochemical and physical alternations 
that occur in the internal structures of the electrochemical 
cells and the ambient conditions [1]. Possible to come across 
many electrical equivalent circuit (EEC) models with 
different configurations that researchers have created for 
their own studies, including the subject of this paper [2], at 
studies conducted in previous years that could be included in 
this field. Since a wide operating range can be achieved by 
optimizing the parameters of the cells that determine the 
characteristics of the battery systems in EECs, such models 
are commonly preferred in state of charge (SoC) estimates 
and studies in the field of temperature (T°) effect analysis. 
EECs are based on external dynamic appearances that can 
handle the extensive deviation values of internal 
electrochemical advances. For this reason, EEC models are 
often chosen to increase the environmental characteristics of 
the cells and rise the righteousness of the battery 
management system (BMS) [3]. A literature summary of the 
researches on some models developed in previous years is 
given in Table 1. 

The rest of this paper is organized: In Section 2, 
summarizes EEC models of Li-Ion batteries. Moreover, 
mathematical expressions of parameters used in EEC 

models are given in this part. In Section 3, the simulation 
results obtained from the ideal discharge graph and 
Thevenin EEC model of Li-Ion battery are compared. In 
addition, the simulation results obtained from the computer 
program and the experimental discharge test result 
performed on LG 18650 commercial used electrochemical 
Li-Ion cells are crosschecked. Eventually, Section 4 
describes the conclusion and contribution of the work. In 
this part of paper, the data acquired as a result of the 
experimental and simulation studies are interpreted and 
inferences are made. Although the large-scale contribution 
was made in section 4. As a short summary of the whole 
study, the contribution can be explained as follows; while 
Voc is defined as a function of SoC, 3

rd
 order equations and 

the selected EEC model gives accuracy sufficiently. 
Although the internal resistance and polarization resistance 
enhance with the effect of aging due to the increasing 
number of cycles. On the other hand, the polarization 
capacity scale downs. As the number of cycles increases, 
reached the maximum temperature level decreases. The time 
to reach this temperature is prolonged. 

 

II. ELECTRICAL EQUIVALENT CIRCUIT MODELS OF 

BATTERIES 

EEC models are methods in which battery tests and 
simulations are carried out by defining the parameters of 
battery blocks and electrochemical cells with components in 
circuit models. These models generally give results with 
acceptable accuracy and easy to apply for demonstrating 
their dynamic behavior [4]. In EEC models, capacitors and 
resistors are preferred to show battery internal qualities. 
EEC models can be operated in electric vehicle (EV) and 
hybrid vehicle (HV) technologies and energy storage 
systems (ESS) due to their convenient structure that can be 
adapted to electrical infrastructures and their price 
advantages [5]. Once a battery is electrically modeled, it can 
be operated together with other components of the circuit in 
simulating systems required power. On the other hand, a 
detailed electrical schematic is necessitated to boost the 
integrity rate in such studies. EEC models of batteries can 
accurately exhibit the V-I characteristics of Li-Ion batteries 
[6]. The basic EEC model of the batteries given in Fig. 1(a) 
is the most fundamental battery model concept. As seen in 
Fig. 1(a); voltage source, direction and sign can be changed 
charge/discharge current, battery terminal voltage, specific 
internal resistance valuation that alternates according to the 
chemical structure of the battery are defined as Voc, IL, VT, 

mailto:tanercarkit@klu.edu.tr


RΩ respectively. Voc and RΩ on the left side of the model in 
Fig. 1(a) represent the internal structure of the 
electrochemical battery cell. The VT on the right side of the 
model refers to the output terminal of the battery cell. In this 
EEC mode, Eq. 1 and Eq. 2 are used to discount the VT and 

RΩ of the battery cell. VT(t0) denotes the measured terminal 
voltage at t0 before the load that will perform the discharge 
operation is activated in Eq. 2. VT(t1) symbolizes the 
measured terminal voltage at t1 when the load is activated. 

TABLE I.  STUDIES AND USAGE AREAS OF SOME BATTERY MODELS THAT ARE USED PAPER, ENCOUNTERED IN THE LITERATURE 

AFTER 2000 

Battery 

Model 
Year, Researchers, Reference Chemical Structure Purpose of Using the Model 

B
as

ic
 E

E
C

 

m
o

d
el

 

2007, Tremblay, [7] Li-Ion, Ni-Cd Battery units used in hybrid EV 

2012, Sparacio, [8] Zn-Br, Li-Ion Analysis of battery units used in ESS 
2013, Yao, [9] Li-FePO4 Features and behavior of batteries 

2013, Xu, [10] Li-Ion Characteristic features of ESS 

2016, Ahmed, [6] Li-Ion Getting information about battery packs 
2017, Raszmann, [11] Li-Ion Batteries used in grid-scale EV 

T
h

ev
en

in
 E

E
C

 

m
o

d
el

 

2002, Gao, [12] Li-Ion Dynamic behavior of batteries 

2006, Cheng, [13] Li-Ion, Li-Po Battery parameters 

2007, Miyamoto, [14] Li-Ion Battery units used in electric trains 
2012, Huria, [15] Li-NCM Characteristics of batteries 

2014, Sarikurt, [16] Li-Ion Analysis of battery units used in EV 

2015, Andreev, [5] Li-FePO4 General purpose energy storage 
2016, Mesbani, [17] Li-NMC Testing and analysis of battery used in EV 

2017, Mendoza, [18] Li-Ion, Li-FePO4 Optimization and charging capacity 

2018, Chin, [19] Li-Ion, Li-FePO4 Parameter estimation in ESS 
2019, Fang, [20] Li-NCA, Li-NCM Parameter estimation in ESS 

 

a)   

b)  

c)  

Fig. 1. (a) Basic EEC model, (b) Thevenin EEC mode, (c) An example data 
collection and validation mechanism 

In respect to Eq. 2, RΩ is cause of the rapid voltage drop 
in the VT as soon as the load is activated. Although the 
battery's positive and negative outputs are not connected to 

any load, losses occur in the battery capacity and so this 
situation is called “self discharge”. Desired that the self 
consumption of the liked better products should be as low as 
possible in applications. Self consumption condition due to 
chemical properties of the battery is affected by the 
operating situation and the environmental conditions in 
which batteries are stored. One of the important parameters 
that affect the preference of the batteries in different usage 
areas and the performance is RΩ [21]. Since the self 
consumption is represented RΩ, the drop in voltage due to 
RΩ is called “ohmic polarization” or “IR loss” in EEC 
models [22]. Even though, RΩ varies during charge and 
discharge continuums, the model in Fig. 1(a) accepts the 
value of RΩ as stationary to get the simplest representation 
form and to avoid the complexity of the process. The most 
principal circuit of batteries' EEC models illustrate in Fig. 
1(a) does not take into account SoC, short and long term 
temporary time constants associated with the step in the load 
current [23]. Therefore, there are studies on different models 
in the literature in order to eliminate these deficiencies and 
to obtain more accurate results. Although, other models 
differ in design, they have parallel R//C pairs called 
Walburg impedance, Voc and RΩ. 

Thevenin EEC model, which is determining in Fig. 1(b), 
is obtained by adding the R//C connection to the basic EEC 
model. The Thevenin EEC model gives more valid and 
acceptable results for modeling dynamic battery behavior, 
based on experience from previous studies. Because of this 
situation, model in Fig. 1(b) is chosen in the simulation part 
of the paper. The transient condition resistor Rp, the 
transient condition capacitor Cp, the voltage drop caused by 
polarization due to the transient behavior Vp is illustrated in 
this model. Such EEC models use Voc voltage at specific 
SoC levels to find the response of the battery system to the 
load flow. Eq. 3 is used to capture the Voc. The models 
created by adding one or two R//C block chains to Thevenin 
EEC model are also among the most popular models in 
works perused in previous years. R//C network make it 
possible to model the transient behavior during short and 
long periods in the step change of the battery load current. 



Rp and Cp denotes the charge transfer towards the membrane 
interface in the internal structures of electrochemical battery 
cells. Rp summarizes the Faradaic part of the charge transfer 
resistance, Cp refers to the mass transfer limitation in the 
chemical structure. EEC models including one R//C are 
considered the best choice for battery units with Li-Ion, Li-
FePO4 and Li-NMC chemistry [22].  
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Eq. 4 is used to find the time constant (Tconstant) which is 

from after the discharge process finishes and the load goes 
out until the battery reaches equilibrium in the long and 
short term transient circumstance analysis. Eq. 5 is helped to 
reach the value of the transient resistance Rp. The measured 
terminal voltage V'T before the rescue effect starts after the 
discharge process is finished and the load is deactivated, the 
Voc at the moment when the system reaches equilibrium 
after the recovery effect after the discharge process is 
finished, is expressed by V'oc in Eq. 5. Rp and RΩ can be 
measured with the help of electrochemical impedance 
spectroscopy (EIS), also Eq. 6 is used to compute VT during 
the discharge duration. Another method to determine Rp and 
RΩ values is the interpretation of the discharge graphs. Long 
and short term behaviors can be estimated from the graphic 
data from time when the discharge process is finished and 
the load is disabled, until the system reaches equilibrium. 
Eq. 7 is used in the calculation of power losses (Ploss) in the 
battery due to RΩ and polarization. Eq. 8 and Eq. 9 are used 
to conjecture the SoC rate by using the ampere.hour method, 
also called “Coulomb counting”. The initial nominal 
capacity of the battery is Cbattery, the amount of capacity 
remaining after the discharge is Cremain in these equations. 

III. COMPARISON OF EXPERIMENTAL DATA AND 

SIMULATION RESULTS 

In this part of the study, the experimental discharge test 
result performed by the National Aeronautics and Space 
Administration (NASA) on the LG 18650 type Li-Ion 
battery cell [24], which is frequently used in industrial 
applications, have been compared with the model-based 
simulation results designed in computer program. The 
sample mechanism that can be used to collect and approve 
data is given in Figure 1(c). While comparing the test data 
with the ideal discharge condition in Fig. 2(a) obtained from 
the computer program, then the test and EEC model data 
have been compared. The charging has been continued with 
a constant current (CC) of 1.5 A until the voltage upper limit 
of 4.2 V are reached at the conditioned ambient T° of 25 ° 
C. Once the voltage upper limit is reached, the charging 
process has been continued with constant voltage (CV) until 
the charging current drops to 20 mA. After the charging, the 
discharge is applied to the end of charge voltage of the 
battery, which is 2.7 V, by using the 2 A CC. Charging and 
discharging has been repeated until 30% of the initial charge 
capacity of the battery has been lost. In Fig. (2a), the load 
supply times and the variety of the voltage of the 
electrochemical battery cell during the discharge operation 
have been given as a result of the application of 400 mA 
nominal discharge current and diversified discharge 
currents.  

As may be understood from the ideal model, Li-Ion 
batteries exhibit nonlinear dynamic attitude. Therefore, as 
the valuation of the discharge current rises, the time for the 
battery to supply the load decreases. On the other hand, 
sample data selected from experimental results are given in 
Table 2. The change of VT in different cycles and different 
SoC levels during the discharging is given in this table. The 
change of Cbattery, RΩ, Rp and Cbattery during the charge and 
discharge process applied until 30% loss in the initial 
current holding capacity of the battery cell is given in the 
right side of the Table 2. Mean percent relative error (Ɛ %) 
of the Voc at different cycles regarding the consistency of the 
experimental data and the model-based data created in the 
computer are given at the end of the right side of the Table 
2. Since Li-Ion display inconsistent dynamic behavior as 
they approach the end of life, Ɛ% values increase depending 
on the number of cycles. Considering the Ɛ% values of Voc 

and Fig. 2(b-d), Eq. 10 is seen with acceptable accuracy to 
model the nonlinear behavior of battery. Since the ambient 
T° is conditioned at 25°C, its effect on Voc is neglected and 
Voc at 0.95 confidence interval is defined as 3

rd
 order 

function of SoC as in Eq. 10. The regression coefficient 
being equal to or greater than 0.95 and Ɛ% being less than 
%1.5 for Voc are effective in the choice of function degree. 
Considering the studies in the literature as well as the 
increase in the accuracy and acceptability ratio, use of a 3

rd
 

order function is generally accepted in the studies [16].  

Taking into account Ɛ% in Table 2 and Fig. 2(e-f), 
Thevenin EEC model of the battery is consistent with the 
actual data. However, Rp, RΩ, Cp are calculated at the initial 
stage and considered constant until the end of the process 
due to the characteristics of the discharge type. As a result, 
Thevenin EEC model gives sufficient results with more 
acceptable accuracy to model the nonlinear battery shape [2, 
18, 23]. In addition, in such an EEC model, Voc can be 
calculated as a function of SoC levels to find the response of 



battery systems to the load flow. Although more consistent 
results can be obtained by adding more than one R//C chain 
to the Thevenin EEC model, the possibility of operational 

error may enhance during modeling of the system due to the 
increased complexity. 

 
( 35 ) 3 2

( ) 0.5035 0.7606( ) 0.7912( ) 0.6613( ) 3.554SoC

oc SoCV e SoC SoC SoC                 (10) 

TABLE II.  CHANGING OF VT ACCORDING TO DIFFERENT SOC LEVEL AND RΩ, RP, CP, CBATTERY IN DIFFERENT CYCLES DURING THE EXPERIMENTAL DISCHARGE 

TEST, MEAN PERCENT RELATIVE ERROR (Ɛ %) OF THE VOC  IN THE BETWEEN SIMULATION RESULT AND REAL DATA 

Data 

Changing of VT according to different SoC levels Changing of RΩ, Rp, Cp, Cbattery 

Ɛ  

(%) 100 

%  

90 

% 

80 

% 

70 

% 

60 

% 

50 

% 

40 

% 

30 

% 

20 

% 

10 

% 

RΩ 

(Ω) 

Rp 

(Ω) 

Cp 

(F) 

Cbattery 

(Ah) 

1st 

Cycle 

4.20 
V 

3.84 
V 

3.75 
V 

3.68 
V 

3.61 
V 

3.56 
V 

3.51 
V 

3.48 
V 

3.45 
V 

3.37 
V 

0.044 0.069 2011 1.847 0.12 

50th 

Cycle 

4.20 

V 

3.84 

V 

3.75 

V 

3.67 

V 

3.60 

V 

3.55 

V 

3.51 

V 

3.47 

V 

3.44 

V 

3.36 

V 
0.049 0.071 1213 1.767 0.24 

100th 

Cycle 

4.20 

V 

3.81 

V 

3.71 

V 

3.63 

V 

3.56 

V 

3.50 

V 

3.46 

V 

3.42 

V 

3.36 

V 

3.25 

V 
0.058 0.082 1054 1.485 0.67 

150th 

Cycle 

4.20 

V 

3.77 

V 

3.67 

V 

3.59 

V 

3.52 

V 

3.46 

V 

3.41 

V 

3.36 

V 

3.30 

V 

3.18 

V 
0.058 0.082 982 1.323 1.45 

a)   b)  

c)   d)  



e)   f)  

Fig. 2. a) Ideal discharge graph at different CC in the computer program, (b) VT change and recovery state during 2A CC discharge process, (c) T° change of 
the battery during the discharging, (d) 2A CC applied for discharge process, (e) Experimental test results and model simulation results for Voc, (f) Voc value 
change depending on SoC level 

IV. CONCLUSIONS 

The basic EEC model cannot give consistent 
results in transient analysis. Thevenin EEC model 
has been used to obtain more acceptable results by 
taking cognizance of the voltage drops that occur in 
long-term and short-term transient behavior. RΩ and 
temporary state are determined only once. The 
process continues in the discharging with CC, which 
is frequently used in industrial applications with 
constant loads, has been selected in this study. 
Firstly, RΩ and transient parameters have been 
determined in the initial stages of the discharge 
cycles in discharging. SoC, Voc, VT, T° and SoH are 
updated in each data collection time (10-16 second) 
interval in the discharging. Observed that if Voc is 
defined as a function of SoC, the consistency of the 
formula can be improved by enhancing the number 
of sample points. To reduce the error in the 
consistency of the experimental and simulation data, 
it has been seen that the renewal of the functional 
equation defined at the initial stage, in each cycle 
can yield positive results, although it increases the 
processing load. Though the renewal of the equation 
defined in the initial phase in each cycle raises the 
processing load, it gives positive results to decline 
the error in the consistency of experimental and 
simulation result. Even though some equation 
expressed for Voc give an acceptable correlation 
ratio, they cannot represent battery dynamics. For 
this, the type and degree of the function to be defined 
are essential. The experimental discharge test result 
related to Thevenin EEC model and simulation 
results have been crosschecked comparatively in the 
study. The effect of the number of discharge cycles 
on the capacity of the battery to provide current has 
been investigated. The time required for the T° of the 
Li-Ion cell to reach its upper limit has been varied 
depending on the number of cycles. As the number 
of cycles augments, the error between experimental 
test data and simulation studies has been raised; the 
batteries have been exhibited nonlinear irregular 
behavior. 
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Abstract— This paper presents the incentive model based on 

the forecasting accuracy of wind turbine (WT) generator in 

South Korea. However, since renewable energy such as WT 

cannot be completely predicted, there is a possibility of causing 

imbalance of the system, and this disadvantage can cause high 

cost to the system operator. Therefore, the proposed incentive 

model aims to impose responsibility for forecasting on WT 

suppliers. When the proposed model is applied, the WT supplier 

showing high prediction accuracy can get more profits than 

before. Furthermore, for energy storage system (ESS) 

integrated with the WT, it is expected that the required 

investment cost to obtain optimal returns can be reduced 

compared to the current state. To verify incentive model, the 

actual data including WT generation, System Marginal Price 

(SMP) and Renewable Energy Certificate (REC) price are used. 

Keywords—Wind Turbine (WT), Incentive Model, Energy 

Storage System (ESS), Forecasting Accuracy 

I. INTRODUCTION 

Globally, many countries are paying attention to boost the 
supply of renewable energy sources (RES) to reduce 
greenhouse gas emissions [1]–[4]. Following the global trend, 
South Korea has also made various efforts to increase the RES 
penetration level. According to the Korean government plan, 
20% of the total electricity will be generated from RES by 
2030 [5], [6]. As per the plan, 16.5 GW of wind turbine (WT) 
will be installed, which accounts for 34% of the total newly 
installed RES capacity [5], [6]. 

Although WT has the advantage of being eco-friendly, it 
is hard to make a perfect generation schedule based on the 
characteristics of the various external factors that determine 
power generation. Therefore, the higher the penetration of the 
WT in the power system, the more difficult the schedule 
adjustment to maintain a balance between supply and demand 
[7], [8]. Thus, independent system operators (ISO) are either 
upgrading forecasting methods or investing in fast responding 
resource to manage the power system balance. In other words, 
ISO are responsible for the forecasting error. However, as WT 
generator owners are also market players make profits, they 
need to be responsible for forecasting errors [9]–[11]. For this 
reason, market rules need to be changed in the future so that 
WTs can participate directly or indirectly (through an 
aggregator) in the day-head market through forecasts. As part 
of these policies, South Korea has established a system to 
provide additional incentive opportunities depending on the 
prediction accuracy of the RES [12]. 

On the other hand, Korean WTs are currently more 
dependent on supporting policies than electricity markets 
[12]–[16]. Revenue from renewable energy certificates (REC) 
trading is greater than the amount settled on system marginal 
price (SMP) basis by participating in the electricity market. In 

addition, when WT is integrated with an energy storage 
system (ESS), the revenue dependence on REC sales increases 
further because it receives up to four times the REC weight. 
Therefore, to impose the responsibility of forecasting on the 
RES supplier, it is necessary to improve the profit structure, 
including forecasting incentives and penalties. 

For WT owners, one of the ways to reduce forecasting 
errors is to install an ESS [17]–[19]. Although the government 
has so far encouraged WTs to operate ESS-linked operations 
and establish support policies, current support policies are not 
intended to use the ESS in conjunction with WT efficiently 
and cause high capital investment costs. In the present 
situation, the optimum capacity of the ESS battery was 
calculated to be three times the nameplate capacity of the WT, 
which results in high capital investment costs. In addition, 
since the WT-linked ESS receives additional REC weights 
only when discharged at a specified time, it is difficult to say 
that they contribute to the system stability. Moreover, the 
current profit structure of the WT-ESS system highly depends 
on the REC prices, and there is a concern about the unstable 
profit structure. 

Therefore, this study presents an incentive model for WTs 
to impose the responsibility of forecasting error on WT 
supplier. For this reason, current government policies and 
compensation rules in the electricity market are investigated. 
Subsequently, an incentive model is proposed based on the 
forecasting error. Finally, the proposed model is verified using 
actual WT generation data, SMP, and REC price data. 
Moreover, the optimal ESS capacity under the proposed 
incentive model is presented and compared with the current 
situation. 

The remainder of this paper is organized as follows. 
Section II describes the current state of support policies and 
compensation rules for WTs in South Korea. The 
development of the incentive model is presented in Section III. 
Simulations were performed to verify the proposed incentive 
model in Section IV. Finally, the results of this study are 
summarized in Section V. 

II. CURRENT STATE OF SUPPORT POLICIES AND 

COMPENSATION RULES FOR WTS 

In South Korea, the electricity market is operated in a cost-
based pool (CBP) scheme. Conventional generator can 
participate in a day-ahead and an ancillary service market. 
However, for RES, it is limited to participate only in a day-
ahead market so RES owner get the settlement about the 
metered power generation without capacity payment. 
Therefore, RES owners in South Korea make the profits from 
SMP settlement and supporting policy. 



A. Current supporting policies for WTs 

Renewable portfolio standard (RPS) in South Korea 
promotes RES utilization. Under the RPS policy, the power 
generating company with generation facilities over 500 MW 
should generate part of its power generation using RES. To 
meet RPS obligations, power companies may install their RES 
or purchase RECs from RES suppliers. Whenever 1 MWh of 
electricity is generated using the RES facility, 1 REC is issued. 
The number of REC issuance varies according to the REC's 
weight. The WT owner does not receive additional weight for 
WT alone but may receive a weight of 4.5 when operating in 
conjunction with an ESS. 

For WT with ESS, the special REC weight (4.5) is only 
applied to the discharged energy from the ESS during the REC 
time, as shown in Table 1. This REC time is based on the peak 
electricity demand time in South Korea. 

B. Incentive model for RES by forecasting error 

The Korean government is also designing an incentive 
model according to forecasting error, as the increase in the 
penetration level of RES may impair stability in system 
operation. For this purpose, the government divided the case 
into two and compared and analyzed the cost. In the first case, 
the forecasting of RES is perfect, and the second case exhibits 
an error in the generation forecasting of RES. Subsequently, 
the unit price of the incentive model is determined using the 
total RES generation amount and the difference between the 
two cases as follows: 

βref = 
𝐶𝑜𝑠𝑡𝑐𝑎𝑠𝑒2−𝐶𝑜𝑠𝑡𝑐𝑎𝑠𝑒1

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑅𝐸𝑆 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
 (1) 

Where, βref is unit price of the incentive model by the 
government. 

In addition, to receive incentives, the following two 
conditions must be satisfied: 

• The power output at that time is more than 10% of the 
nameplate capacity. 

• Forecasting error is lower than constraints (8% of 
normalized mean absolute error (NMAE)). 

If the RES satisfies the above conditions, about 4 Korean 
Won (KRW) (0.0035 USD) per kWh is paid if the hourly 
prediction error is 6% or less, and 3 KRW (0.0026 USD) per 
kWh if it is more than 6% and less than 8%. 

C. Compensation rules for WTs 

In the current state, a WT has two sources of revenue. The 
first is to obtain a settlement based on SMP and metered 
generation output (MGO) in the electricity market. The 
second is to sell the issued REC in the spot market. The first 
profit can be calculated as follows: 

PSMP (t) = αm (t) × βSMP (t) (2) 

Where, αm (t) is MGO and βSMP is SMP (KRW/kWh). 

Revenue from REC trading is calculated based on the 
number of issued and RECs price rather than the generated 
electric energy (kWh). However, for the convenience of the 
calculation, the profit per generated energy (kWh) can be 
calculated as below: 

PREC (t) = αm (t) × βREC (t) ×  γREC (3) 

where βREC is the price of REC (KRW/kWh) and γREC is REC 
weight. 

TABLE I.  REC TIME FOR WT-ESS 

Seasons Period REC Time 

Spring 
Mar. 17 ~ 

Jun. 06 
09:00 ~ 12:00 

Summer 
Jun. 07 ~ 
Sep. 20 

13:00 ~ 17:00 

Fall 
Sep. 21 ~ 
Nov. 14 

18:00 ~ 21:00 

Winter 
Nov. 15 ~ 
Mar. 16 

09:00 ~ 12:00 

III. INCENTIVE MODEL 

The primary purpose of the incentive model presented in 
this work is to impose the responsibility of forecasting on WTs. 
In other words, a WT that performs well in forecasting can 
make higher profits, but if forecasting fails, profits decreases. 
The higher the forecasting accuracy, the higher the weight 
assigned to provide the WT owner with a motivation to further 
reduce the forecasting error. 

In addition, the base price of the incentive model is 
calculated based on the SMP. Suppose that the forecasting 
accuracy of RES is low. In that case, ISO starts or stops 
additional fast-response resources to maintain balance 
according to unexpected changes in the power generation 
amount of RES, resulting in additional costs. Many factors are 
considered in the cost estimation for the additional startup of 
fast-response resources; however, because SMP is the basis 
for calculating the compensation for power generation, the 
weight of the incentive model compared to the SMP is found 
through an optimization technique. 

A. Forecasting accuracy metrics 

The NMAE is used in this incentive model to measure 
forecasting accuracy. NMAE is currently used by the Korea 
Power Exchange (KPX) to calculate the forecasting accuracy 
of the RES as follows:  

ϵ(t)=
|αm(t)-αf(t)|

Cwt
× 100 (4) 

Where Cwt is the nameplate capacity of WT and αf is 
forecasting result. 

B. Forecasting Accuracy Weight (FAW) 

 To improve forecasting accuracy, the incentive model 
makes it possible to expect higher profits as the forecasting 
accuracy is higher. The reference value for forecasting 
accuracy was selected by referring to the RES forecasting 
accuracy of the KPX. Consequently, it was selected based on 
an NMAE of 8%. In addition, the minimum accuracy for 
receiving incentives was selected as 10%. When the perfect 
prediction was performed, it was designed to receive a weight 
of approximately 1.5 compared to the reference value. 

C. Compensation of incentive model 

The incentive model's compensation rule compares the 
forecasting value with MGO to prevent overpayment 
compared to the forecasting performance and is based on the 
smaller one. 

αINC (t) = min(αm (t), αf (t)) (5) 

Finally, the compensation structure of the proposed 
incentive model is as follows. This revenue model assumes 
that the incentive and the WT case participate in the day-ahead 



market. The above-certified energy amount is applied to the 
primary revenue for SMP. 

PINC (t) = αINC (t) × βSMP (t) ×  (1+ γINC ×  γFAW ) (6) 

Where γINC is SMP weight for incentive model and γFAW is 
FAW. 

D. Determining SMP weight for incentive model 

Since the incentive model is also applied to the existing 
WT, it is necessary to guarantee the current profit level. Also, 
the SMP weight is a dominant parameter that determines the 
profit level. Therefore, the SMP weight is selected with the 
smallest difference in profit compared to applying the 
incentive model with the reference forecasting error. Then, the 
objective function for this weight can be presented as below.  

min |∑(PSMP + PREC) - ∑(PINC)|  (7) 

For optimization, the convex optimization algorithm is used. 
In detail, the interior-point method is applied 

IV. SIMULATION RESULTS 

A. Input data & Assumptions 

 The actual measured data of the WT generation were used 
for the simulations. The WT generation data in 2019 was 
obtained based on the 22 MW capacity of the “Yeong-Heung 
Wind farm” in South Korea. Figure 2 shows the monthly 
average WT generation profiles. The WT generation shows a 
very irregular trend regardless of the time but still shows a 
relatively high amount of power generation in winter 
compared to other seasons. For the simulation, this generation 
profile is normalized as 1 MW of the WT turbine generator. 

 The SMP and REC price data for 2019 were used for the 
simulations and presented in KRW/kWh. Figure 3 and 4 show 
the hourly SMP and monthly REC prices. The annual average 
value of the SMP is 89.1102 KRW/kWh and the REC is 
68.7836 KRW/kWh. The SMP price during winter is higher 
than that during other seasons. However, the REC price 
steadily decreases. 

 In this study, a random generator using uniform 
distribution was used to analyze the profit of the incentive 
model from various errors. The simulated error value when 
the target error is input was calculated as follows: 

αe (t) = min(αm (t) + (λ×μ) × Cwt × 0.01, 0)  (8) 

where λ is target error and μ is a randomly generated value 
between -1 and 1. 

Consequently, the NMAE result for a year with different 
target errors is shown in Figure 5. The target error and NMAE 
show a ratio of approximately 3.7:1. The amount of power 
generation of the WT cannot be reduced to less than 0, and 
because 100% perfect results cannot be derived owing to the 
nature of the distribution, the target error value mismatches 
with the NMAE value. 

However, if the random generator performs a small 
number of simulations, the possibility to obtain unreasonable 
results is high. Therefore, in this study, the Monte Carlo 
simulation technique was adopted to compensate for such 
disadvantages, and after many simulations, the average of the 
results was used. 

 

Fig. 1. Forecasting Accuracy Weight (FAW) by forecasting accuracy 

 

Fig. 2. WT generation profile 

 

Fig. 3. SMP price 

 

Fig. 4. REC price 

 

Fig. 5. NMAE result by target error 



B. Result of incentive weight 

To determine the incentive weight, the simulation was 
performed 5,000 times using a random forecasting error of 8% 
NMAE. Consequently, the SMP weight (γINC) was 
calculated as 2.1620. The profit comparison by the difference 
in SMP weight is shown in Figure 6. When the SMP weight is 
close to 2.16, the profit in the current state is very close to that 
in the case of applying the proposed incentive. In addition, 
when the SMP weight exceeds 1.92, the revenue by the 
incentive model exceeds that by the SMP. 

C. Result under various NMAE 

 Figure 7 shows the change in profit when the NMAE 
value is changed from 0 to 13%. The incentive model 
proposed by the government shows higher returns than the 
current state when NMAE is less than 8%. The incentive 
model proposed by the government also gives higher returns 
than the reference, but the degree of increase in profits due to 
the increase in prediction accuracy is less than that of the 
proposed incentive model.  

In the case of the incentive model presented in this work 
when the proposed incentive is applied and the NMAE is 0%, 
the profit increases by approximately 151% compared to that 
in the current state. However, if the NMAE decreases to 8% 
or less, the profit is reduced compared to that in the current 
state. Therefore, the proposed incentive model has the 
characteristics of high risk and high return compared to the 
government's incentive model. 

D. Applying Energy Storage Systems 

Utilizing ESS is one of the important ways to reduce the 
forecasting error of the WT. As explained in Section II, in 
Korea, ESS is supported to be integrated with WT, and under 

certain circumstances, the REC weight becomes 4, which 
guarantees high profits. 

Since the dischargeable time for ESS integrated with WT 
to receive a special REC weight is 3–4 h, the ratio of WT, ESS 
battery, and PCS showing optimal profits in Korea is 
estimated to be approximately 1:3:1 [16]. However, this 
requires an excessive capital investment, and if applied to the 
22 MW capacity of the WT used in this study, a 66 MWh 
battery is required  to obtain the optimal profit. In this case, 
the payback period for the installation investment of the ESS 
is calculated to be approximately 6 years. 

The change in NMAE and profit according to the capacity 
of the ESS is shown in Figure 8. The black (orange shaded) 
line represents the profit when the incentive model introduced 
in this work is applied, the yellow line represents the revenue 
in the current environment, and the green line represents the 
profit by the incentive model suggested by the government. 
The red dotted line shows the change in NMAE according to 
the ESS capacity. 

When the ESS capacity is less than 1000 kWh, the NMAE 
value decreases rapidly, and profit from the proposed 
incentive model increases accordingly. In addition, when the 
capacity of the ESS is 1700 kWh or smaller, the incentive 
model shows higher returns than the reference. This result 
means that if the proposed incentive model is applied to WTs, 
relatively large profits can be expected even with a small ESS 
capacity. 

Figure 9 shows the result of analyzing the economic 
feasibility considering the investment cost for ESS with the 
net present value (NPV) [20]. Similar to the results in Figure 
8, when the ESS capacity is less than approximately 1700 
kWh, the incentive model shows a higher NPV, and when the 

  

 

 

Fig. 8. Profit comaprison by various ESS capacity 

Fig. 6. Profit comparison by various SMP weight Fig. 7. Profit comparison by various SMP weight 



ESS capacity is greater than 1700 kWh, NPV of the reference 
case is higher. Previously, referring to the fact that the optimal 
rate of WT-ESS was 1:3:1, the optimal rate of ESS battery is 
decreased due to a decrease in REC price. In addition, When 
the proposed incentive model is applied, the capacity of ESS 
re quired to obtain optimal profit is reduced. 

V. CONCLUSION 

This study introduced an incentive model based on 
forecasting accuracy in South Korea. The current state of 
support policies and compensation rules for the WTs were 
investigated. Subsequently, an incentive model was developed 
using the forecasting accuracy weight, compensation rules, 
and SMP weight. The forecasting accuracy weight is used to 
offer more profit when the forecasting accuracy is high and  
promote the use of ESS to reduce forecasting error. In addition, 
using the SMP weight factor, flexible incentive settlements 
can be provided according to the market price compared to 
using a fixed price methodology. 

To verify the proposed incentive model, we used actual 
data, including WT generation and price (SMP, REC). From 
the results, the proposed incentive model has characteristics of 
high-risk and high-return compared with the incentive model 
proposed by the government. In addition, if the forecast result 
is smaller than the Korean average (NMAE = 8%), it shows a 
higher profit compared to the previous profit structure (REC). 
When ESS is applied to reduce the forecasting error of the WT, 
it results in a higher profit than that in the current state at low 
capacities. Therefore, it is expected that the incentive model 
presented in this study will improve the forecasting accuracy 
and motivate the WTs to operate in conjunction with ESS. 
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Fig. 9. Payback period by different ESS capacity 
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Abstract—A distribution system is composed of multiple 

customer loads that cannot be controlled individually. 

Therefore, the system is inherently unbalanced, which can lead 

to an increase in power losses in the system. As a solution, an 

energy storage system (ESS) is utilized to reduce the total power 

loss of the system. An ESS can operate as a load or generator in 

the system. Therefore, a proper scheduling of an ESS operation 

can modify the load balance of the distribution system. In this 

paper, an optimal ESS scheduling is proposed. A new set point 

is determined by considering the ESS contribution in the system. 

The ESS operation is determined by the new setpoint using a 

dynamic simulation. To ensure the optimal scheduling 

feasibility, the reference point is updated hourly by considering 

the real condition of the load in the distribution system and the 

state of charge (SoC) of the ESS. The algorithm is tested on an 

unbalanced distribution system. The results indicate a 

successful reduction in the unbalance with the additional benefit 

of reducing the total power loss in the distribution system.  

Keywords—dynamic simulation, energy storage system (ESS), 

scheduling, unbalanced distribution system 

I. INTRODUCTION  

carries electricity from the transmission system to 
individual customers. However, unlike a transmission system, 
a distribution system is inherently unbalanced owing to a 
higher diversity factor in its component compared with that of 
a transmission system. An imbalance in the power system may 
lead to an increase in the power loss of the system [1]. 
Moreover, when a distribution transformer is operating under 
an imbalanced condition, the transformer will be unable to 
operate in its nominal rating [2]. Therefore, phase balancing is 
crucial in maintaining the power quality in a distribution 
system. 

An imbalanced power system can be mitigated in various 
ways. One of the most popular methods is by swapping the 
distribution loads into different phases in the power system. 
The main objective of this method is to move the load from a 
heavily loaded phase to a lightly loaded phase. The traditional 
way to accomplish this is by changing the load manually using 
sectionalizing switches [3]. Some more advanced methods 
utilize heuristic approaches to determine the optimal phase 
swapping action, such as reported in [3] and [4]. However, this 
method is usually data intensive, requiring numerous 
monitoring devices to generate a model that will be used to 
solve the rephasing problem. Furthermore, the model 
generated from this method has an overfitting problem, and 
thus a low adaptability when applied to another system [5].  

Another popular method for phase balancing is by 
controlling the operation of the assets in the distribution 

system. This includes a utilization of the distributed 
generation, energy storage systems (ESS), and electric vehicle. 
Previous studies in this area were focused on developing a 
control strategy for an optimal ESS operation [6]. This 
includes ESS operation scheduling using optimization 
methods such as multiple objective cone programming [7] and 
mixed-integer linear programming [3]. The principle behind 
applying such equipment is using their features as both a load 
and a generator. The study in [8] used a game-theory approach 
to optimize the charging pattern of an electric vehicle to 
improve the phase balance of the system.  

In this paper, an algorithm for determining the optimal 
ESS operation to reduce the unbalance of a distribution system 
is proposed. To determine the optimal ESS operation, a new 
set point is determined by considering the presence of the ESS 
in the distribution system. The reference point is updated each 
hour to ensure a feasible operation with the dynamic load 
conditions during a 24-h analysis period. A dynamic 
simulation is conducted using various load conditions to 
determine the ESS operation for each minute by considering 
the new reference point.  

The rest of this paper is organized as follows. Section 2 
provides the necessary background for the phase balance 
index quantification. Section 3 describes the proposed 
algorithm. The results of the proposed algorithm tested on a 
modified IEEE 37 test node feeder are provided in Section 4. 
Finally, some concluding remarks regarding the findings of 
this study are given in Section 5. 

II. PHASE BALANCE INDEX 

An index is needed to quantify the imbalance prevalent in 
a distribution system. The traditional method for evaluating a 
system imbalance includes determining the bus that is being 
analyzed. The bus voltage is the main determining factor in 
this evaluation [2]. The voltage imbalance can be defined as 
the maximum deviation of the phase voltage divided by the 
average voltage in the three phases of the bus. However, in 
some systems, a load imbalance can exist while the voltage is 
still in a balanced condition. 

In [9], the authors suggest an evaluation of a phase balance 
by using the current flowing in the analyzed bus. The phase 
balance is defined by its “deviation” and “imbalance” index, 
which can be calculated as follows: 

i
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 max iimbalance deviation=   (3) 

where i  is the phase present in the analyzed bus, 
iI  is the 

magnitude of the current flowing in phase i , 
AVGI  is the 

average phase current, and sNumPh  is the number of phases 

present in the analyzed bus. 

An imbalance is defined as the absolute value of the worst 
deviation in the analyzed bus. Therefore, the value of the 
imbalance ranges from 0 to 2, where 0 indicates a perfect state 
of balance and 2 indicates a perfectly out-of-balance state. The 
perfectly balanced case occurs when currents in all phases are 
equal. A perfectly out-of-balance case occurs when there is 
only one phase carrying current while the other two phases 
have no current. 

III. NOVEL PHASE BALANCING METHOD USING OPTIMAL ESS 

OPERATION SCHEDULING 

An ESS can operate as both a load and a generator in a 
distribution system. A distribution system with an ESS may 
have a different overload point compared with a traditional 
system. Therefore, a new setpoint is needed for the 
distribution system by considering the contribution of the ESS. 
In this regard, we propose modifying the distribution setpoint 
by minimizing the imbalance of the system using the ESS. 
After obtaining this new setpoint, the ESS operation can be 
determined by comparing the newly obtained set point with 
the current load condition of the system. The new setpoint is 
updated hourly to respond to system changes.  

A. ESS Scheduling Process 

The new setpoint for a distribution system is determined 
using an optimization. Non-linear programming is applied to 
determine the reference point. This optimization provides the 
power contribution from the ESS, which will determine the 
new setpoint for the distribution system. The objective 
function can be stated as follows: 

  minf imbalance=                               (4) 

Subject to constraints, the following can be stated: 

0.1𝑃𝐸𝑆𝑆 ≤ |𝑓| ≤ 0.9𝑃𝐸𝑆𝑆                      (5) 

𝑓 > 0, 𝑆𝑜𝐶 = 10%                           (6) 

𝑓 < 0, 𝑆𝑜𝐶 = 90%                           (7) 

10 ≤ (
𝑆𝑜𝐶.𝑃𝐸𝑆𝑆±𝑓

𝑃𝐸𝑆𝑆
. 100) ≤ 90                 (8) 

where f is the ESS power contribution to the new operating 

reference point in kW, and imbalance  is the imbalance index 

of the system calculated using (3). 

The operation of the ESS is limited by its state of charge 
(SoC). If the SoC of the ESS is at 100%, the ESS cannot be 
used to act as an additional load. Conversely, at 0% SoC, the 
ESS cannot be used as an additional generator. Equation (5) 
limits the total power charged or discharged by the ESS by the 
available power left in the ESS. The ESS needs to be operated 
for at least 1 h. Therefore, the maximum ESS operation 
depends on the SoC level of the ESS. Equations (6) and (7) 
limit the ESS operation to strict charging when the SoC is at 

10% (7), and strict discharging when the SoC is at 90% (8). 
Because the scheduling calculation is conducted hourly, the 
charged or discharged power from the ESS must comply with 
the capacity limit in (6) and (7). To allow the ESS to charge 
or discharge for a 1-h period, the solution must comply with 
(8). This indicates that, assuming that the ESS is working 

under a constant operation as set by f , the SoC level after a 

1-h operation must be within 10% and 90%.  

B. Dynamic Simulation of the Distribution System 

By using the ESS value obtained in the previous section, a 
new setpoint is determined. The new setpoint is determined by 
summing the ESS value and the total power flow of the 
distribution system at the beginning of the hour. The new set 
point can be stated as follows: 

sysSet f P= +                                    (9) 

where , ,and sysSet f P  are the new setpoint, ESS reference 

obtained from (4), and total power flowing in the system, 
respectively.

 
 

A dynamic simulation is achieved using various load 
conditions to find the optimum ESS operation during the 24-
h time period. The algorithm checks the loads in each phase 
of the system. It then finds the location of the charge or 
discharge operation by maximizing the difference between the 
reference point and the current load value in the corresponding 
phase as follows: 

 max ,ig Set P i= − 
                         (10) 

where g is the amount of charge/discharge of the ESS, iP  is 

the load in phase i, and  is the set of phases available in the 
analyzed bus.  

After determining the amount of power charged or 
discharged by the ESS, the new SoC is calculated as follows: 

𝑆𝑜𝐶𝑛𝑒𝑤 = 𝑆𝑜𝐶𝑜𝑙𝑑 ± 𝑔                         (11) 

 

C. Scheduling ESS Operation using Dynamic Simulation 

The analysis point is taken at the beginning of the 
distribution system, with the analyzed bus being the bus 
closest to the distribution transformer. This is applied to 
ensure that the system is balanced at its connection point to 
the transmission system. The proposed algorithm for the phase 
balancing using the ESS is shown in Fig. 1. The proposed 
algorithm is composed of two components: optimizing the 
scheduling of the ESS operation and the real-time simulation 
of the dynamic condition in the distribution system. Both 
optimizations are aimed at reducing the unbalance in the 
system. The process in Fig. 1 can be described as follows: 

• Step 1: Initialize a power flow of the distribution system 
to calculate the initial imbalance index and total power 
loss of the system. 

• Step 2: Determine the capacity of the ESS and its initial 
SoC, and the initial PCS capacity. 

• Step 3: Determine the threshold and check whether the 
initial imbalance index is over this value. If so, go to Step 
4. Otherwise, go to Step 5. 



• Step 4: Determine the ESS operation reference. The 
optimization for this step is applied separately using non-
linear programming. The output of this step is used as the 
set point for the following hour. 

• Step 5: Dynamic simulation of ESS operation. For each 
point during the analysis, the real operation of the ESS is 
determined by solving (4). The timeframe for the 
simulation is 1 min. The ESS must be able to follow the 
requirement from the changing load in the system. 

• Step 6: If a 1 h dynamic simulation has been conducted, 
the new optimization parameter is obtained for the ESS 
reference point, and the process returns to Step 4. If the 
dynamic simulation reaches a 24-h period, the algorithm 
is stopped. 

Step 4 in the proposed algorithm includes another 
optimization process to determine the set point for the ESS in 
the following hour. As stated in the previous section, this 
process is applied separately. Therefore, for each setpoint, 
there is a need for an imbalance in the system and the current 
SoC level. By minimizing (4), the setpoint for the ESS is 
determined during this step. 

Step 5 in the proposed algorithm is applied by optimizing 
the power system operation in the distribution engineering 
workstation (DEW) software environment. This enables the 
optimization process to include a power loss. The result from 
Step 4 is used as the targeted condition that must be achieved 
through the distribution system. The amount of power 
charged/discharged by the ESS is determined by the average 
power obtained from the new reference point in Step 4. 

IV. CASE STUDY 

The algorithm was tested on an IEEE 37-node distribution 
test feeder [10]. The system is characterized by a delta 
configuration, all underground line segments, a substation 
voltage regulation from two single-phase open-delta 

 

Fig. 1. Proposed phase balancing algorithm using ESS 

 

 

Fig. 2. Modified IEEE 37 node-test feeder in the DEW 



regulators, and an extremely unbalanced load. The modified 
test feeder is shown in Fig. 2. The test system is built in the 
DEW. The dynamic simulation for the ESS operation is built 
using the DEW software environment.  

A. Simulation Assumption 

As shown in Fig. 2, the system is modified to include an 
additional ESS at bus 701. This is achieved to make sure the 
phase balancing is applied on the bus closest to the point of 
common coupling to the transmission system. This will ensure 
that the distribution system will be balanced during the 
analysis of the transmission system. Buses 799-1 and 799-2 
are fictional and are useful for analyzing the open-delta 
regulator present in the test node feeder. A 24-hour simulation 
is conducted to find the optimum schedule and PCS capacity 
that will minimize the loss in the system. Several assumptions 
are made during the simulation: 

• The analyzed bus of the system is bus 701, which is 
closest to the distribution system transformer. 

• The load level is changed minutely with a random 
distribution varying from 50% to 150% of the nominal 
load. 

• The capacity of the installed ESS is 1 MWh. This ensures 
that the ESS is able to fully charge or discharge for 1 h 
without violating the constraints in (6) and (7).   

• The initial ESS SoC is set at 50% of the ESS capacity. 

• The ESS is assumed to be able to change between a 
charge and discharge operation smoothly if the SoC 
condition is fulfilled. 

• The threshold of the imbalance index is set at 0.25. This 
threshold will ensure that the imbalance of the system is 
minimum at [9]. 

B. Results and Comparison 

As stated in the previous section, the original system is 
extremely unbalanced, with a heavy load during phase C. The 
proposed algorithm initializes its operation by determining the 
ESS reference point for the first hour of operation. The initial 
condition of the distribution system shows this characteristic, 
with an imbalance index of 0.4230. The algorithm detects this 
condition, and therefore, a search for the new reference point 
of operation for the ESS is initialized. Owing to the amount of 
data, only the results of 2 significant hours in the simulation 
are shown in this section. 

Fig. 3 shows the load condition of the system under a 
dynamic simulation from 6:00 to 8:00 AM. The ESS setpoint 
is shown by the red line, and the real load condition is shown 
by the blue line. As can be seen, there is an increase in the load 
in the system after 7:00 AM. The ESS set point is recalculated 
at this hour. Therefore, the setpoint for the ESS is changed 
after 7:00 AM.  

Fig. 4 shows the SoC of the ESS under the real-time 
condition from 6:00 AM until 8:00 AM. The condition of the 
system requires the ESS to discharge the power to minimize 
the imbalance of the system. As can be seen in Fig. 3, after 
7:00 AM, the discharge is steeper. This condition corresponds 
to the ESS set point, as shown in Fig. 3. This can be seen in 
the charge and discharge operation in Fig. 4. The ESS 
operation successfully follows the setpoint determined in (9). 

Figs. 5 and 6 show comparisons between the operation of 
the distribution system using the proposed method and the 
reference case using the traditional rephasing of the 
distribution system. As shown in Fig. 5, the proposed 
algorithm is able to reduce the total power loss in the system 
compared with the reference case. There is a significant 
reduction in the total power loss during the real-time 
simulation. Moreover, the imbalance index is also reduced 
using the proposed method. Table I shows the results of the 
comparison between the reference case and the proposed 
method during the 24-h simulation.  

Both the reference and the proposed algorithm can keep 
the imbalance below the threshold value of 0.25, as shown by 
the maximum imbalance of the simulation. However, a further 
improvement in power loss is achieved using the proposed 
method. The traditional rephasing method has an average 

 

Fig. 3. Effect of ESS operation under phase balance index 

 

 

Fig. 4. ESS condition during the dynamic simulation 

 

 

Fig. 5. Total power loss in the system under real-time simulation 

 

 



value of 23.56 kW for the real power loss and 37.61 kVAR for 
the reactive power loss. In comparison, the proposed 
algorithm is able to reduce the average power loss to 23.04 
kW for real power and 37.25 kVAR for the reactive power.  

A further analysis also shows that there is a reduction in 
the real power flow in the distribution system. As shown in 
Table I, the average power flow using the proposed method is 
lower than using the reference case. This can be attributed to 
the ESS operation. Because one of the phases is highly loaded, 
the ESS will apply a discharge operation. Therefore, the real 
power is reduced to improve the imbalance index. 
Considering the results, it can be concluded that the proposed 
algorithm is able to reduce the imbalance in the distribution 
system. 

V. CONCLUSION 

An optimal ESS scheduling for the phase balancing of a 
distribution system was proposed. The algorithm utilizes an 
ESS as an additional generator and/or load to supply the 
unbalanced phase in the distribution system. First, the 

proposed algorithm determines the reference point for the ESS 
operation. A dynamic simulation is then conducted using 
various operating conditions. After 1 h of dynamic simulation, 
a new reference point for the ESS is recalculated. This process 
is repeated until a 24-h scheduling for the ESS is achieved. 
The algorithm is tested on an IEEE 37-node distribution test 
feeder. The proposed algorithm is able to reduce the total 
power loss and imbalance in the distribution system. Further 
improvement will be made to investigate the economic 
viability of the proposed method and conduct a further 
sensitivity analysis of the ESS depending on the system 
loading condition. 
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TABLE I.  COMPARISON OF 24-H SIMULATION RESULTS BETWEEN 

THE PROPOSED ALGORITHM AND REFERENCE 

Parameter Reference 
Proposed 
Algorithm 

Average Power Loss 
(kW) 

23.56 23.04 

Average Power Loss 
(kVAR) 

37.61 37.25 

Average Imbalance 0.1873 0.1217 

Maximum Imbalance 0.2498 0.1914 

Minimum Imbalance 0.1217 0.0560 

Annual Power Loss 
Reduction (kW) 

512.4 554.8 

Average Power Flow 
(kW) 

835.08 812.28 

 

 

Fig. 6. Imbalance index in the system under real-time simulation 
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Abstract—Power electronics-based inverters are emerging tech-
nologies due to the recent trend of integrating more renewable
energy sources in power systems. To maximize the quality of
output voltage with lower value of Total Harmonic Distortion
(THD), efficient operation of inverters is required. This work
therefore solves harmonic elimination problem of multilevel in-
verters by utilizing adaptive grey wolf optimizer with local search.
The results of the proposed method is compared with original
Grey Wolf Optimization and Particle Swarm Optimization for
verification. The numerical simulations are performed on 7, 11
and 15 level inverters with different modulation indexes. It is
observed that adaptive grey wolf optimisation provides less total
harmonic distortion for different modulation indexes.

Index Terms—multilevel inverters, selective harmonic elim-
ination, harmonic distortion, optimisation, adaptive grey wolf
optimiser, local search.

I. INTRODUCTION

The increase of using wind turbines (WTs) and photo-
voltaics (PVs), cause the power outputs and voltage magni-
tudes through the distribution systems fluctuate more, and thus
more control actions are needed. Apart from classical control
devices, inverters are used for fast, efficient control operations
and they help to decrease the switching losses, and obtain a
more balanced distribution system voltage profile [1].

Optimal determination of switching angles of multilevel in-
verters help to minimize the total harmonic distortions (THD).
The approaches to solve this kind of problem can be divided
into two; analytical and numerical methods. Newton Raph-
son [2] , gradient optimization [3] and sequential quadratic
programming [4] methods were some of the numerical based
approaches applied before. Derivative free methods were also
used to solve harmonic elimination problem. One of the
initial attempts was based on genetic algorithms [5]. Later,
other heuristics including particle swarm optimization [6],
differential evolution [7], harmony search algorithm [8], [9]
were implemented. More details on implemented appraoches
for MLIs can be found in [10]. Moreover, meta-heuristic
method applications to converter problem may be found in
[11].

This paper improves the recent attempts on solving MLI
optimization problems presented in [12] and [13], and more
specifically,

• solves an optimization model that aims to eliminate the
harmonics and THD.

• proposes an Adaptive GWO (AGWO) that is composed of
a chaotic map for control parameter (α) plus an adaptive
reset mechanism with a local search. The performance
of AGWO is compared with standard GWO and PSO to
solve the optimization model.

• compares the simulation results of 7, 11 and 15 level
MLIs with different modulation indexes in terms of
numerical accuracies.

The next section gives the optimisation model used to min-
imize THD and harmonics. Section III, details the meta-
heuristic algorithms. Before conclusion Section IV gives the
numerical simulation results.

II. OPTIMISATION MODEL FOR CASCADED H-BRIDGE
MULTILEVEL INVERTERS

We show the circuit diagram of a 7 level MLI with equal
DC sources connected to a single phase H-bridge inverter in
Figure 1.

Fig. 1. Single-phase, 7-level MLI from [13]

Note that, the number of output voltage levels is 2× k + 1
where k is the number of separate DC sources. Fourier
Transform of stepped waveform with s steps is given as: [14]:

V (ωt) =
4Vdc
π

∑
n

[cos(nθ1) + cos(nθ2) + · · ·

+ cos(nθs)]× sin(
nωt

n
), n = 1, 3, 5, 7, · · · (1)



where ω, Vdc and θi show the angular velocity, DC source’s
voltage magnitude, and conducting angle of step i, respec-
tively. One can determine the coefficients in Eq. (1) using
[14]:

H(n) =
4

nπ

∑
n

[cos(nθ1) + cos(nθ2) + · · ·+ cos(nθs)]

n = 1, 3, 5, 7, · · · (2)

The switching angles θ1, θ2, · · · , θn must satisfy:

θ1 ≤ θ2 ≤ · · · ≤ θn ≤
π

2
(3)

Total harmonic distortion (THD) can be mathematically
shown as:

THD =

√
(
∑n=49

n=3,5,7··· V
2
n )

V 2
1

(4)

The number of harmonics that is possible to be eliminated
is less than the number of H-Bridges (HB).

One can eliminate at most n−1 lower order harmonics if a
MLI with n HBs is considered, for 3 HBs, this can achieved
by solving following equations [12]:

F (n) = cos(θ1) + cos(θ2) + cos(θ3)− 3m1

F (5n) = cos(5θ1) + cos(5θ2) + cos(5θ3) (5)
F (7n) = cos(7θ1) + cos(7θ2) + cos(7θ3)

In (5), m1 represents the modulation index, which is the
division of the amplitude command of the inverter for a
sine wave output phase voltage to the maximum attainable
amplitude of the inverter [14].

In this study, we use the same model as of [13] aiming to
minimize the objective function given as:

minimize

√∑n=49
n=3,5,7··· V

2
n

V1
+ |cos(α1) + cos(α2) + · · ·+

cos(αk)− km|
subject to θ1 ≤ θ2 ≤ · · · θk ≤ 90◦

(6)

where, k is 3, 5, and 7 for 7, 11, and 15 level MLIs in Eq.
6, respectively.

III. META-HEURISTIC ALGORITHMS
A. Grey Wolf Optimiser (GWO)

The Grey Wolf Optimiser (GWO) algorithm [16] is denoted
as a bio-inspired and population-based stochastic approach that
mimics some social behaviours of grey wolves in a pack. In
the wolf pack, we can see four types of duty: the alpha wolf
is liable for managing the others, beta and delta wolves are
responsible to help the alpha in managing, and other members
(called omegas) participate in exploring the search space.
Mainly GWO simulates the hunting process by searching the
prey, encircling the prey, hunting and attacking the prey.

(a) (b)

Fig. 2. (a) The probability exploration of GWO per each generation. (b)
AGWO’s adaptation mechanism example for the control vector (a) in AGWO.
(From [15])

1) Encircling step:

~D = |~C. ~Xp(t)− ~X(t)|, ~X(t+ 1) = ~Xp(t)− ~A. ~D (7)

where ~D depicts the distance between the prey location
~Xp with another member ~X in the prevailing repetition (t).

Furthermore, vectors ~A and ~C play an important role, which
have a strong influence for adjusting the exploration and
exploitation behaviours.

2) Hunting: In order to obtain a thriving exploration of
the search area, the values of candidates should be changed
with regard to the knowledge received from three best-found
candidates (alpha, beta and delta).
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Fig. 3. (a) the main method of control variable a decreased linearly [16](blue
line), polynomially shrunken(red line) [17], and can be adaptive (c) (green
line) proposed in this paper. (b) shows decay plot that consolidate both
adaptive and chaotic decay.

3) Attacking the prey (exploitation): Attacking can be per-
formed by decreasing a from 2 to 0. It can be observed that
when | ~A| < 1 candidates are focusing to attack the prey. This
process is developed like a local search (exploitation process).
On the flip side, where | ~A| > 1 drives to a global exploration
(diversification).

B. Adaptive Grey Wolf Optimiser (AGWO)

Since ~A is able to regulate both diversification (| ~A| > 1)
and intensification (| ~A| < 1), it is one of the most important
parameter of GWO. It can be seen that the vector of ~A values
is between −a and a ( ~A ∈ [−2a, 2a]), where a is linearly
decreased through the optimisation process from 2 to 0. It



indicates that the exploration probability (| ~A| > 1) at the
beginning iteration denotes 0.5 and following it will be linearly
declined at 0 where the search process is in the middle. On the
contrary, the probability of exploitation in the initial repetition
is 0.5 that is the same as exploration probability (providing a
balanced-heuristic setting at the commencement); nevertheless,
the exploitation probability is advanced to 1 where half of
the repetitions are dedicated (iter =Maxiter/2). Notably, in
the resting iterations (Maxiter/2), exploitation probability is
fixed at 1, although exploration probability is 0 without any
conversion. This setting shortage may be one of the reasons of
possible convergence problems GWO may encounter. Figure 2
(a) displays this unbalanced search performance. To solve this
deficiency, several different mechanisms have been proposed
as follows.

Figure 3(a) depicts this more gradual decay function. Nev-
ertheless, in this static mechanism following 70% of the
iterations, the value of a has still declined under 1.

In prior research, a wide range of approaches were rec-
ommended for improving the a parameter, although these
approaches did not consider to the GWO performance during
the optimisation. In this work, we proposed an adaptive
strategy for updating the control variable a of GWO (AGWO).
Therefore, the optimisation achievement is considered, and
after a pre-defined interval of ρ iterations, where the best-
found configuration does not succeed the alpha, the control
parameter should be updated back to 2. Furthermore, a chaotic
distribution is embedded with mapping by a normalise func-
tion for getting a reasonable balance between exploration and
exploitation. The main AGWO contributions are as follows:

1) Producing and mixing a chaotic sequence with the
control parameter (a) in every repetition. In order to
reach the best achievement, the best-performed chaotic
map is used [15]. Equation 8 confers the applied chaotic
maps in the adaptive approach (µ = 1.07).

xi+1 = µ(7.86xi − 23.31x2i + 28.75x3i − 13.302875x4i )
(8)

2) The mathematical equation in order to apply the normal-
isation function for distributing the chaotic order within
the upper and lower bias can be expressed by Equation 9.

Nmiter
= CNMax

m − (
CNMax

m − CNMin
m

MaxiterN
)× iterN

(9)
where the upper and lower values of the normalisation
function are as follows: CNMax

m = 0.3 and CNMin
m =

10−6, respectively. Both CNMax
m and CNMin

m handle
the chaotic distribution of the employed chaotic map and
engage the optimisation method flips between the explo-
ration and exploitation stages sequentially. MaxiterN is
the maximum iterations in each period. Therefore, the
normalised chaotic values (CCiter) can be produced by
Equation 10:

CCiter = Nmiter ∗ Cf (10)

where Cf produced by the proposed chaotic map.
Figure 2(b,d) shows an example of the adaptive chaotic
mechanism. The the chaotic sequence is mixed in the
control vector ~a and is presented as follows:

a = (2− CNMax
m )− (iter2c ×

2− CNMax
m

Max2iterc
) + CCiter

(11)
3) Proposing an adaptive strategy to update the control

vector where the optimisation outcomes are not acquired
for ρ iterations. Where search stagnates in this process,
the control vector will be reset at upper value, and then
the decay inclination of the control vector is set to a
sharper gradient. This occurs in a flip from exploitation
(|~a| < 1) to exploration whenever search faced with the
stagnation.

Figure 3 shows three different mechanisms to update the
control vector such as linear and polynomial (a), and one
example of the adaptive chaotic method in [15].

Consequently, adaptive GWO can be seen in Algorithm 1).

IV. RESULTS AND DISCUSSIONS

We evaluate and compare the performance of the proposed
optimisation method with other meta-heuristics, by using 7-
level, 11-level and 15-level MLIs. To have an accurate com-
parison, the modulation indexes are tested from 0.3 to 1.5
with an incremental step at 0.01. The corresponding best-found
switching angles and THDs for 7-level inverter using AGWO,
GWO and PSO are proffered in the Table I. Both meta-
heuristics, GWO and PSO are applied in this work because
of their high exploration and exploitation abilities to solve the
real-world engineering problems.

Algorithm 1 Adaptive Grey Wolf optimiser (AGWO)

1: procedure AGWO
2: d = len(〈θ11, θ12, ..., θ1d〉)⇒ θ1 ≤ θ2 ≤ ... ≤ θd,0 ≤ θi ≤ π

2
3: N = 30,M = 5 . Population size and performance index
4: S = {〈θ11, θ12, ..., θ1d〉, . . . , 〈θN1 , θN2 , ..., θNd 〉}
5: Initialise parameters a,A,C ,CNMax

m ,CNMin
m , ρ,MaxiterN

6: Xα=The best solution from 〈S1, . . . , SN 〉 . Find three best
7: Xβ=The second best solution from 〈S1, . . . , SN−1〉
8: Xδ=The third best solution from 〈S1, . . . , SN−2〉
9: while stillTime() do

10: for i in [1, ..,N ] do
11: Update Si
12: if Si is not feasible then
13: f (Si) =

∑d
i=1 violationi ∗ PF + f (Si))

14: end if
15: end for
16: THD = Eval([S1, S2, . . . , SNp]) . Evaluate solutions
17: BestTHDiter=Min(THD)
18: if rem(iter , ρ)=0 & BestTHDiter < f (Xα) then
19: . Reset control variables
20: a = 2 , iterN = 1 and iterc = 1
21: else . Reset iter of normalization and chaotic sequence
22: Update Nmiter , CCiter and Cf by Equation 9,10
23: Update a,A and C
24: end if
25: Update Xα, Xβ and Xδ
26: ∆BestTHD =

∑M
k=1(BestTHDk−BestTHDk−1)

M
27: if ∆BestTHD < ψ then . Local Search
28: BestTHDiter = Nelder −Mead(BestTHDiter)
29: end if
30: end while
31: return S ,THD . Final solution
32: end procedure



TABLE I
EXPERIMENTAL OPTIMISATION RESULTS OF ADAPTIVE GWO, GWO AND
PSO: SWITCHING ANGLES, MODULATION, AND THD FOR 7-LEVEL MLI.

AGWO GWO PSO
MI θ1 θ2 θ3 THD% θ1 θ2 θ3 THD% θ1 θ2 θ3 THD%
0.3 26.170 89.855 90.000 27.664 26.237 90.000 90.000 28.347 30.223 87.459 90.000 32.964
0.4 18.911 75.286 90.000 26.271 17.749 73.025 90.000 28.954 19.106 75.220 89.999 29.999
0.5 13.109 57.826 90.000 18.481 14.748 56.134 90.000 19.714 16.453 57.252 90.000 20.520
0.6 11.128 37.162 88.741 15.711 12.012 37.657 90.000 15.925 10.886 37.192 88.775 15.980
0.7 9.605 35.126 72.688 15.383 8.192 35.525 70.038 15.651 10.527 35.548 72.350 16.050
0.8 8.975 30.050 56.806 11.003 9.475 30.590 55.537 11.040 9.802 29.999 56.731 11.100
0.9 5.317 21.432 39.230 13.558 6.391 23.793 38.407 13.962 6.965 21.091 39.252 14.080
1 1.258 1.901 1.902 22.983 5.639 15.302 24.112 24.120 5.040 12.827 21.153 26.930

It is observed that AGWO performance is more considerable
than GWO and PSO to optimise the THD. The average
minimum THD which is proposed by AGWO is 10.43% for
a modulation index value of 0.84. Near-optimal angles are
8.639o, 27.854o,49.686o for AGWO for this modulation index.
This is noted that the total of the reported results presented
in the tables is based on the average of the results of 30
simulations.
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Fig. 4. The average of best-found solutions per each experiment for switching
angles and corresponding cost function values for (a) 7-level (b) 11-level (c)
15 level cascade MLI.

0 2000 4000 6000 8000 10000
Iteration

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

C
o

st
 f

u
n

ct
io

n

MI=0.3
MI=0.4
MI=0.5
MI=0.6
MI=0.7
MI=0.8
MI=0.9
MI=1.0

(a)

0 2000 4000 6000 8000 10000
Iteration

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

C
o

st
 f

u
n

ct
io

n

MI=0.3
MI=0.4
MI=0.5
MI=0.6
MI=0.7
MI=0.8
MI=0.9
MI=1.0

(b)

Fig. 5. The convergence speed of AGWO for different values of modulation
indexes (a) 11-level (b) 15 level MLIs
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Fig. 6. The average of best-found solutions THD for 7, 11 and 15 MLIs
using AGWO.

Table II presents the achieved average of best-found switch-
ing angles for various modulation indexes from 0.3 to 1.0
for 11-level MLI. The best optimisation results are proposed
by AGWO in all values of modulation indexes. Meanwhile,
we observe that three optimisation methods could find the
minimum THD values around 0.8, and also AGWO finds
the minimum THD value at 6.09% where the modulation
index is 0.81 and switching angles are θ1 = 5.4253o, θ2 =
17.0171o, θ3 = 29.1433o, θ4 = 42.3308o, θ5 = 60.8345o,
respectively.

The near optimal THD and switching angles results for the
range of 0.3 and 1.0 modulation indexes in 15-level MLI
can be seen in Table III. Similar to both 7 and 11-level
inverters results, the mean best-found THDs and switching
angles are explored by AGWO. The best design of switching
angles proposed by AGWO is θo1 = 3.666, θo2 = 10.947, θo3 =
20.737, θo4 = 29.204, θo5 = 37.861, θo6 = 49.731, θo7 = 63.495,
and its THD is 4.30%. Moreover, we can see that PSO
performance can be competitive with GWO in this system.
Indeed, the adaptive control mechanism for switching between
exploration and exploitation leads to a robust and fast search
technique. Furthermore, the embedded local search assists the
AGWO to explore the neighbourhood area of near-optimal
configurations accurately.

Figure 4 represents the obtained best-found switching angles
(θi) using the proposed adaptive GWO in the modulation
indexes range of 0.3 to 1.5 (step= 0.01) for 7-level (a), 11-
level (b) and 15-level (c) inverters. It is observed from Figure
4 that the switching angles for three systems converged to
around zero for modulation indexes higher than one.

Figure 5 shows the convergence rate of AGWO cost function
for three MLIs; (a) 7-level, (b) 11-level, (c) 15 level for modu-
lation indexes ranging from 0.3 to 1. The main observation can
be related to the highest convergence speed in 7-level MLI.
The primary reason is that the search space of 7-level MLI is
smoother than the other two systems. In addition, in three
case studies, the minimum cost function is achieved when
modulation index is equal to 0.8 and the least convergence
rate is regarded to MI = 1. Figure 6 shows the THD values
obtained for 7, 11 and 15 MLIs using AGWO for modulation



TABLE II
EXPERIMENTAL OPTIMISATION RESULTS OF ADAPTIVE GWO, GWO AND PSO: SWITCHING ANGLES, MODULATION INDEX, AND THD FOR 11-LEVEL

MLI.

AGWO GWO PSO
MI θ1 θ2 θ3 θ4 θ5 THD% θ1 θ2 θ3 θ4 θ5 THD% θ1 θ2 θ3 θ4 θ5 THD%
0.3 12.455 16.068 36.305 66.569 90.000 12.250 13.4581 41.4077 90.000 90.000 90.000 15.312 15.958 53.269 90.000 90.000 90.000 18.534
0.4 6.609 33.018 56.712 90.000 90.000 12.220 5.1283 34.5467 51.0171 90.000 90.000 13.268 10.772 36.271 77.792 89.999 89.999 17.080
0.5 8.001 27.851 49.510 89.520 90.000 10.360 8.7712 28.5109 50.2095 89.6664 90.000 10.394 9.232 28.010 51.360 89.712 89.963 10.400
0.6 6.477 22.971 40.241 60.467 90.000 8.540 4.7558 22.7719 41.3156 61.1441 90.000 9.071 7.435 22.937 42.107 69.783 89.999 10.080
0.7 8.346 21.832 35.146 54.841 88.723 8.090 5.9302 18.1382 35.0452 52.6352 90.000 8.331 6.614 19.892 33.508 50.169 84.722 8.720
0.8 5.618 17.691 29.036 41.976 61.106 6.150 5.8701 17.416 29.8623 43.2621 62.148 6.174 5.581 17.251 29.755 43.353 69.972 6.190
0.9 2.305 17.745 29.311 44.735 56.990 7.170 0.6145 10.8839 25.1946 35.0255 50.1267 10.227 4.190 12.440 22.227 30.869 42.087 12.640
1 10.159 19.831 26.646 39.123 54.063 8.540 14.6959 16.9728 17.5521 34.1317 60.5437 14.335 1.814 4.789 8.450 11.428 15.274 40.550

TABLE III
EXPERIMENTAL OPTIMISATION RESULTS OF ADAPTIVE GWO, GWO AND
PSO: SWITCHING ANGLES, MODULATION, AND THD FOR 11-LEVEL MLI.

AGWO
MI θ1 θ2 θ3 θ4 θ5 θ6 θ7 THD%
0.3 7.970 19.983 28.852 43.386 63.151 90.000 90.000 7.020
0.4 5.798 14.443 29.110 35.142 50.698 77.218 90.000 7.260
0.5 0.000 15.394 24.555 32.264 48.570 62.925 89.327 6.590
0.6 5.804 15.473 28.036 41.252 61.113 90.000 90.000 6.250
0.7 5.861 13.231 19.288 26.533 38.561 47.945 60.406 4.820
0.8 4.587 11.895 19.769 30.082 39.175 51.039 65.460 4.306
0.9 0.442 9.902 17.010 30.112 37.179 51.426 63.252 5.790
1.00 6.138 9.852 21.815 31.392 37.888 50.016 71.921 5.670

GWO
MI θ1 θ2 θ3 θ4 θ5 θ6 θ7 THD%
0.3 2.086 13.813 35.025 40.723 50.468 79.967 90.000 10.320
0.4 7.499 23.345 38.654 58.545 90.000 90.000 90.000 8.351
0.5 0.201 10.339 18.374 62.142 83.446 90.000 90.000 8.482
0.6 2.912 16.284 28.196 40.633 56.853 90.000 90.000 6.584
0.7 2.614 13.766 23.250 34.109 45.971 61.381 89.395 5.187
0.8 1.689 11.547 20.001 29.054 39.180 51.457 64.268 4.684
0.9 3.671 13.789 19.969 23.640 33.266 48.263 64.747 6.552
1.00 3.336 7.957 19.795 24.397 28.600 44.680 60.701 8.136

PSO
MI θ1 θ2 θ3 θ4 θ5 θ6 θ7 THD%
0.3 0.000 24.460 52.210 86.260 90.000 90.000 90.000 15.180
0.4 8.739 24.857 44.737 78.818 89.999 89.999 90.000 11.720
0.5 6.631 19.872 33.617 50.284 84.578 89.999 90.000 8.272
0.6 5.560 15.613 27.473 40.287 54.962 89.001 89.999 6.410
0.7 4.848 13.582 23.750 33.987 46.290 60.898 89.450 5.000
0.8 3.879 11.670 19.489 30.419 38.746 51.193 65.715 4.311
0.9 3.092 9.309 15.615 22.055 28.672 35.541 42.808 12.060
1.00 0.000 2.353 5.464 5.464 7.248 10.727 10.727 42.596

indexes between 0.3 and 1.5.
V. CONCLUSION

In this paper, harmonic elimination and THD minimization
problem were solved utilizing an adaptive GWO with local
search capabilites. The simulations were performed using 7-
level, 11-level, and 15-level MLIs. Near optimal switching
angles were obtained for different modulation indexes using
the proposed algorithm.

The results of the proposed adaptive GWO were compared
to those obtained by original GWO and PSO. It was observed
that the proposed adaptive GWO is able to solve the optimi-
sation problem resulting in better THD values compared to
GWO and PSO.
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Abstract— This paper presents a load control algorithm for 

control of energy sources and loads to enhance energy 

sustainability and reliability of the International Space Station 

(ISS), which is a large spacecraft in orbit around Earth. In this 

paper, the ISS electric power system was simulated in 

MATLAB/Simulink to be able to evaluate the performance of the 

developed algorithm in a simulated environment. This study also 

aims to emphasize the importance of load control algorithms on 

energy sustainability for critical systems, like ISS, having limited 

energy sources. 

 
Keywords— International Space Station (ISS), intelligent load 

control, energy sustainability. 

I. INTRODUCTION 

The international space station (ISS), launched in 1998, is 

a complicated and large-scale system, which provides a 

scientific laboratory with the ability to conduct experiments in 

space. The ISS has a complex structure, consisting of various 

components, such as logistics carriers, radiators, solar arrays 

[1]. The energy required for the operation of the ISS is present, 

just challenging to harvest. To aid in energy harvesting, 

NASA has eight solar arrays deployed, which produce 84 to 

120 kW on average during the insolation period and eclipse 

period of the orbit. 

Due to their inherent remoteness and limited energy 

resources in a space environment, all space applications 

require the efficient distribution of the stored electrical energy. 

The ISS electrical power system is the largest space-based 

power system and has driven advanced technologies with 

operational challenges [2]. Furthermore, the ISS is not always 

in direct sunlight due to orbiting the Earth. This means the 

energy generation is limited during non-sunlight periods. The 

space station relies on the energy storage system, consisting of 

rechargeable battery modules, onboard sensors, and 

control components to provide continuous energy. Energy 

management is crucial to support the operation of the ISS 

continuously and efficiently due to the nature of the space 

environment. The ISS needs constant electrical energy to 

support all space operations [3]. The system of solar arrays, 

made of thousands of cells, is the only practical way to 

generate electrical energy [4]. Real-time monitoring and 

control of the solar arrays are also important to maximize 

power production during the ISS operation. The storage 

system, i.e., batteries, is used to store excess solar array energy 

during periods of sunlight and provide power during periods 

when the station is in Earth’s shadow [5]. During the 

insolation part of the orbit, the batteries are recharged. The 

generation, distribution, and storage of the system need to be 

as efficient as possible to operate the station and sustain life 

support continuously for the ISS.  

The most important aspect of space-based applications is 

the development of a reliable microgrid. A microgrid is a self-

sustaining electrical system composed of a generation process, 

energy storage system, and an integrated load control network 

used to ensure the efficient operation of the grid. Obviously, 

this can be a challenging task when designing a reliable 

microgrid for space applications. In the event that the designed 

microgrid will be aboard a manned spacecraft, there will need 

to be enough electrical energy generated to compensate for the 

everyday needs of the crew. The ISS is also an example of a 

microgrid, which is a local energy grid with control capability 

[6].  Creating a model that simulates the generation, storage, 

and distribution of the ISS’s power system is an important step 

to becoming more familiar with microgrid technology for 

space-based applications [7].  

In the study [8], the authors analyzed the common space 

solar power generation, management, and distribution 

method, as well as proposed a new hybrid power system 

structure for space solar arrays, which is constructed and a 

modular multi-converter with a serial-parallel combination 

control strategy is investigated. The authors in [9] provided 

details of the ISS electrical power system architecture, 

including power generation, energy storage, distribution, and 

potential future space energy generation and storage 

technology development. The study [10] provided a 

comprehensive work on ISS electrical system performance 

and operational lessons learned, covering details of the 

electrical power system architecture and its performance. The 

study [11] presented details of the ISS energy storage system 

with the on-orbit operation and alternative energy storage 

system design for high reliability and long service life. It is 

indicated that the flywheel energy storage system (FESS) is a 

good candidate, which offers more energy, higher efficiency, 

and three times the operating life of the ISS energy storage 

system, i.e., nickel-hydrogen battery (Ni-H2). Ni-H2 batteries 

were used to store ISS electrical energy. However, these 

batteries had approached their end of useful life, and the ISS 

Program began the development of Lithium-Ion (Li-Ion) 

batteries to replace the Ni-H2 batteries in 2010 [12]. In the 

study [13], the authors analyzed the small-signal stability for 

the Japanese Experiment Module (JEM) of ISS, which can be 

expanded for all the space electric power systems. 

In this study, the ISS electrical power system model of the 

U.S. segment is simulated in MATLAB/Simulink in order to 

apply load control algorithms to enhance energy sustainability 

for the ISS operations. A load control algorithm is developed 

for the efficient distribution of stored electrical energy and to 

handle various scenarios. A case study is conducted on the 

model to determine the strengths and weaknesses of the load 

control algorithm under various generation scenarios.   
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II. ISS ELECTRICAL POWER DISTRIBUTION  

ARCHITECTURE 

The electrical power system (EPS) of the international 

space station is critical to sustain and operate ISS operations 

with limited energy resources. These operations also include 

water dumps, visiting spacecraft, and vehicular activities. In 

addition, the demands of the new science and crew modules 

cause more energy requirements for international space 

stations [14]. For these reasons, the electrical power system of 

the ISS will be investigated to find the best way to enhance 

energy sustainability by developing various energy 

management approaches. Fig. 1 depicts the ISS electrical 

power system architecture.  

 

Fig. 1. The overview of ISS electrical power system [15] 

The ISS has a very complex electrical power architecture 

with five subcomponents. The first subcomponent is power 

generation, which consists of the eight solar array wings. The 

second subcomponent is the regulator, which consists of the 

sequential shunt unit (SSU) and the DC switching unit 

(DCSU). The regulator subcomponents route the generated 

power to the battery control, which is the third subcomponent. 

The battery control sub-component consists of the battery 

charge-discharge unit (BCDU) and batteries. The fourth 

subcomponent is the DC power distribution. The DC 

distribution system on the ISS creates challenges on how to 

analyze the system. The last subcomponent is electrical loads 

throughout the station, which is drawing power from an array 

at any given moment, constitutes a specific level of power 

demand. 

The generated electrical power by solar PV is sent to the 

SSU and then to DCSU. The voltage from the arrays is 

regulated by a device called the SSU. All the arrays are 

attached to the station through pivotal joints. These pivotal 

joints, named beta and alpha gimbals, allow the axis for 

rotation, so the solar arrays are continually oriented in the most 

optimal direction. The SSU transfers the regulated voltage 

through the beta gimbal to the DCSU. While the ISS is in the 

insolation portion of the orbit, the DCSU allows power to flow 

to the BCDU. During the dark or eclipse portion of the orbit, 

the DCSU receives power from the batteries through the 

BCDU, which regulates this power. From the DCSU, the 

power is fed into the main bus switching unit (MBSU). The 

MBSU is essentially a complex network of relays. From the 

MBSU, the power is either fed to the American Russian 

conversion unit or DC-DC converters. The DC-DC converters 

convert the primary voltage level of 160 volts to the secondary 

voltage level of 120 volts [16]. The U.S. portion operates at a 

voltage of 120 Vdc, and the Russian portion operates at both 

28 Vdc and 120 Vdc. The U.S. portion operates independently 

from the Russian segment. DC to DC converters tie the two 

portions together to allow for power-sharing under certain 

circumstances [17]. However, the Russian segment of the ISS 

does depend on the American generation in numerous cases. 

For the Russian segment to receive power for the U.S. 

segment, another converter is used. This converter is known 

as the American/Russian converter unit (ARCU). The energy 

produced was originally stored in 38 lightweight nickel-

hydrogen batteries packaged in an orbital replacement unit 

(ORU). Two ORU modules make up one battery, and there 

were 24 batteries on the International Space Station. The 

nickel-hydrogen batteries have since been replaced with more 

advanced lithium-ion batteries.  

III. THE PROPOSED INTELLIGENT ALGORITHM 

The objective of the developed algorithm is to 

recommend possible operation and control strategies under a 

varying load demand. This process is illustrated in Fig. 2. As 

shown, the ISS energy management controller takes the 

following inputs: (1) Solar arrays (power generation - kW), (2) 

Channel/load priority (L1>L2>L3…), and (3) Batteries 

(energy storage capacity - SoC - %). Next, the algorithm 

decides to toggle loads based on these three inputs. The output 

of the controller is a set of possible energy usage targets that 

can be achieved by managing the internal resources and loads. 

It aims to present the ability to perform energy management 

control at the load level by their type and priority during the 

high peak and low battery charge. With this ability, the highest 

priority loads can be secured, and the non-critical loads can be 

shed to match the limitations in supply.  

 
Fig. 2. The block diagram of the developed ISS energy management algorithm   

IV. LOAD MODELING 

The ISS load bank is broken into four main channels. 

Each of these channels consists of critical and non-critical 

loads. The critical loads are the battery units, atmosphere 

control, crew system, control system, communications, the 

main computer, and the air pumps. Table I gives a 

comprehensive list of the loads in the ISS and a breakdown of 

the four different power channels.  

The United States portion of the International Space 

Station, under normal operating conditions, will deliver an 

average of 76,000 Watts. Including the Russian segment, the 

ISS delivers nearly 105 kilowatts.  
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TABLE I. THE LIST OF ISS LOADS [18] 

Channel 1 

Power 

(kW) Channel 2 

Power 

(kW) 

Battery Unit 6.645 Battery Unit 6.645 

Fan 1.605 Fan 1.605 

Atmosphere Controller 1.2 Atmosphere Controller 1.2 

Crew System 0.575 Crew System 0.575 

Control System 0.82 Control System 0.82 

Communications 0.47 Communications 0.47 

Lighting Bank 1.08 Lighting Bank 1.08 

Main Computer 0.385 Main Computer 0.385 

Robotic Workstation 0.895 Robotic Workstation 0.895 

Robotic Arm 3.21 Robotic Arm 3.21 

Air Pump 1.15 Air Pump 1.15 

Total 18.035   18.035 

        

Channel 3 

Power 

(kW) Channel 4 

Power 

(kW) 

Battery Unit 6.645 Battery Unit 6.645 

Fan 0.535 Fan 1.07 

Lighting Bank 0.72 Lighting Bank 0.36 

Experiment U.S. 1 4.25 Experiment U.S. 2 3.005 

Experiment U.S. 3 2.275 Experiment U.S. 4 2.26 

Experiment Russian 1 2.715 Experiment Russian 2 3.2 

Experiment Russian 3 1.845 Experiment Japan 2 0.92 

Experiment Japan 1 1.985 Experiment Japan 3 3.46 

Total 20.97 Total 20.92 

 

The total ISS load is modeled by creating four (4) 

subsystems labeled channels 1-4, as shown in Fig. 3. Each 

subsystem is connected to a scope individually so that the 

power consumption of each channel can be monitored. In 

addition, the combined load amount can be monitored with a 

sum function. The input to each channel subsystem is a 

decimal input that comes from the load control algorithm and 

is converted to binary within the subsystem.  

 

 
Fig. 3. ISS load model with four (4) subsystems 

Once converted, the binary resultant is sent to a 

demultiplexer, directly controlling the switches that toggle the 

loads. The switches are used as relays. When the switch is 

cleared, the connection is made to the load. When the switch 

is set, the load is turned off. Another sum function is added to 

sum all of the load's power consumption. This design allows 

us to control individually selected nonessential loads by 

sending one decimal number from the load control function to 

each channel. The essential loads are represented by a constant 

that cannot be turned off. 

 

 

 

V. CASE STUDY DESCRIPTION 

The case study uses a developed load control algorithm and 

tests the algorithm response to various generation scenarios. 

The essential operation of the load control algorithm is to 

perform load shifting. In order to accomplish load shifting, a 

load control algorithm was developed. The algorithm monitors 

the battery state-of-charge (SoC) and adjusts the loads 

accordingly. It is important to note that each channel has loads 

that are considered essential for the ISS to operate, i.e., battery 

unit, atmosphere controller, crew system, control system, 

main computer, air pump. Therefore, these loads cannot be 

toggled off and must run under all state-of-charge conditions. 

The total estimated power consumption on channels 1 and 2 is 

given in Eq. (1) 

𝑃1&2 =2*(6.645+1.2+0.575+0.82+0.47+0.385+1.15) = 22.49kW (1) 

The essential loads for channels 3 and 4 are the six battery 

units. The net power that will be consumed during all SoC 

conditions for channels 3 and 4 is shown in Eq. (2): 

𝑃3&4 =2*(6.645) = 13.290kW                             (2)   

Therefore, it is concluded that under all SoC conditions, the 

power demand of the loads is shown in Eq. (3): 

𝑃𝑒𝑠𝑠𝑒𝑛𝑡𝑖𝑎𝑙 =22.49 + 13.290 = 35.78kW                      (3) 

The total power demand under normal circumstances can be 

calculated as in Eq. (4): 

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃1 + 𝑃2 + 𝑃3 + 𝑃4 = 18.035 + 18.035 + 20.97 + 0.9       
          =  77.96kW               (4) 

The load control algorithm monitors the SoC of the 

batteries. Arbitrarily, if the SoC is less than 40%, all 

nonessential loads will be turned off. Therefore, as previously 

calculated, the load demand will be 35,780 watts. In order to 

achieve this condition, a value of 255, i.e., “11111111” bit 

steam, is sent to each channel. Once this value arrives at the 

channels, it is converted to binary and toggles the switches 

corresponding to the individual loads. It is important to 

mention that a binary bit value of 1 will toggle the switch off. 

Therefore, 255 will result in all nonessential loads toggling 

off. 

In the event that the SoC is less than 80% but greater than 

40%, the certain nonessential load will be toggled off. These 

nonessential loads were determined to be the robotic 

workstations, Canadian robot arm, the U.S. experiments 1 and 

4, Russian experiment 3, and Japan experiment 1 and 2. These 

loads were selected because they consumed the most power 

per channel and are not essential for ISS operation.  

The total power consumption of these loads is calculated 

in Eq. (5): 

𝑃𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 = 2 ∗ 0.895 + 2 ∗ 3.21 + 4.25 + 1.845 +  1.985 +
                         2.26 + 3.46    = 22.010kW         (5) 

With these loads toggled off, the power demand will be 

shown in Eq. (6): 

𝑃𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 = 77.96 − 22.010 = 55.95kW         (6) 

Once the batteries reach a SoC greater than or equal to 80%, 

it is determined safe to toggle all loads on. This will result in 

power consumption of 77,960 watts.  According to Table I, 

essential loads for channels 1 and 2 are the six battery units, 

two-atmosphere controllers, two crew systems, two 

communication modules, two main computers, and two air 

pumps.  
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In order to test and observe the effects of the load control 

diagram, a generation scenario function was created. Within 

this function, the electrical current generated by the solar 

panels is altered based on the orbit minute. The power is 

calculated using the voltage and current of the panel. Since 

only the current changes, the power will decrease by the same 

factor as the current, as shown in Fig. 4. 

  

  
Fig. 4. ISS simulated SoC, PV power, PV voltage, and PV current under 

ideal circumstances 

This scenario is used as a basis and shows the battery SoC 

climbing for 830 minutes (9.02 orbits) until it reaches 100% 

under the ideal generation. At this point in the simulation, it 

does not allow to charge the batteries from the solar arrays to 

prevent the overcharging, i.e., the delivered PV power to the 

batteries is zero. It also affects the PV voltage and current. For 

the base case, the load control algorithm is not integrated into 

the system, and batteries deliver the full demand of the ISS 

without any load control.  

In order to visualize the effects of a catastrophic failure of 

the generation aboard the ISS, a scenario was developed that 

decreases the generation by 10% every 200 minutes of orbit. 

The gradual decrease in generation reaches a steady state after 

1000 minutes of orbit with a total reduction in generation of 

50%. The effects of this scenario are witnessed in Fig. 5. 

 
 

 
 

Fig. 5. ISS simulated SoC, PV power, PV voltage, and PV current without 

the load control during a catastrophic generation failure 

As can be seen in Fig. 5, the SoC peaks around 50% and 

immediately begins to decrease as a result of the decrease in 

the generation due to a catastrophic generation failure. 

 

 

 

 

 

VI. RESULTS AND DISCUSSION 

In order to show the effect of the load control algorithm, a 

basis simulation was conducted to show the duration until full 

SoC is achieved while controlling the loads. It is essential to 

investigate the impacts of the load control algorithm on the 

SoC during various generation scenarios. The first scenario is 

identical to the catastrophic generation failure depicted in 

Figure 5. The effect of the load control algorithm can be seen 

in Fig. 6. 

  

  

 
 

Fig. 6. ISS simulated SoC, PV power, PV voltage, and PV current with the 

load control during catastrophic generation failure 

Fig. 6 shows the results of introducing the load control 

algorithm during a catastrophic generation failure event. 

During this simulation, when the SoC reaches 80%, all loads 

of the ISS are turned on and consuming 77,960 watts from the 

batteries. Once the SoC falls below 80% but remains above 

40%, the certain nonessential loads mentioned in the previous 

section are disconnected. When the SoC falls below 40%, all 

nonessential loads are turned off to minimize the effects of the 

failed generation. With the generation being reduced by 50%, 

the SoC begins to decrease until it reaches 40%. At this point 

in the simulation, all nonessential loads are disconnected, 

which results in a stabilized SoC of around 40%.  

Comparing Fig. 5 with Fig. 6, it is concluded that the load 

control algorithm fulfills its purpose by regulating the SoC 

under varying generation conditions. By introducing the 

algorithm, the ISS is still able to operate until the generation 

failure is resolved. This could reduce the risks of the space 

crafts’ personnel by giving them a chance to proceed the 

needed repair the failed generation on time.  

A final scenario was simulated to determine the breaking 

point of the load control algorithm. In this scenario, the 

generation is again reduced by 10% every 200 minutes; 

however, once the simulation time reaches 1200 minutes, the 

generation is drastically reduced by 70%. The results of this 

simulation can be seen in Fig. 7 shows the power consumption 

during the simulated interval. 
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Fig. 7. ISS simulated SoC, PV power, PV voltage, and PV current with the 

load control during 30% generation capacity 

 

The final conducted simulations are demonstrated in Fig. 

7 where the full impact of the algorithm on the SoC of the 

batteries is observed. During the first 275 minutes of the 

simulation, the SoC gradually increases until it reaches 100%. 

When the SoC reaches 40% and 80%, different power 

consumptions occur. This full power consumption lasts until 

approximately 830 minutes of orbit. At this point, the 

consumption dominates the generation, and the load control 

algorithm turns off certain nonessential loads. The oscillation 

of power consumption is a result of the SoC periodically 

exceeding the thresholds allowing for different consumption 

rates. After 1200 minutes of orbit, the generation is 

dramatically reduced by 70% resulting in the SoC 

plummeting. Once the SoC reaches 40% at approximately 

1400 minutes, the load control algorithm disconnects all 

nonessential loads. A result of this disconnection is a slighter 

decrease in SoC. Since the SoC is still decreasing and all 

nonessential loads are turned off, the ISS will not be able to 

operate under this condition. 

VII. CONCLUSION 

For a microgrid to be self-sustaining, the ability to control 

the power consumption of the loads for maximum efficiency 

is mandatory. Without this ability, the discharge rate of the 

storage device will not be controlled. This could ultimately 

result in loss of power to the system.  In this study, the ISS 

electrical power system model is simulated in 

MATLAB/Simulink. A load control algorithm is developed 

for the efficient distribution of stored electrical energy and to 

handle various scenarios. The developed model includes an 

accurate representation of the loads aboard the ISS. To feed 

power to the loads, a generation model of the ISS was created. 

To control the rate of power consumption at loads, a load 

control diagram was developed. Finally, to test this load 

control algorithm, a function dedicated to altering generation 

values was implemented to observe the reaction of the system. 

It can be concluded that the load control algorithm fulfills its 

purpose in conserving the SoC of the batteries of the ISS. The 

results indicate that the SoC may plummet to 0% without the 

algorithm during a catastrophic generation failure, while the 

SoC is maintained at around 40% with the algorithm. 

Although this model represents the ISS power system, with 

some slight adjustments, it could be used to simulate the 

power system of any microgrid. 
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Abstract— This study proposes a microgrid system to 

improve stability of power supply for rural areas in Malaysia. 

The proposed system utilizes photovoltaic (PV) as a main power 

generating source and energy storage system (ESS) to 

supplement of integrating the PV into the grid. Empirically 

measured load profiles of an actual residential community (310-

household) in Sarawak are used to design the system. HOMER 

Pro-based simulation is performed to verify economic feasibility 

of the proposed microgrid design. For sensitivity analysis, this 

study also observes the effect of two key parameters affecting 

economic feasibility of the system: a size of PV and an applicable 

feed-in tariff (FiT) rate. The results show that the larger PV 

derives the higher system feasibility. In addition, improvement of 

the system feasibility relatively more depends on the FiT rate 

compared the size of PV. 

Keywords—microgrid system, PV-ESS, economic feasibility 

analysis, sensitivity analysis, FiT 

I. INTRODUCTION 

Fossil fuels is the main source of electricity supply across 
the globe, which has limited resources and causes serious 
environmental problems. In this regard, renewable energy 
sources are sustainable, and consequently their applications in 
power system are globally growing with great interest [1-2]. 
In case of Southeast Asia, a microgrid that utilizes renewable 
energy as a main power generating source is on the rise to 
improve stability of power supply in both islanded and 
systemic vulnerable areas [3-5]. Malaysia showed 6.2% of the 
electric leakage rate in 2018 due to the aging of power line 
facilities despite the increase in electric power demand, which 
is higher than that of South Korea, China, Taiwan and 
Indonesia [6]. Moreover, rural areas expect relatively higher 
maintenance and extension costs for deteriorated power 
systems compared to downtown areas in Malaysia [7]. 

Therefore, this study proposes to design a microgrid 
utilizing a photovoltaic (PV) system and energy storage 
system (ESS) for stable power supply in a certain rural area in 
Malaysia.  The PV system is designed as a distributed energy 
resource (DER) for the main power generation. ESS is 
designed to improve stability of power supply due to temporal 
volatility and limitation of the integrated PV power output. 
HOMER Pro-based simulation is performed to verify 
economic feasibility of the proposed microgrid design. In 
addition, sensitivity analysis is also performed to observe the 
effect of varying the PV capacity and applicable feed-in tariff 
(FiT) rate. The results indicate that the larger PV capacity 

promises the higher feasibility of the proposed system. In 
addition, an increase of the FiT rate shows the relatively more 
significant improvement of the system feasibility compared to 
that of the PV capacity. 

II. SYSTEM DESIGN 

A. Load and Tariff Structure 

This study designs a microgrid system for a community 
(residential) load in the Semadang region of Sarawak. Fig. 1 
shows the empirically measured daily power consumption 
(load) profile of a selected community (310 households). This 
profile shows the daily peak as 65.5kW and the daily total 
consumption as approximately 1,231kWh. This study 
synthetically generated the daily load profiles for 365 days 
with daily variability as 4.5% and time variability as 5.6% 
based on the measured daily load profile (Fig. 1). 

 

Fig.  1. Daily load profile for the target area (Jan, 2nd, 2020) 

TABLE  I. RESIDENTIAL TARIFF STRUCTURE FOR THE TARGET AREA [8] 

D-domestic [kWh/month] Rate per unit [USD/kWh] 

For 1 to 150 0.0437 

For 1 to 200 0.0534 

For 1 to 300 0.0607 

For 400 to 1300 0.0656 ~ 0.0753 

For above 1300 0.0765 

a. 1USD = 4.12MYR, 1MYR = 100sen 

 
Table I shows the domestic tariff structure for residential 

customers provided by the local utility provider (Sarawak 
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Energy Berhad) for the target area [8]. This rate varies 
depending on the monthly energy consumption. In addition, 
the minimum charge of 1.15USD will be included. If the 
monthly energy consumption exceeds 600kWh, 6% sales and 
service tax for the exceeded amount is charged additionally. 

In this study, the sales rate from Independent power 
producer (IPP) to the electricity market is based on the FiT 
tariff of Sustainable Energy Development Authority (SEDA). 
Renewable energy sources that can be applied by the FiT 
system of SEDA include biomass, biogas, solar PV, small 
hydro, and geothermal etc. In case of solar PV rate, the FiT 
rate depends on the installed capacity as shown in Table II [9]. 

TABLE  II. SEDA FIT RATES FOR SOLAR PV [9] 

Installed capacity [kW] FiT rates [USD/kWh] 

≤4 0.131 

4 ~ 24 0.128 

24 ~ 72 0.078 

72 ~ 1000 0.075 

 

B. System Configuration 

The microgrid system proposed in this study consists of 
PV, ESS, load, and grid as shown in Fig. 2. EResid is the energy 
that IPP supplies power to the corresponding residential 
customers according to load demand of the customers. This 
can be calculated using the domestic electricity tariff in Table 
I. EFiT is the energy provided to the electricity market through 
grid. This can be calculated using the FiT rates in Table II. EEP 
is the energy purchased from grid when the available energy 
from PV and ESS is insufficient. Similar to EResid, this can be 
calculated using the domestic electricity tariff (Table I). 

 

Fig.  2. Energy flows of the proposed microgrid system 

C. Main Components 

HOMER Pro software was used to design PV and ESS. 
PV generation was estimated by the open database of global 
horizontal irradiance based on National Aeronautics and 
Space Administration (NASA). A reference PV capacity was 
set to 600kW based on a project sponsored by the Korean 
government currently in progress [10]. For sensitivity 
analysis, this study also observed 400kW and 800kW of PV 
by increasing and decreasing 200kW from the reference 
(600kW). The capacity of the PV inverter was assumed the 
same as PV. The estimated annual PV generation is calculated 
as 632,316kWh with PV 400kW, 948,474kWh with 600kW, 
and 1,264,632kWh with PV 800kW. 

In this study, ESS operates to enhance system stability of 
the connected PV. The PV power output shows temporal 
volatility due to environmental changes and limitations from 
sunset to sunrise. In addition, a sudden increase of PV output 
flowing into the grid could quickly reduce the grid stability 
[11]. Thus, ESS enables to enhance system stability through 
the peak shaving of PV output. The battery capacity of ESS 
was optimized to 20% of the corresponding PV capacity, and 
the capacity of Power Conditioning system (PCS) was set to 
half of the battery capacity [12]. Table III shows the initial 
investment cost, the operations and maintenance (O&M) cost, 
and the efficiency of each distributed source used in this study. 

TABLE  III. MAIN PARAMETERS OF PV AND PV INVERTER 

Component 
Investment 

 [USD/kW(h)] 

O&M 

[USD/kW/year] 

Efficiency 

[%] 

PV 330 10 18 

PV Inverter 71.7 5 99 

Battery 346.34 5 98 

PCS 143.37 5 96 

 

III. FEASIBILITY ANALYSIS 

A. Analysis Parameter 

System economic feasibility analysis is conducted by 
examining cumulative discounted cash flow (CDCF) during 
the project period, net present value (NPV), and payback 
period (PP) according to costs and benefits [13-14]. CDCFy 

refers to the cumulation of discounted cash flow that flows in 
and out for a certain period and is calculated as the following 
equation: 

𝐶𝐷𝐶𝐹𝑦 = 𝐶𝐷𝐶𝐹(𝑦−1) +
(𝐵𝑦−𝐶𝑦)

(1+𝑟)𝑦    (1), 

𝐶𝐷𝐶𝐹0 = −𝐶0 𝑎𝑛𝑑 𝑦 = 1, 2, … , and 10(𝑦𝑒𝑎𝑟) 

where C0 is an initial investment cost, By is annual benefits, Cy 
is annual costs, and 𝑟 is a discount rate, which was estimated 
as 3.13% in 2017, Malaysia [15]. NPV refers to the CDCF 
corresponding the final year of the project period. 

PP is the period taken until CDCF changes to positive 
value calculated as the following equation: 

𝑃𝑃 = 𝑡 +
∑

(𝐵𝑦−𝐶𝑦)

(1+𝑟)𝑦
𝑡
𝑦=0

𝐵𝑡+1−𝐶𝑡+1
(1+𝑟)𝑡+1

   (2), 

where t is the year right before each CDCF is changed from 
negative to positive, and t + 1 is the corresponding year of 
change. 

B. Cost and Revenue 

Cost is comprised of the initial investment cost, the annual 
O&M cost, and the energy purchase cost. The initial 
investment cost (CIni) is generated at the beginning of a 
project owing to construction and installation costs of system 
components such as PV, PV inverter, battery, and PCS. CIni  
is calculated as the following equation: 



𝐶𝐼𝑛𝑖 =(𝐶𝑃𝑉,𝐼𝑛𝑖 × 𝑆𝑃𝑉 + 𝐶𝐼𝑛𝑣,𝐼𝑛𝑖 × 𝑆𝐼𝑛𝑣 + 𝐶𝐵𝑎𝑡,𝐼𝑛𝑖 × 𝑆𝐵𝑎𝑡 +
𝐶𝑃𝐶𝑆,𝐼𝑛𝑖 × 𝑆𝑃𝐶𝑆) × (1 + 𝛼)  (3), 

where CPV,Ini, CInv,Ini, CBat,Ini, and CPCS,Ini are installation costs 
per kW(h) of PV, PV inverter, battery, and PCS, respectively. 
SPV, SInv, SBat, and SPCS are installation capacities of PV, PV 
inverter, battery, and PCS, respectively. α is the ratio of 
construction and other costs, and 0.2 is selected in this study. 

The annual O&M cost (COM,y) for all components of the 
system is calculated as the following equation: 

𝐶𝑂𝑀,𝑦 = 𝐶𝑃𝑉,𝑂𝑀 × 𝑆𝑃𝑉 + 𝐶𝐼𝑛𝑣,𝑂𝑀 × 𝑆𝐼𝑛𝑣 + 𝐶𝐵𝑎𝑡,𝑂𝑀 ×
𝑆𝐵𝑎𝑡 + 𝐶𝑃𝐶𝑆,𝑂𝑀 × 𝑆𝑃𝐶𝑆   (4), 

where CPV,OM, CInv,OM, CBat,OM, and CPCS,OM are the O&M costs 
of PV, PV inverter, battery, and PCS per kW(h), shown in 
Table III. The annual energy purchase cost (CEP,y) is calculated 
as the following equation: 

𝐶𝐸𝑃,𝑦 = 𝑟𝑅𝑒𝑠𝑖𝑑,1 × 𝐸𝐸𝑃  () 

where rResid,1 is the purchase unit price for EEP. The monthly 
averaged value of EEP is calculated as approximately 
66.6kWh. Therefore, rResid,1 is selected as 0.0437USD/kWh 
according to Table I. 

The annual revenue (Ry) is comprised of the sales income 
of the energy supplied to the residential customers and the 
electricity market, calculated as the following equation: 

𝑅𝑦 = 𝐸𝑅𝑒𝑠𝑖𝑑 × 𝑟𝑅𝑒𝑠𝑖𝑑,2 + 𝐸𝐹𝑖𝑇 × 𝑟𝐹𝑖𝑇   (6), 

where rResid,2 is the sales unit price for the EResid. Applied 
residents comprise 310 households, and monthly load 
consumption by a single household is calculated as 
approximately 120.8 kWh; thus, unit price is estimated as 
0.0437 USD/kWh according to Table I. rFiT is the sales unit 
price for the EFiT, which depends on the PV installed capacity. 
All simulated PV installation capacities exceed 72kW, and rFiT 

is applied as 0.075 USD/kWh according to Table Ⅱ. 

 

IV. SIMULATION 

A. Sensitivity Analysis of PV Capacity 

For sensitivity analysis of PV capacity, installations of 
400kW, 600, and 800kW PV are classified into Cases 1.1, 1.2, 
and 1.3, respectively. Table Ⅳ summarizes the initial 
investment and annual costs, the annual revenue, NPV, and PP 
of the three cases. 

Fig. 3 shows the results of feasibility analysis of increasing 
the PV capacity. NPVs of Cases 1.1, 1.2, and 1.3 are 
calculated as 43,476 USD, 87,694 USD, and 133,107 USD, 
respectively. PPs of Cases 1.1, 1.2, and 1.3 are calculated as 
8.33 years, 7.87 years, and 7.65 years, respectively. For all 
three cases, PPs are within a 10-year project period, and NPVs 
are derived as a positive value. As the PV capacity of the 
system increases, the economic feasibility of PP and NPV 
tends to improve. This indicates that a higher economic 
feasibility is expected by increasing the PV capacity for the 
target area. 

TABLE  IV. PARAMETERS OF ECONOMIC ANALYSIS FOR CASES 1.1, 1.2, AND 1.3 

Case CIni COM,y CEP,y Ry NPV PP 

1.1 252,381 6,600 11,308 52,822 43,476 8.33 

1.2 378,572 9,900 10,832 75,755 87,694 7.87 

1.3 504,763 13,200 10,551 99,026 133,107 7.65 

 

 

Fig.  3. Cumulative discounted cash flow (CDCF) of each Case 1 

 

B. Sensitivity Analysis of FiT Rates 

For sensitivity analysis of FiT rates, this study fixed PV 
capacity as 600 kW and increased the corresponding FiT rate. 
The weight of the FiT ratio was increased as 1, 1.5, and 2, 
classified into Cases 2.1, 2.2, and 2.3. These increases of the 
FiT ratio are expected to guarantee the profitability of the 
system and consequently for IPPs to encourage their 
investment in the target area. Table Ⅴ shows the initial 
investment and annual costs, the annual revenue, NPV, and PP 
of the three cases.  

Fig. 4 shows the results of feasibility analysis of increasing 
the weight of the FiT rate. NPVs of Cases 2.1, 2.2, and 2.3 are 
calculated as 87,694 USD, 325,494 USD and 563,294 USD, 
respectively. PPs of Cases 2.1, 2.2, and 2.3 are calculated as 
7.87 years, 4.99 years, and 3.66 years, respectively. As the FiT 
ratio increases, the system feasibility depending on PPs and 
NPVs rapidly improves due to the increased revenue from the 
energy sales to the electricity market. The feasibility 
improvement of increasing the FiT rate is relatively higher 
than that of increasing the PV capacity. 

TABLE  V. PARAMETERS OF ECONOMIC ANALYSIS FOR CASES 2.1, 2.2, AND 2.3 

Case CIni COM,y CEP,y Ry NPV PP 

2.1 378,572 9,900 10,831 75,756 87,694 7.87 

2.2 378,572 9,900 10,831 103,818 325,494 4.99 

2.3 378,572 9,900 10,831 131,881 563,294 3.66 

 



 

Fig.  4. CDCF of each Case 2 

 

V. CONCLUSION 

This study proposes a PV-ESS microgrid for rural areas in 
Malaysia in order to provide stable power for the residential 
community. The system is designed based on the measured 
load profiles of the actual residential community in Sarawak. 
The domestic tariff structure and FiT rate of SEDA are utilized 
to estimate costs and profits of IPP trading with the 
corresponding customers and the electricity market.  

This paper also performs sensitivity analysis of the system 
feasibility with varying the PV capacity and applicable FiT 
rate. The result indicates that the system feasibility is 
improved as either the PV capacity or the FiT rate increases. 
In addition, the feasibility improvement of increasing the FiT 
rate is relatively higher than that of increasing the PV capacity.  

A future study including economic analyses of the 
proposed system for a transmission system operator will 
provide a guideline for establishment and modification of 
related energy policies. This effort will be expected to 
contribute to penetration of microgrids in Southeast Asia as a 
notable solution of improving stability of power supply. 
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Abstract— Emerging trend of green and affordable 
energy generation due to high electricity demand has led to 
excessive penetration of distributed energy resources in low 
voltage (LV) side of distribution grid. PV generation being 
intermittent in nature, its excessive integration causes lack of 
voltage regulation, frequency deviation, reverse power flow, 
phase imbalance and power quality problems which renders 
the grid unreliable and unstable. In regard to 
aforementioned issues this research work provides insight to 
enhance the PV hosting capacity while preventing voltage 
rise on the grid, due to active power injection, by integrating 
energy storage system and capacitor bank for harmonic 
filtration of inverter. The research study is carried out in 
MATLAB Simulink. The study is based on the principle of 
power balance between battery energy storage and grid. It 
incorporates the maximum power point tracking (MPPT) 
controller for PV based on “fuzzy logic "  technique, 
coordinated control method for the voltage regulation, peak 
shaving strategies for battery energy storage and reactive 
power control framework for inverter. This technique results 
in enhancing the grid flexibility by maximizing the PV self-
consumption and mitigating overvoltage issues on grid.  

Keywords— Distributed Generation, Energy Storage, 
Voltage Regulation, PV self-consumption, MPPT, Fuzzy logic. 

I. INTRODUCTION 

According to the IEA (International Energy Agency) 
2017 estimates, almost 14% of the global population do 
not have access to electricity[1]. Pakistan generates 4% of 
the total energy demand from renewable energy resources 
which is yet to be increased to 6% by 2030. 

This growing energy demand, cost inflation of fossil 
fuel and an alarming global warming situation have created 
a paradigm shift in energy sector. Global trend of clean 
energy generation has raised the utilization of renewable 
energy resources for electricity production. As PV 
generating system has shorter gestational period, low 
O&M cost and low carbon footprints, it is being 
increasingly integrated in LV distribution grid as a clean 
source of energy[2]. This excessive integration of PV has 
severely impacted the dynamic stability of the grid as 
shown in Fig.1. 

The unbalanced Load connected to PV system has led 
bi-directional power flow on unidirectional grid 

infrastructure[3][4]. This reverse power flow over-loads 
the feeder and distribution transformer on LV grid making 

system unreliable and unstable for optimum operation.  

       

 

 In past various techniques for over-voltage mitigation 
and smooth power flow have been proposed for grid 
connected PV systems[2], [5], [6].Power curtailment 
technique previously used is a static method which limits 
the active power flow from PV inverter to grid preventing 
the overvoltage but decreases PV utilization efficiency [7]–
[9] Traditional method of voltage regulation by using 
OLTC is not beneficial due to reverse power flow by DGs 
on feeder[10] [11]. Grid reinforcement by increasing the 
line conductor increases the gird capacity for PV 
penetration but this technique is uneconomical rendering 
net present value and pay-back period for PV installation 
very high[12][13].Reactive power control by inverter 
increases the stress on feeders due to excessive current 
flow resultantly decreasing sending end power factor[14] 

 In order to fully utilize PV capacity various techniques 
for extracting maximum power are adopted through MPPT 
controller i.e. perturb and observe (P&O), incremental 
conductance and integral regulator, open circuit voltage, 
short circuit current, fuzzy or neural based[15]–[20]. In 
this project a robust fuzzy logic based MPPT Controller is 
used for generating maximum power. 

This paper contributes  a dynamic coordinated control 
strategy of power balance by combining battery storage 
system with artificial intelligence based fuzzy logic 
controllers for voltage regulation of PV system in gird. 
This controller is design to prevents deep discharge and 
overcharge of battery system and increasing the battery life 
cycle [21]–[23]. Excessive PV power generated can be 
stored in battery during off peak hours which will mitigate 

Fig. 1. Impact of Grid-Connected PV System 
 



the risk of overvoltage on grid due to active power transfer 
and will provide consumers cheap source of electricity at 
the time of peak hour demand. 

The remainder paper is structured in sections 
containing Section 1 about system modeling and control on 
Matlab followed by Ssection 2 about simulation and results 
and ends up with a conclusion to sum  up the whole idea of  
this research and future design. 

II. SYSTEM MODELING AND DESIGN 

A 100KW Grid connected PV system with MPPT and 
battery energy storage is simulated with conventional and 
AI based controllers in Matlab 

 
 

A. PV System Modeling  

A PV cell is a P and N junction device made up of 
semiconductor material such as crystal silicon or 
germanium. When photon of light with energy greater 
than or equal to band gap energy strikes the PV cell it 
excites the electron raising it from valence band to 
conduction band thus generating a free electron and hole 
pair. This free moving electron becomes the source of 
current. Connecting these PV cell in series and parallel 
forms a PV module and connecting PV modules for 
desired current forms a PV array. Fig. 3 shows the 
mathematical model of PV cell consisting of a current 
source in parallel with series-shunt resistance and `diode. 

  
 
The current generated in PV cell is given by equation 

exp 1
s s

L O
T SH

V IR V IR
I I I

nV R

                                      (1)

 

Where IL is photocurrent, IO is reverse saturation 
current V is the thermal voltage of the array, RS is series 
resistance and RSH is shunt resistances of the array 
respectively.  

A user-defined PV module from SAM is used for 
simulating 100KW PV array having 66 Parallel string and 
5 Series-connected modules per string.  A non-linear I-V 
characteristic with 1000w/m2 irradiance is shown below. 

 

 

TABLE 1.         PV Panel’s Properties 

Pmax (W) 305.226 

Open circuit voltage Voc 64.2V 

Voltage at MPP Vmp (V) 54.7V 

Cells per module (Ncell) 96 

Short circuit current Isc (A) 5.96 

Current at MPP 5.58A 

 

B. MPPT Controller Design 

MPPT aims at detecting the point on IV curve at 
which maximum power can be extracted. AI based robust 
fuzzy logic control (FLC) is used to extract power from 
PV. Fuzzy logic consists of three building blocks i.e. 
Fuzzification, inference and defuzzification block. First 
Fuzzifier transforms the crisp input to linguistic set of data 
which is then acted upon by the membership function and 
the set rules in the inference block. The inferred data is 
transformed to crisp value in defuzzification block. Below 
fig.5 explains the FL process and fig.9 shows the 
Simulink model. 

 
 
 
 
 
 
 

Firstly initial value of duty cycle is set and then 
voltage and current generated by PV is used to calculate 
error E and change in error CE which is the two inputs of 
FLC. As soon as MPP is achieved error signal will 
become zero and duty cycle will be updated. 

                               D(i)=D(i-1)+ΔD                            (2) 

Five membership Functions (LMX Left Max, LMN 
Left Min, Z0 zero, RMN Right Min, RMX Right Max) 
were defined for inputs and the output having symmetrical 
triangular and left right trapezoidal shape. The Max-Min 
(mamdani method) method was carried out for 
inference.Table 2 shows fuzzy rules used by inference 
block for Fuzzification. 

 

 

    
 

 
 

Fig.3. PV Circuit Model 

 Fig.  5.  Fuzzy Logic Process 

 Fig.  6.  Change in Error  Fig.  7. Error  Fig.  8. Change in Duty Cycle 

Fig. 2. System Model 
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 Fig.  4. I-V characteristics of PV system 
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                                    TABLE 2.      Fuzzy Rules 

 
 
 
 
 
 
                    

Modified Incremental Conductance and Integral 
Regulator Control were also studied in order to do a 
comparative analysis. In this controller duty cycle 
signaling bi-directional converter is varied in a way such 
that the source impedance should be equal to output 
impedance to achieve maximum power. Fig. 10 shows the 
Matlab model of the controller. 

C. Boost Converter 

A 5 kHz boost converter is used to step-up 273V DC 
to 500V DC at maximum power. The FLC based MPPT 
signals the duty cycle of boost converter to variate its 
voltage in order to extract maximum power at that voltage 
level. Boost converter’s output voltage is given as                                    

                         Vout =Vin / (1-D)                               (3) 

 

D. Battery Storage System And Control 

Battery Storage (BS) examined in this project is based on 
power balancing strategy which increases the reliability 
and self-consumption capacity of grid connected PV. It 
stores the excess energy generated during sun shine hours 
and supplies to load during peak shaving hours. So it 
behaves as load as well as source of energy while 
mitigating overvoltage on the grid. Battery behaves as 
load when: 

Ppv>P°                                         (4) 
Where  

P°= Pload -Pbattery 
And battery behaves as source when 

Ppv<P°                                  (5) 
Rate of discharge of battery is given as : 

t=H(C/IH)k                                          (6) 

where H is discharge rate, C rated capacity and I is 
discharge current. Li-ion battery having high charge 
density, cycle life, and low self-discharge and higher 
voltage capacity is used for energy storage. Below table 
summarizes BS’s properties 

                              Table 3.   Battery Specifications 

Nominal Voltage (V) 500 
Rated Capacity (Ah) 200 
Initial state-of-charge (%) 100 
Battery response time (s) 0.01 

 
Battery is further connected to a Bidirectional Converter 
which operate in a buck mode (charging the battery) and 
boost mode (supplying to grid/load) as per the signal 
generated from the fuzzy logic controller. Fig. 12 shows 
converter topology 
 

 
 

   FLC consists of three inputs i.e. PV generated power, 
battery SOC, load power and two outputs signaling to 
IGBTS of bidirectional converter for operation in 
Buck/Boost. Input membership functions are made by 
combining triangular, trapezoidal and Gaussian function 
instead of a single centroid membership function approach 
for better optimization. Fuzzy interface consists of small S, 
Medium M and Big B signal. Battery charges and 
discharges according to the load demand by following the 
set fuzzy rules. These rules are designed in a way to 
prevent battery from overcharging and discharging  

Rule RMN RMX Z0 LMX LMN 

RMN RMN RMN RMN LMN LMN 

RMX RMX RMN RMX LMN LMX 

Z0 ZO ZO ZO ZO ZO 

LMN LMN LMN LMN RMN LMN 

LMX LMX LMN LMX RMN RMX 

 Fig.  9.  FLC Based MPPT Controller Design 

Fig.  11. Boost Converter  Fig.  12. Bidirectional Converter Topology 

 Fig.  10. Incremental Conductance + Integral Regulator Controller Design  Fig.  16. Battery with Bidirectional Converter 



 

 

increasing the battery shelf life. The Max-Min (mamdani 
method) was carried out for inference. Output membership 
function consists of triangular centroid functions as shown 
in fig.17 and 18. 

 

 

 

 

Following fuzzy rules are followed for Fuzzification: 

1. If PPV  Is B, SOC Is M And Load Is M Then Buck Is B And Boost IsS 

2. If PPV  Is B, SOC Is S And Load Is S Then Buck Is B And Boost Is S 

3. If PPV  Is B, SOC Is M And Load Is B Then Buck Is B And Boost Is S 

4. If PPV  Is B, SOC Is M And Load Is S Then Buck Is B And Boost Is S 

5. If PPV  Is M, SOC Is B And Load Is B Then Buck Is S And Boost Is B 

6. If PPV  Is M, SOC Is B And Load Is M Then Buck Is S And Boost IsB 

7. If PPV  Is S, SOC Is M And Load Is M Then Buck Is S And Boost IsB 

8. If PPV  Is S, SOC Is B And Load Is M Then Buck Is S And Boost Is B 

9. If PPV  Is M, SOC Is B And Load Is S Then Buck Is S And Boost Is B 

10. If PPV  Is B, SOC Is B And Load Is B Then Buck Is S And Boost Is S 

11. If PPV  Is M, SOC Is M And Load Is M Then Buck Is S And Boost IS 

12. If PPV  Is B, SOC Is M And Load Is S Then Buck Is S And Boost Is S 

13. If PPV  Is B, SOC Is B And Load Is S Then Buck Is S And Boost Is S 

14. If PPV  Is S, SOC Is M  And Load Is B Then Buck Is S And Boost Is S 

Below figure 19 shows the surface view of the fuzzy 
rules. 

 

 

PI based controller being simpler in implementation is also 
integrated with the system for comparative analysis. Below 
figure 20 shows the circuit diagram of PI Controller. 

 

 

 

 

 

 

 

E. Three Phase Voltage Source Inverter 

It synchronizes the PV voltage with grid by inverting 
500V DC to 260V AC which is further stepped-up by 
260V/25KV transformer. VSC main controller uses two 
control loops i.e. internal current loop regulating the 
harmonic free current injection into the grid and external 
voltage loop regulating the flow of power. Inverter uses 
PLL block to convert three phase Voltage and current from 
abc frame to dq frame and simultaneously generating 
phase angle which is fed to current regulator[14]. Control 
strategy is shown in fig.21. 10KVAar capacitor bank is 
attached to filter out the harmonics produced by the 
inverter.  

 

III. RESULTS AND SIMULATIONS 

Various scenarios for voltage stabilization for battery 
integrated PV system are simulated in Matlab. A 
comparison is made between robust FL based controller 
results and conventional controller design. 

  TABLE 4.              Scenarios 

 Scenario#1 Scenario#2 Scenario#3 Scenario4 

System 
conditions 

Nominal 
STC 

condition 

PV 
operating in 
suboptimal 
conditions 

Overvoltage 
Due to 

generation 
and demand  

mismatch 

Battery 
Charging 

Irradiance 
(W/m2) 

1000 500 1000 1000 

PV Cell 
Temp 

(Celsius) 
25 25 25 25 

Battery SOC 80% 80% 80% 20% 
Load (KW) 150 100 10 10 
PV Power 
(Fuzzy) 

100 49.6 100 100 

Battery 
status 

Discharging 
Boost Mode 

Discharging 
Boost Mode 

Charging 
Buck Mode 

Charging 
Buck 
Mode 

A.  Comparison Between FLC and PI Controller  for 
Battery Energy Storage 

  Fig. 22 and 23 shows the system response to the 
changing scenario with fuzzy logic controller. 

Following deduction is drawn from these graphs:- 

 For scenario 1 when PV system operates at standard 
condition and load demand is higher than the PV 
power generation, it is observed that, the battery start 
discharging in order to meet the load demand. 

 Fig.  14. Load  Fig.  15. Battery SOC 

 Fig.  17. Buck Fig.  18. Boost 

 Fig.  21.  Controller of Voltage Source Inverter 
 

 Fig.  20. PI Controller Design 

 Fig.  13. Power Generated by PV 

 Fig.  19.  Surface View 



 

 

 

 

 

 

 

 

 

 For scenario 2 when PV system operates with varying 
weather condition i.e. irradiance is halved, power 
generated by PV is halved resulting in battery operating in 
boost mode to meet the load demand 

 For scenario 3 when there is mismatch in demand i.e. off 
peak hours, Battery operates in buck mode to store the 
charge for later use instead of supplying to the grid and 
creating overvoltage. Battery stores the charge without 
overcharging the battery. 

 For scenario 4 when there is mismatch in demand and 
supply as well as battery is under deep discharge, the 
excess power generated will be utilized to charge the 
battery. 

So it is inferred that the battery storage supports the 
grid connected PV system, when either PV is not 
generating enough power due to its intermittent nature or 
connected load is higher/lower than the PV power 
generating capacity. Furthermore comparison between the 
figure 22-25 shows that, although PI controller is 
relatively simpler to implement and involves simpler 
circuit, it take comparatively more time for battery with PI 
controller  to charge and discharge then fuzzy controller 
reducing the system efficiency and battery’s 
charge/discharge control rate. 

B. Stablized Voltage and Current at point of common 
coupling 

   Battery energy storage integrated with grid 
connected PV system acts as auxiliary source of power. 
Referring to Fig.26 it can be seen that by connecting the 
battery storage, voltage for scenario 1, 2 and 4 at point of 
common coupling was stabilized and both the current and 
voltage were in phase for all the scenarios. For scenarios 3 
when PV is generating at MPP, battery is completely 
charged and load demand is less, PV system can either be 
disassembled from the system or excess power could be 
dumped to save the grid from risk of overvoltage. 

 

 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 24. Soc with PI Controller 
 
 
 

 
 

 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

C. Comparative analysis of Power Generated by MPPT 
based on FLC and Incremental Conductance  + 
Integral Regulator Control 

Power generated by PV mainly depends on irradiation 
level and cell temperature. Simulation result shows that by 
reducing the irradiation to half (500W/m2) power 
generated by PV will also be halved (50KW) and similar 
effect is seen by varying the PV cell temperature. 

 
From fig.28 it can be seen that maximum power extracted 
by PV also depends upon the MPPT controller design. 
Power generated by fuzzy control is steady like ramp 
function while power generated by IC+IR controller 
shows ripples effect and power distortion in form of 
harmonics. 

Fig.  22. SOC (%) with fuzzy controller 

Fig.  23. SOC (%) for Scenario 4 with fuzzy controller  Fig.  25. SOC (%) for Scenario 4 with PI controller 

Fig.  24. Soc with PI Controller 

 Fig.  26. Voltage and Current at PCC 

 Fig.  27. Power (KW) generated by varying irradiation 



 
 

IV.  CONCLUSION 

A coordinated control strategy integrating artificial 
intelligence based controller in grid connected PV system 
was proposed in this paper. Adaptive controllers based on 
fuzzy logic system were implemented and then validated 
by changing the system conditions to study the synergy 
between grid connected PV and battery system. It was 
illustrated from the simulated results that connecting the 
battery storage with PV system regulated the grid voltage 
by increasing the PV self–consumption and hosting 
capacity of the grid. Furthermore it is inferred from the 
system sensitivity to changing scenarios that the Artificial 
Intelligence based fuzzy controller provided robust and 
flexible control for both MPPT and Battery, extracting  
oscillation free Power, and then utilizing it according to 
load demand without degrading the battery capacity. The 
result also show that the controller based on fuzzy logic 
decreases the charging and discharging time for battery as 
compared to conventional PI controller which  increases 
the system performance and efficiency. 

Present research is focused on active power 
compensation but future work can be expanded with 
reactive power compensation as well by integrating 
flexible AC transmission devices (FACTS) devices and 
studying its technical and economical perspectives. 
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Abstract— One of the indispensable dynamics of defining the 

ideal city is accessibility. Accessible living spaces are not only 

positive discrimination but also a legal obligation and an ethical 

requirement for urban dwellers. For an equal and free life, the 

cities that we call "smart" should be accessible in a complete and 

comfortable way. At the point of making cities accessible, many 

regulations have entered the literature today, and the culture of 

accessibility is increasing day by day in the context of projects and 

applications. However, the accessibility of historical buildings and 

sites still raises question marks. Ensuring the accessibility of 

registered monuments in the areas around the building and in the 

interior spaces of the building requires a very difficult process. In 

our country, where the balance of protection and use generally 

turns into decisions in favor of protection, Accessibility of 

historical buildings and sites necessitate original solutions. At this 

point, the idea of developing new architectural solution elements 

that have not been suggested before for the level differences that 

disrupt the accessibility of historical buildings the most arises. 

While the internal circulation of registered monuments is ensured, 

the level differences that we encounter are usually unsolved due to 

the insufficient distance and the inability to adapt to the historical 

texture. It is unthinkable to leave historical buildings and areas 

unsolved while making a smart city fully accessible. The smart 

ramp solution proposed within the scope of the study is of a nature 

that will eliminate the elevation differences for historical buildings 

and areas and at the same time will not damage the original 

structure within the framework of conservation rules. As a field of 

study, 3 important madrasah structures, which are located in the 

historical city center of Sivas and have managed to survive from 

the medieval Seljuk, have been identified. The designed smart 

ramps will be manufactured from ergonomic materials that are 

compatible with the texture of the registered buildings, do not 

damage the building floors. At the same time, the ramps processed 

into the urban memory with the mobile application are noticeable 

and functional for different disability groups. The product idea 

designed within the scope of the study reveals that accessibility is 

possible in the historical structure and environment.  

Keywords— Smart design, Accessibility, historical buildings, 

architectural protection 

I. INTRODUCTION 

According to the population and housing survey 
conducted by TUIK in Turkey at 2011 with at least one 
disability (3 years old and upward) ratio is 6.9% of the 
population (4.876 million people). Relevant ministries 
established by the National Disability Data Systems is 
estimated that 1,423,334 people registered to date found 
Although about 10 million people with disabilities living in 
Turkey. [1]  

The principles of equality are frequently mentioned in the 
United Nations Universal Declaration of Human Rights and 

the 1982 Constitution, which is the legislation that forms the 
basis of fundamental rights and freedoms all over the world. 
In addition, the accessibility of primary legislation 
guaranteeing the legal rights entered into force on 7 July 2005 
Turkey [2].  

In this context, disabled people have the right to freely 
access every point of the environment we live in. Article 23 of 
the Turkish Constitution is entitled freedom of residence and 
travel. Traveling and participating in tourism activities 
increase the quality of life of individuals [3].  

Cultural activities have great meanings in the daily life of 
people with disabilities. Access to the historical environment 
becomes important at this point.  

Today, the accessibility of the historical environment is an 
important potential that countries want to benefit from in the 
context of accessible and barrier-free tourism. Also accessible 
tourism is an inclusive activity. While the spaces and services 
are made available to everyone, not only disabled individuals 
but also the elderly, pregnant women, pram users or 
individuals carrying luggage benefit from the solutions [4].   

There are many architectural arrangements that need to be 
implemented in order to make the environment we live in 
accessible. The most important and necessary of these are the 
ramp solutions that allow the level differences to be passed 
without assistance. Vertical circulation is provided with ramp 
and platform solutions in places with building entrances, steps 
and level differences.  

While ramp solutions can be easily implemented at 
appropriate slopes in cases where there is sufficient space in 
ordinary buildings, ramp design in historical buildings and 
areas requires a more difficult process. 

 Architectural solutions in historical buildings and areas 
should be considered not only according to standards but also 
in terms of compliance with conservation principles.  

The designed architectural solution should be ergonomic 
and compatible with the original value and texture of the 
registered building. Within the scope of the study, solutions 
for vertical circulation in historical buildings and areas were 
questioned. Particularly, the issue of how the appropriate ramp 
can be located in and around the registered monuments has 
been opened to discussion.  

The smart ramp imagined; It is compatible with the texture 
of the historical environment, useful for all disability groups, 
noticeable for individuals with low vision and visually 
impaired, and is made of material that does not damage the 
floor covering. 



II. SMART RAMPS AND FUNCTIONS 

A. Ramp Ergonomics and Dimensioning 

Within the scope of the study, the idea of how the ramps 
designed according to TS 9111 standards can take place in 
historical buildings and areas has been tested. The ideal slopes 
that ramps should have are shown in Figure 1. According to 
the current standards, ramps with a maximum slope of 8% can 
be designed for ramps less than 15 cm. In addition, it is not 
compulsory to design railing in ramp arrangements less than 
15 cm in height and shown in Table I [5]. 

TABLE I. RAMP ARRANGEMENTS 

Maksimum High Maksimum Slope 

15 cm and less 1:12  (%8) 

15 -50 cm 1:14 (%7) 

51-100 cm 1:16 (%6) 

100 cm and more 1:20 (%5) 

  

The ramp design requirements are specified in the relevant 
standards in detail, and are now familiar to the designers. 
However, ramps have some special requirements as well as 
appropriate inclination, width and size criteria, which is often 
neglected by the designers. The omitted topic is often seen as 
appropriate material. While other criteria are generally met in 
architectural designs, uniform and unintended details stand 
out at the point of material selection. At this point, it should 
be noted that the ramps should vary according to the special 
situation of the building and the environment for which they 
are designed.  

Especially in historical buildings and areas, ramp design 
becomes a very important detail. Because today, at the 
entrances of many valuable original buildings, we notice the 
ramps made of black colored diamond-slice sheet material. It 
is observed that the ramps, which fulfill a functionally 
important task within the historical buildings, and even 
provide the first access to the buildings, fail to adapt to the 
historical texture. 

As with every design solved in historical buildings and 
areas, ramp designs require a more careful process. In the 
researches, it is determined that the care it deserves is not 
shown on the ramps added on the historical artifacts that have 
come from the Middle Ages and need special protection. Even 
if a work is registered and protected, it has to be accessible 
within the scope of Law No. 5378. This necessity and the 
special requirement arising from the special situation creates 
an original and new idea for monuments; The ramps are 
compatible with the historical texture, can be noticed by the 
users, but also the texture behind it. 

TABLE II. IDEAL SLOPES OF RAMPS [5] 

Slope

(%) 

High (h) 

(cm) 

Length (l) 

(cm) 

Width 

(n) 

(cm) 

Perspective 

Max 

%8 

 

0< h< 5  Min 62,5 Min 90 

 

Max 

%8 
 

5< h< 10 62,5< l< 125 Min 90  

Max 
%8 

 

10< h< 15 125<l<187,5 Min 90 

B. Selecting Materials 

Within the scope of the work, the idea of creating ramps 
made of transparent or semi-opaque materials arises for 
everyone. The main purpose of the ramps is to be able to 
recognize the ergonomics of use and flexibility when desired, 
without disrupting the harmony with the historical texture. 
The idea of a ramp that will be made of transparent and non-
slip materials and that can show sufficient flexibility and 
durability comes to the fore. Common use in monuments are 
ramps made of metal or wood. Although foldable aluminum 
or chrome ramps are found in some special examples, these 
materials cannot fully match the historical texture. Special 
ramps that can be designed with the help of 3D printer and cnc 
cutting will be specific for each sample and provide freedom 
of use. A ramp in the form of brightness and color that can be 
noticed by individuals with little vision, but in a quality that 
will not break and deform, is imagined. An idea is developed 
in an area where the R&D and industry dimension is suitable 
for development. The area of use will be quite wide and the 
idea is developed as a simple manufacturing that will meet a 
large need by producing easily. 

C. Technologic Solutions for designing ramps 

     The ramps designed with the right ergonomics and material 

features in historical buildings and areas will become more 

functional if they are enriched with technological features. For 

example, individuals with low vision and visually impaired 

perception of architectural elements with a level difference 

and at the same time know where the solution points are 

located against obstacles will give them freedom of 

movement. The designed ramps should be processed on 

Braille alphabet maps and at the same time, their positions in 

the building should be made perceptible with mobile 

applications. For people with disabilities who use city 

information systems frequently and successfully, ramps 

designed in historical buildings and areas should be made 

perceptible with technological solutions. Embossed and voice 

prompted maps supported by a mobile application will be very 

useful at this point. While there is a widespread opinion that 

technological solutions are used in proprietary buildings, such 

as the ladder-platform solution in Notre Dame Cathedral 

which shown in Fig. 1, solutions such as virtual museum 

applications that have become widespread in recent years have 

proven radical success in design for everyone. While making 

historical buildings and areas accessible, it has been observed 

that using innovative technologies as much as possible 

increases the sustainability of the spaces. 

 

 
 

Figure 1. Notre Dame Cathedral Ladder solution. 

EĞİM (%) YÜKSEKLİK (h) UZUNLUK (l) GENİŞLİK (n) PERSPEKTİF

1 Max %8 0 < h < 5 cm min 62,5 cm Min 90 cm

2 Max %8 5 < h < 10 cm 62,5 < l < 125 cm Min 90 cm

3 Max %8 10 < h < 15 cm 125 < l < 187,5 cm Min 90 cm



III. SMART RAMP APLICATIONS 

Two madrasahs in Sivas historical city square and one 
place of worship in the city center were chosen as the study 
area. The city of Sivas, whose historical settlement started in 
the Neolithic period, was definitely connected to the Seljuk 
State after 1175. Sivas became a closed city with the rule of 
the Selcuk State and intense original architectural works were 
built during this period [6]. Sivas, as an important capital of 
the Middle Ages, is at the intersection point of trade and 
cultural activities until 1243 Kösedağ War. At that time, there 
was no second crossroad where architectural and social 
innovations met. The valuable works built in 13th century 
Anatolia in accordance with the institutional policy of the 
Selcuk State have been preserved and survived until today. 
The city center, which contains artifacts from different periods 
with its 4000-year history, is an open-air museum [7]. Today, 
Sivas historical city square is within the scope of the protected 
area. The city of culture and arts, draws attention with its 
works from the Selcuk, Ottoman and Republic periods and is 
a laboratory for the arrangements to be made in historical 
buildings and areas.  

The Buruciye, Şifaiye Madrasah and Sivas Ulu Mosque 
samples all have accessibility issues. The elevation 
differences in and around the registered historical buildings 
are unresolved and accessibility cannot be achieved. It draws 
attention with its works from the Ottoman and Republic 
periods and is a laboratory for the arrangements to be made in 
historical buildings and areas.  

A. Buruciye Madrasah 

      Buruciye Madrasah is a two-storey building with an open 

courtyard, four iwans and can be seen in Fig. 2. It is not 

possible to access the iwan sections from the courtyard, 

which is used as an open tea garden. In addition, a ramp 

solution is required for the existing level difference at the 

entrance of the building. Horizontal circulation can be made 

fully accessible with four ramps to be designed with 

appropriate criteria behalf of inventory information on Table 

III. 

 
 

Figure 2. Buruciye Madrasah open courtyard view. 

TABLE III. BURUCIYE MADRASAH INVENTORY INFORMATION 

 

Building Name: Buruciye Madrasah  

Address: Sivas City Square  

Map-Island-Parcel: 11-226-2  

Property Status: General Directorate of Foundations  

Registration Date: 8.7.1977  

Registration Decision: A-646  

Year of Construction: 1271  

Built by: Muzaffer Burucerdi  

Materials Used: Cut Stone, Rubble Stone, Re-used, Brick and Tile  

Original Function: Positive Sciences Madrasa  

Today's Use: Tea Garden, Course Workshops 

B. Sifaiye (İzzettin Keykavus) Madrasah 

The building is shown in Fig. 3, which is the largest 
hospital in Anatolia, is designed in the form of an open portico 
courtyard and four iwans. Accessibility is not provided at the 
entrance of the building, between the courtyard and the iwans, 
between the spaces used as sales units and the courtyard.  

 

Figure 3. Sifaiye (İzzettin Keykavus) Madrasah view. 

 

The accessibility of the monument can be increased with 
5 suitable ramps to be designed on behalf of inventory 
information on Table IV. 

 

TABLE IV. SIFAIYE MADRASAH INVENTORY INFORMATION 
 

Building Name: İzzettin Keykavus (Şifaiye) Madrasah  

Address: Sivas City Square  

Map-Island-Parcel: 11-225-2  

Property Status: General Directorate of Foundations  

Registration Date: 8.7.1977  

Registration Decision: A-646  

Year of Construction: 1217  

Built by: Sultan I. İzzettin Keykavus  

Materials Used: Cut Stone, Brick and Tile  

Original Function: Şifahane  

Today's Usage: Handicraft Sales Units, Tea Garden with Pool 



C. Sivas Ulu Mosque 

      One of the oldest mosques in Anatolia can be seen in 

Figure 5, the building has a 3-way entrance to the courtyard, 

it is in the class of a rectangular planned and kubic style 

mosque. The courtyard and interior of the building are today 

3 meters below the vehicle and pedestrian road elevation. 

Accessibility problems can be reduced with ramps that should 

be located in the last congregation area and building 

entrances in the building where the elderly use is intensive.  

 

 

Figure 4. Ulu Mosque Street level view. 

 

With Table V, an elevator or platform solution is 

recommended instead of a ramp between the courtyard and 

the street level. 
 
TABLE V. SIVAS ULU MOSQUE INVENTORY INFORMATION 
 
Building Name: Sivas Ulu Mosque  

Address: Hoca Ahmet Yesevi St.  

Map-Island-Parcel: 18-241-3  

Ownership Status: General Directorate of Foundations  

Registration Date: 8.7.1977  

Registration Decision: A-646  

Year of Construction: 1196-1197  

Built by: Kızıl Arslan Bin İbrahim  

Materials Used: Cut Stone, Wooden Ceiling  

Original Function: Mosque  

Today's Use: Mosque 

 
As shown in Figure 5 drawing designs, a ramp at the 

entrance of the historical building will provide accessibility 
for everyone and at the same time not create a visual and 
functional problem for any user. 

Figure 6 can be explain how the ramps can be located on 
street view. Architectural suggestions are designed for 
increasing accessibility for public customers. 

 

Figure 5. Smart ramp architectural design application. 

 

 

Figure 6. Street level architectural design view. 

IV. CONCLUSION 

Increasing the accessibility of historical buildings and 
areas in cities provides serious gains in terms of tourism 
potential. Studies show that accessible tourism has reached a 
high number of users in recent years and this issue should not 
be neglected. Within the scope of the study, the accessibility 
of historical buildings and sites was questioned. Whether an 
architectural arrangement would be possible in the name of 
accessibility among monuments within a holistic architectural 
conservation approach has been discussed. A product design 
idea was tried to be developed with an innovative 
understanding of steps and level differences that prevent 
access in historical buildings and areas. With a certain number 
of ramp solutions to be applied in 3 selected Medieval 
buildings, it has been tried to show that full accessibility is 
possible despite the protection principles. Thanks to the right 
material selection, ergonomic and anthropometric data, 
standards-compliant and innovative designs, solutions can be 
developed even in structures and areas that are called 
intangible. Rational technological solutions that are respectful 



to the historical texture should be included more in registered 
areas. For increasing the awareness of universal design 
process that began after 2005 in Turkey, it is necessary to go 
one step beyond the conventional ideas of accessibility. The 
study also aims to challenge the idea of architectural solutions 
such as accessible toilets, elevators, parking lots, etc., together 
with historical buildings and areas. Rational technological 
solutions that are respectful to the historical texture should be 
included more in registered areas.  
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Abstract—This study proposes methodologies to estimate 
synthetic fluctuation of 1-min data from 15-min load profiles for 
effective control of demand-side energy storage system (ESS). 
Markov Transition Matrix (MTM) and Artificial Neural 
Network (ANN) are utilized to develop the estimation models. 
Actual 1-min load profiles acquired from an industrial customer 
(32,240 samples) are used for model developments and their 
verification. The result shows higher statistical similarities of the 
synthetic 1-min data generated by both MTM and ANN models. 
In addition, the ANN-based model shows the relatively higher 
performance compared to the MTM-based model. 

Keywords— Electric load, Synthetic data generation, Markov 
Transition Matrix (MTM), Artificial Neural Network (ANN), 
Energy Management System (EMS), Energy Storage System (ESS). 

I. INTRODUCTION 
Energy Management System (EMS) is considered as one 

of energy efficiency solutions for customer-side energy 
management in power system. This customer-side EMS 
provides the real-time monitoring and control of major 
energy-consuming appliances and distributed energy 
resources (DER) such as renewable energy and energy storage 
system (ESS) [1]. Thus, electricity customers expect to save 
their energy costs based on the EMS’s specified and optimized 
controls.  

EMS connected to ESS at customer facilities is required of 
a sophisticated control to maximize the customer’s profit. For 
this control, EMS collects load information in real time from 
communication with connected metering devices, and needs 
to predict upcoming future load profiles. These predicted load 
profiles are utilized to scheduling of charging and discharging 
ESS in accordance with operational strategy of ESS [2]. 

However, public electric infrastructures provide limited 
resolutions of demand-side load data due to limited storage 
capacities and data handling performance of the metering 
devices. In South Korea, commercial and industrial customers 
enable to access their historical load data with 15-min or 
longer intervals from Korea Electric Power Corporation 
(KEPCO), the nation’s largest electric utility. The KEPCO’s 
Time-of-Use (TOU) tariff applying to the commercial and 
industrial customers imposes customer’s peak demand and 
energy usage charges based on 15-min demand intervals [3]. 
Under this limited data circumstance, the customer-side EMS 
has difficulties to provide its sophisticated ESS control within 
15 minutes in South Korea. 

 Thus, this study proposes estimation models to generate 
synthetic 1-min data (high-resolution) from 15-min load 
profiles for effective control of demand-side ESS. Markov 
Transition Matrix (MTM) and Artificial Neuron Network 

(ANN) algorithms are applied to develop the estimation 
models. Total 32,240 samples of actual 1-min load profiles 
measured from an industrial customer are used for model 
developments and their verification. The result shows higher 
statistical similarities of the synthetic 1-min data generated by 
the proposed two estimation models. In addition, the ANN-
based model shows the relatively higher performance 
compared to the MTM-based model. 
 

II. METHODOLOGY 

A. MTM model 
This study proposes a stochastic model using MTM to 

estimate minutely variation within 15-min. MTM indicates 
transition probability (𝑝𝑝𝑖𝑖𝑖𝑖) from the current state to the next 
state as lines if there is a change in state corresponding to time 
[4]. Fig 1 shows a general 𝑛𝑛 ×  𝑛𝑛 MTM, and the sum of each 
row is 1, whereas 𝑝𝑝𝑖𝑖𝑖𝑖 is a value between 0 and 1. 

 

Fig.  1. Markov transition matrix. 
 

The variability of 1-min data, 𝑉𝑉(𝑡𝑡), can be obtained as 
follows: 

 𝑉𝑉(𝑡𝑡) =
𝐿𝐿1m(𝑡𝑡) − 𝐿𝐿15m(𝑡𝑡)

𝐿𝐿15m,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
, (1) 

where 𝐿𝐿1m(𝑡𝑡) is 1-min load data, 𝐿𝐿15m(𝑡𝑡) is the average value 
of 𝐿𝐿1m(𝑡𝑡) in 15-min intervals, and 𝐿𝐿15m,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the peak of the 
customer load. The state of MTM (𝑆𝑆𝑝𝑝 ) is determined as 
follows: 

 𝑆𝑆𝑝𝑝 = 𝑉𝑉𝑚𝑚𝑖𝑖𝑚𝑚 + 𝑔𝑔(𝑘𝑘 − 1), 𝑘𝑘 = 1,2, … ,𝑚𝑚 + 1, (2) 

where 𝑉𝑉𝑚𝑚𝑖𝑖𝑚𝑚 is the minimum value of 𝑉𝑉(𝑡𝑡), and 𝑚𝑚 is the total 
number of gaps between states. 𝑔𝑔 is the gap between states, 
which is calculated as follows: 

 𝑔𝑔 =
𝑉𝑉𝑚𝑚𝑝𝑝𝑚𝑚 − 𝑉𝑉𝑚𝑚𝑖𝑖𝑚𝑚

𝑚𝑚
, (3) 



where 𝑉𝑉𝑚𝑚𝑝𝑝𝑚𝑚  is the maximum value of 𝑉𝑉(𝑡𝑡). Once MTM is 
generated, the synthetic data is estimated from the following 
steps. Firstly, accumulation addition is made to each row in 
MTM and then cumulative probability transition lines are 
created. Secondly, the initial current state of cumulative 
probability transition lines is randomly defined. Thirdly, the 
probability from the current state to the next state is generated 
as a random value between 0 and 1, and if the value is less 
than or equal to the value at the row of the cumulative 
probability transition lines, the following state is determined. 
Furthermore, this process repeats until generation of 𝑉𝑉𝑔𝑔(𝑡𝑡). 
Finally, 1-min load data (𝐿𝐿1,𝑔𝑔(𝑡𝑡)) is calculated with 𝐿𝐿15m,𝑔𝑔(𝑡𝑡), 
15-min data to be generated, as follows: 

 𝐿𝐿1𝑚𝑚,𝑔𝑔(𝑡𝑡) = 𝑉𝑉𝑔𝑔(𝑡𝑡) × 𝐿𝐿15𝑚𝑚,𝑔𝑔,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝐿𝐿15𝑚𝑚,𝑔𝑔(𝑡𝑡). (4) 

B. ANN model 
 This study also utilizes a feed-forward ANN model to 
predict minutely variability within 15-min. The feed-forward 
refers to a condition where the flow is unidirectional, and no 
feedback between neurons exists [5]. Fig 2 shows the structure 
of a general ANN model. The structure is composed of input, 
hidden, and output layers, and each layer is made up of 
neurons. Weight connections exist between layers, and the 
input layer comprises input variables. Each neuron of the 
hidden layer is deformed by the sum of the input variables 
weighted by 𝑊𝑊(1). For the activation function of the hidden 
layer, a hyperbolic tangent sigmoid function is used [5]. The 
output variables of the output layer are the sum of hidden 
nodes weighted by 𝑊𝑊(2). Information on the input and output 
variables are summarized in Table I. 

 The proposed ANN-based model generates 1-min 
variability data, 𝑌𝑌𝑝𝑝, from the following equation: 

𝑌𝑌𝑝𝑝(𝑡𝑡) = 𝜃𝜃0𝑝𝑝
(2) + � �𝜃𝜃𝑚𝑚𝑝𝑝

(2) ∙ �
2

1 + 𝑒𝑒−2(𝜃𝜃0𝑚𝑚
(1)+∑ 𝜃𝜃𝑛𝑛𝑚𝑚

(1) 𝑋𝑋𝑛𝑛(𝑡𝑡))𝑁𝑁
𝑛𝑛=1

� − 1)�
𝑀𝑀

𝑚𝑚=1

, 

  (5) 

where 𝑘𝑘 refers to intervals within the 15-min demand period 
(𝑘𝑘 = 1,2, … , 15), 𝑀𝑀 is the number of hidden neurons, 𝑁𝑁 is the 
number of input variables, and 𝜃𝜃(1)  and 𝜃𝜃(2)  are the ANN 
model parameters of each layer. The learning algorithm of 
ANN minimizes mean squared error (MSE) of the actual and 
generated data by adjusting parameters: 𝜃𝜃(1)  and 𝜃𝜃(2) . 
MSE(𝐸𝐸) is calculated as follows: 

 𝐸𝐸 =  
1
𝑙𝑙
�(𝑌𝑌𝑝𝑝,𝑝𝑝𝑎𝑎𝑡𝑡𝑎𝑎𝑝𝑝𝑎𝑎(𝑡𝑡) − 𝑌𝑌𝑝𝑝,𝑔𝑔𝑝𝑝𝑚𝑚𝑝𝑝𝑔𝑔𝑝𝑝𝑡𝑡𝑝𝑝𝑔𝑔(𝑡𝑡))2,
𝑎𝑎

𝑡𝑡=1

 (6) 

where 𝑙𝑙  is the length of learning data. The resilient 
propagation is used to minimize 𝐸𝐸 in the learning algorithm 
[6]. After the variability data (𝑉𝑉𝑔𝑔) is generated by applying the 
following input variables to the learned ANN model, 1-min 
data (𝐿𝐿1m,𝑔𝑔(𝑡𝑡) ) is achieved by equation (4), same as the 
proposed MTM model. 

 
Fig.  2. Structure of artificial neuron network (ANN). 

TABLE I.  TRAINING DATA CONFIGURATION 

Variables Information 

Inputs 
(𝑋𝑋) 

𝐿𝐿15𝑚𝑚(𝑡𝑡) 15-min load data measured at customers 

𝑇𝑇(𝑡𝑡) 

Variables based on off-peak , mid-peak, and 
on-peak load time of time-of-use electricity 
tariff, e.g., Off-peak = 1, Mid-peak = 2, On-
peak = 3 

𝐷𝐷(𝑡𝑡) Day variables, e.g., Mon. = [1,0,0,0,0,0,0], 
Tue. = [0,1,0,0,0,0,0], … 

𝐼𝐼(𝑡𝑡) 

Variables that divide sections based on the 
maximum and minimum values of 𝑃𝑃(𝑡𝑡), e.g., if 
the maximum value of data is 100 kW and the 
minimum value is 0 kW, 0–25 kW = 1, 25–50 
kW = 2, 50–75 kW = 3, 75–100 kW = 4 

Outputs 
(𝑌𝑌) 𝑉𝑉(𝑡𝑡) 1-min variability data within demand period 

 

III. SIMULATION 
This study utilizes the Kolmogorov–Smirnov (K–S) test as 

to verify the estimated minutely load profile [7]. Kolmogorov-
Smirov test Integral (KSI) is estimated based on the sum of 
differences in cumulative distribution function (CDF) of the 
two data and calculated as follows: 

 𝐾𝐾𝑆𝑆𝐼𝐼(%) = 100
∫ 𝐷𝐷𝑚𝑚
𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚
𝑣𝑣𝑚𝑚𝑚𝑚𝑛𝑛

𝑑𝑑𝑑𝑑

𝑎𝑎𝑎𝑎
, (7) 

where 𝑑𝑑𝑚𝑚𝑝𝑝𝑚𝑚  and 𝑑𝑑𝑚𝑚𝑖𝑖𝑚𝑚  are the maximum and minimum values 
of data, respectively. 𝐷𝐷𝑚𝑚 is the difference between CDF of the 
actual and generated data. 𝑎𝑎𝑎𝑎 indicates critical area, which is 
calculated as follows: 

 𝑎𝑎𝑎𝑎 = 𝑇𝑇𝑎𝑎 × (𝑑𝑑𝑚𝑚𝑝𝑝𝑚𝑚 − 𝑑𝑑𝑚𝑚𝑖𝑖𝑚𝑚), (8) 

where, 𝑇𝑇𝑎𝑎 is a threshold at 99% of critical value [8]. OVER 
determines the statistical similarity of two data based on the 
sum of areas where difference in CDF of the two data exceeds 
the boundary, which is calculated as follows: 

 𝑂𝑂𝑉𝑉𝐸𝐸𝑂𝑂(%) = 100
∫ 𝑎𝑎𝑎𝑎𝑎𝑎𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚
𝑣𝑣𝑚𝑚𝑚𝑚𝑛𝑛

𝑑𝑑𝑑𝑑

𝑎𝑎𝑎𝑎
, (9) 

 



 

 
Fig.  3. Daily examples of synthetic 1-min load. 

 
(a) MTM 

 
(b) ANN 

Fig.  4. K-S test results of the proposed models. 

where 𝑎𝑎𝑎𝑎𝑎𝑎 is a value that exceeds threshold and calculated as 
follows: 

 𝑎𝑎𝑎𝑎𝑎𝑎 = � 𝐷𝐷𝑚𝑚−𝑇𝑇𝑎𝑎 , 𝑖𝑖𝑖𝑖𝐷𝐷𝑚𝑚 > 𝑇𝑇𝑎𝑎
  0     , 𝑖𝑖𝑖𝑖𝐷𝐷𝑚𝑚 ≤ 𝑇𝑇𝑎𝑎

. (10) 

 In this study, 1-min load data acquired from an actual 
industrial customer for three weeks (32,240 samples) is used. 
The load data acquired during two weeks (20,160 samples) are 
utilized to develop the proposed models. The load data 
acquired during the following one week (10,080 samples) are 
used for the blind test of the proposed models.  

Fig 3 shows daily examples of the 1-min load predicted by 
the proposed MTM and ANN models compared to the actual 
measured load. Fig 4 shows K–S test results based on 99% 
reliability of variability predicted by the proposed MTM and 
ANN models for the blind test. KSI of MTM and ANN are 
calculated as 7.2392% and 7.1127%, respectively. Both 
models show 0% of OVER since 𝐷𝐷𝑚𝑚  does not exceed the 
threshold in Fig 4. These results indicate that the synthetic 1-
min data generated by the proposed MTM and ANN models 
shows statistically significant similarity compared with the 
actual data. 

IV. CONCLUSTION 
This study estimates synthetic variability of 1-min data 

within 15-min intervals of customer load profiles. The MTM 
and ANN approaches are utilized to develop the estimation 
models. This study also developed and verified the estimation 
models based on actual 1-min load data acquired from the 
industrial customer. The result indicates that both proposed 
models show higher statistical similarities of the synthetic 1-
min data compared to the actual load profile. In addition, the 
ANN-based model shows the relatively higher performance 
compared to the MTM-based model. 

In future studies, the proposed methodologies will be 
advanced with extended load data accumulated from extended 
periods and diversified customers showing different daily 
patterns. In addition, these methodologies will contribute to 
approaches of estimating output fluctuations of renewable 
energy sources (solar and wind) for renewable integration of 
ESS.  
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Abstract—Architecture, Engineering & Construction 
industry is one of the most expensive industry, leads to high 
expectations for the product i.e. in this case the built 
environment. Considering the fact that the life cycle of 
residential buildings should serve up to three human 
generations, it is built/designed such that options for 
future/next generation owners, to modify the design, without 
creating debris are negligible/minimal. This study presents 
3D-array based development of a platform module for 
underfloor building services systems, analyzed on 
anthropometric parameters and final form evolved out of 
this is a solution to the building services like plumbing, 
electrical, electronic circuits and sensors installation for 
Smart Homes. The proposed configuration follows Chassis 
and in-fill system which accommodates the pipelines and 
sensor technology, having the potential to reduce resource 
wastage such as time, money and material, whenever 
building will be modified due to functional program change 
or redundancy of service infrastructure. 

Keywords—Built Environment, Prototypes, Architectural 

Design, Smart Homes, Open Building Systems 

 

I. INTRODUCTION  

A. Smart Cities Mission: Govt. of India 

Cities are defined under three broad characteristics: 
sustainability, liveability and economic-ability. Smart cities 
should be liveable, sustainable and have a thriving economy 
providing various opportunities to their citizens [1].  

According to the census of 2011 sixty-three percent of 
India’s GDP is contributed by urban centres and by the year 
2030 cities would contribute to seventy-five percent of the 
GDP [2]. Hence focus on smart cities is of major importance 
in the upcoming times. Smart Cities Mission was launched by 
the Government of India in the year 2015. The crux of this 
initiative was to promote inclusive and sustainable cities to 
ensure a quality of life for the citizens. The goals under this 
policy were aimed to be achieved through smart solutions [3]. 
For the Indian context, Ministry of Housing and Urban Affairs 
Govt. of India has defined six principles for Smart cities: 
communities at the core of planning and implementation; 
generation of more outcomes while consuming lesser 
resources; selection of cities through competition and 
flexibility in implementation of projects; innovative 
sustainable and integrated solutions; careful use of technology 
taking the context and sectorial and financial convergence into 
consideration [4]. 

B. Smart Homes and sensor technology 

Occupants consume resources like energy and water, 
generate waste and require a healthy and safe environment for 
sustainable living. Thus, for a successful Smart City 
concentration on homes is a primary requirement. A single 
building unit is an integral part of the city. Hence Smart 
Homes are considered as the fundamental blocks of Smart 
Cities. Smart Homes should have the characteristics to be 
planned, built and modified so that they support Smart City 
features according to the everchanging infrastructure [5]. 
Layered models that provide interfaces are the upcoming 
visions that enable energy savings in smart homes [6]. Sensors 
and communication technologies help in the implementation 
of intelligent and interactive systems to create futuristic and 
sustainable home environments [7]. Having control over each 
component in the system is what leads to energy saving. 

Smart homes have an application of widespread 
computing which monitors the home environment using 
ambient intelligence to provide context-aware services and 
facilitate remote home control. An important prerequisite to 
employ intelligence in smart homes is activity identification 
and context awareness. Smart Homes come under the 
interdisciplinary domain. Engineering branches like sensor 
technology, information technology and communication are 
the branches of engineering which govern smart homes 
besides architecture [8]. The sensor technology used in Smart 
Homes is an important aspect for activity identification. 
Sensors implanted in homes aid in monitoring and assisting 
the elderly and specially-abled [9]. Sensors are used to capture 
the activity patterns of the users and enable energy saving. 
They can control the appliances and facilities present in 
separate areas according to occupancy and task being 
performed [10].    

C. Open Buildings 

By the year 2022, the Indian construction market is 

expected to be the third-largest in the world. Initiatives by the 

government like ‘Housing for All’ and ‘Smart City Mission’ 

have led to the growth of the construction sector. Huge 

investments have been made in the construction and 

infrastructure sector [11]. Construction industry is one of the 

expensive industries in the market and its byproduct i.e. 

buildings, should serve for at least three upcoming 

generations. Yet, the opportunity for alterations in the base 

building is not possible in most cases. Once the structure has 

been built if the user intends to alter the spaces in the future, 

they have to either make do with the current configuration of 

spaces or go for retrofitting which leads to the creation of a 



lot of waste and debris. Most of the conventional projects 

have unbundled decision making for the building services 

which is advocated by just one person. Considering the issue 

of rigidity in conventional construction N. John Habraken 

came out with a conceptual solution in the year 1961. He 

published his volume called ‘Supports: An Alternative to 

Mass Housing in 1972. He came up with the concept of ‘Open 

Buildings’ where he wanted the users to have control over the 

prospective changes that they may do to the base building in 

the future. The idea was to divide the building construction 

process into levels where each part of the building is 

changeable according to the user’s needs. He defined the 

built-up structure as the building skeleton or the base 

building, which included all the structural elements of the 

buildings and broadly termed them as the Chassis. Then he 

defined all other essential parts to complete the building, 

broadly as 'Infill', which included walls and partitions – 

which were the changeable elements [12]. This theory was a 

useful proposition in the 1970s. 

With the changing times, the expectations from the 

buildings upgraded significantly. The requirements and 

energy efficiency and high-performance buildings came into 

the scenario. Intelligent buildings and Smart Homes became 

a preferred concept as they led to energy-saving and 

increased comfort for the users. While intelligent buildings 

have better adaptability, compatibility and performance, the 

Open Building concept had its limitations. Three decades 

later, in 2006 Dr Kent Larson came out with the solution for 

the higher building performance, through the rapid 

prototyping of the smart home 'The Place Lab' where the aim 

was to create an Intelligent built-up environment. The main 

focus in this project was on infill systems for the installation 

of smart buildings services which included sensors, actuators 

and Data Acquisition System [13].  

The expectations from buildings are ever-changing with 

advancement in building systems happening on a daily basis. 

This paper presents a combined solution for providing the 

scope of redesigning the space without wasting many 

resources and considering the installation and up-gradation of 

different advanced building services to simultaneously 

achieve a better building performance while accommodating 

the changes. From the above discussion, it can easily be 

understood that a desirable solution will be an advanced form 

of chassis-infill system, which can take care of all the aspects, 

which have been left unresolved in the previous discussion. 

Considering the complexities involved with the several types 

of installations of the buildings, a system in which all 

services-based complexities can be handled through the Infill 

system is proposed. This infill system has been divided into 

three parts, which are Platform Modules, Partitions of 

Vertical Modules and ceiling modules. In this paper, details 

and development of the platform module required as part of 

the Infill System will be discussed. 

II. METHODOLOGY 

An assumption was made that all of the space occupied 

by platform modules in built-up spaces should be a multiple 

of a certain specific dimension, which will be the dimension 

of these platform modules.  

To resolve the complexities involved, a three-dimensional 

grid was considered as the starting point. Keeping the 

installation of the building services and their maintenance 

under consideration, simplification of the three-dimensional 

grid was done by merging the different (special) units of the 

grid to create bigger voids for proper installations of the 

platform modules. The simplification of this Three-

Dimensional grid was based on anthropometry. 

It is known that for most building services in residential 

buildings, the maximum diameter for the service pipe 

remains under 150 mm, including soil waste pipe [14]. 

Therefore, the dimension of the smallest unit (cube) of the 

grid, in any of the two-dimensional plane will remain fixed 

as 150 mm * 150 mm * 150 mm. An eight-by-eight modules 

grid was considered which resulted in a total of 64 units.  

Overall idea was to develop the design in such a way that 

workability for the installation and maintenance should 

always remain on the higher side. Consideration of ease in 

installation has also been taken care of such that the required 

building services can easily run along the wall or vertical 

members of the Infill system. 

III. RESULTS AND DISCUSSION 

A three-dimensional space was considered with a cubical 

void of 150 mm as its edge. The dimensions of one platform 

module taken into consideration were 1.2 m * 1.2 m * 0.6 m. 

The 1.2 m dimension is the outcome of taking an eight-by-

eight modules grid and 0.6 m is the total height of the module 

because four layers of the eight-by-eight grids have been 

considered vertically. 

Hence, a limitation related to the installation of the 

platform module is that the carpet area of the space where the 

module is to be installed should be a multiple of 1.2 meters.  

For the configuration of the platform module, the types of 

Building Services required in a residential building were 

decided in the first step. After identification, they were 

categorized under four clusters, under which most of the 

residential building services can be classified.  

The four typologies have been classified as follows (Fig. 

1 and Fig. 2) - 

Type A- This cluster refers to those services which are 

normally used for the data transfer or carrying electrical or 

electronic signals, such as telephone cables, wiring for the 

sensors in the case of Intelligent Buildings and Smart Homes, 

electrical cables, sensors and actuators, etc. This cluster is 

subdivided into three parts (refer to Fig. 3) – a central cavity 

in the cluster which can accommodate the sensors, the outer 

units of the upper layer which houses low voltage cables for 

the sensor network and the remaining units of the lower layer 

which accommodates high voltage cables (110-220 V). 

Type B- This cluster refers to those building services 

where high caution for no contamination has to be 

considered, and therefore all of the residential building 

services, which have a similar classification, should be 

clustered together and taken care of simultaneously. For 

example- hot and cold water supply, etc. 

Type C- This cluster refers to those building services, 

which usually deal with the flow of materials in the gaseous 

state. For example, liquefied petroleum gas (LPG), air 

conditioning ducts, oxygen gas ducts (if required), etc. 

Type D- This cluster refers to those residential building 

services, which deal with waste outflow system. Usually, 

there are two types of services under this cluster, which are 

soil waste pipe and wastewater pipes. 



 

 

 

 

 Fig. 1. Schematic Presentation of Platform Module 

 

Fig. 2. Schematic Presentation of Platform Module  

 

Fig. 3. Schematic Presentation of Layer/ Type A in Platform Module 

 

Fig. 5. Schematic Presentation Layer/ Type B, C & D in Platform Module 

Fig. 4. Schematic Presentation Layer/ Type B, C & D in Platform Module 



Once the building services have been classified, 

allocation of four different levels was done for the platform 

modules for the Open Buildings and the Intelligent Buildings. 

Moreover, because of the maximum dimension required for 

these types of services in residential buildings, 150 mm was 

taken as the thickness of the layers. The level at which the 

cluster should be placed was decided according to its 

properties. Hence, the Type D cluster which includes 

Wastewater pipes and Soil waste pipes must remain at the 

lowest level i.e., on the slab to prevent contamination of 

hygiene required by other services like Drinking water pipes, 

Oxygen gas ducts, etc. if any leakage happens at some future 

stage. At the second-lowest level Type B cluster which 

includes Hot and Cold Water Systems, Drinking Water 

System, etc. was placed to ensure if any leakage were to 

happen be in those services, then its outflow would only reach 

the cluster located below it i.e. Type D whose function would 

not be affected by the leakage. On the contrary, if Type C 

cluster (which includes Liquefied Petroleum Gas Supply 

systems, Air Conditioning ducts, Oxygen Supply Ducts, etc.) 

was located below Type B or Type D cluster then there would 

have been a higher risk of Type C cluster getting 

contaminated. Hence, Type C has been located in the layer 

which is second from the top. Keeping the complexity and 

intricacy of data cables and sensor networking in mind, the 

Type A cluster has been placed at the topmost level. 

After the level identification for the type of building 

services, the next task at hand was to decide on how to make 

the three-dimensional grids out of cubes of size 150 mm each 

in 4 layers of wireframe. Top to bottom approach was 

followed because the top surface must be flat to aid the user 

movement. To detect the mobility and activities of the users 

a cavity in the top layer, which has been named the E- layer 

was made where sensors and actuators can be placed. This 

cavity was a result of removing 16 cubes from the center of 

the Type A cluster which comprised a total of 64 cubes (refer 

to Fig. 3). To accommodate sensors, actuators, etc. the cavity 

i.e., the E-layer should have a hard supporting surface at the 

bottom. The E-layer was conceptualized in such a way that it 

can be detached from the remaining part of the platform 

module. This aids in easier access and maintenance of the 

various levels of the module. Type C and Type B clusters 

have common requirements of pipe dimensions hence their 

layers have similar characteristics. Openings in the module 

were planned in such a way that the pipes running in one layer 

can enter the vertical components of the Infill System i.e., 

walls or partitions without hampering the other components 

of the platform module. Pipes were organized in a way that 

they come out from the outer two rows of the cubes, from any 

side for the clusters Type B, C and D. The placement of this 

joint was staggered for three layers differently to function 

independent from each other (refer to Fig. 4 and 5). For 

maintenance and access purpose a gap of 300 mm was 

provided between two consecutive modules for the Type B 

and C clusters. Hence the pipes in these two clusters were 

arranged to run through the second outermost concentric 

square of the module in their respective layers (refer to Fig. 

6). To maintain stability, the wireframe structure at the center 

for both the axes has been left intact. The lowest layer which 

houses the Type D cluster can directly be supported by the 

slab at the bottom on which the whole platform module is 

placed. Therefore, for this layer, the wireframe has been 

removed for both the outermost and second outermost 

concentric squares in the grid. This gap can help to 

accommodate wider pipes in this layer if required in the 

future. 

IV. CONCLUSION 

One of the key concepts of ‘Open Buildings’ is the 

flexibility that the user has at different levels. The platform 

module suggested in this paper prevents the bundling of 

services and hence leads to easier management. If one 

building service has to be altered, the other layers do not get 

affected. The flexibility to change as per the requirement of 

various generations has reinstated the importance of the 

proposed concept. A prototype of the module in 1:4 scale has 

been prepared for better visualization of the platform module. 

The proposed solution for the platform module will be able 

to host different generations of sensors across the life cycle 

of buildings. Moreover, the flexible design of the platform 

 
Fig. 6. Schematic Presentation of Spacing Details between Array of Platform modules 



module will help in reducing the embodied energy of the 

retrofitting process significantly. However, to accommodate 

the proposed design of the platform module in architectural 

design some minor spatial adjustments may be required like 

a 3.5m*5m room will be converted to a 3.6m*4.8m room. But 

in return, this will bring flexibility in the design of the space 

for the next generation of users.   
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Fig. 7. Assembled Prototype for Layered Platform Module  

Fig. 8. Segregated View of Different Layers in the Prototype 

of Platform Module 

Fig. 9. Assembled Prototype for Layered Platform Module 

Fig. 10. Segregated View of Combined B, C & D 

Layers in the Prototype of Platform Module 
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Abstract—Electricity is one of the most essential 

requirements of our daily lives. It has become a part of the basic 

human needs. In a developing country like India, electricity 

supply and demand is quite a challenge. With a population of 

over 1.38 billion, electricity can get expensive and difficult to 

supply evenly throughout the country. The study in this paper 

is a part of a future vision as to how to decrease and re-structure 

the demand with costing mechanism, keeping in consideration 

various end uses in residential household within the urban and 

rural context of the country. This paper suggests time-of-use-

pricing model for electricity demand in India to help India meet 

its basic need of residential electricity in affordable and 

systematic pricing through price elasticity modeling. 

Keywords—price elasticity, demand and supply, electricity, 

cost-efficiency, time-of-use 

I. INTRODUCTION 

Insufficient capacity can occur through generation or 
network or the ability to serve load in kW at any given instant 
in time, leads to inadequacy of electricity. Life without 
electricity seems unimaginable as electricity is used for every 
major and minor events in life from cooking appliances to 
lights in dark to see. It can also arise due to inadequate energy 
(kWh) to serve customers’ requirement over a while. In other 
words, adequacy refers to the certainty, of the availability of 
power within the country [1]. India is the second largest 
country in the world based on the population of over 1.38 
billion. India is divided into 28 states and 8 union territories 
each with different electricity distribution demands based on 
geography and the economic situation of the states. According 
to the Central Electricity Authority of India, a peak demand of 
188.154 GW was met, 6705 MVA of transformation capacity 
was added and 104.115 BU of energy was supplied as of 
February 2021 [2]. 

The continuous rise in demand for electricity across the 
country is increasing the energy crisis within the country to 
fulfil its demands. Every extra unit of electricity demand 
requires an equal amount of supply from the country but 
regrettably, the supply is limited. There needs to be a check 
for the demand of electricity and this paper states a method to 
do so by using the price elasticity of electricity demand. Using 
this model enables a surge in the price of the unit electricity 
hence reducing the demand, helping to manage the use of 
electricity within the residential sector. 

II. LITERATURE REVIEW 

A. Price elasticity of demand 

One of the famous laws in economics is the “law of 
demand” which is, the quantity demand will see a downfall if 

there is a hike in price of the good. The elasticity of demand 
is a measure of consumers’ sensitivity to price i.e., change in 
demand of a good is proportionate to change in price of the 
good [3]. 

Price elasticity of demand= 
% 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑑𝑒𝑚𝑎𝑛𝑑𝑒𝑑

%𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑝𝑟𝑖𝑐𝑒
 

The resultant data can be either inelastic and elastic. A 
“good” is said to be inelastic if consumers continue purchasing 
the “good” even after an increase in the “good” cost. For 
example, medicines will be continued to be bought even after 
a hike in the cost of the medicines, due to their inevitable need. 
A “good” can be elastic if consumers restrict from buying the 
“good” as result to increase in the cost of the “good”[4]. 
Several factors affect the elasticity of pricing such as 
substitutes, transaction costs, income percentage, time, luxury 
and necessity, breadth of definition to name a few [3]. 

B. Price elasticity of electricity demand  

In the past years, several studies of price elasticity 
especially in the power industry have been discussed and 
published. One such study was conducted in the Southern part 
of Australia, where the work attempts to signify any sort of 
relationship, for example, to understand the influence of 
variation in price sensitivity with the time of day. Hence, Shu 
Fan and Hyndman tried to estimate the yearly price elasticity 
for flat rate schedules in South Australia. The state-wide 
electricity demands are majorly propelled by the economy, 
demography and weather.  It was seen that price elasticity was 
dependent on variables such as annual median demand, 
different times of the day, different times of the day in a 
particular season across the year and different levels of 
elasticities in different seasons overall [5]. 

Research on the residential electricity demand in China 
was published in 2012 which states that the household 
electricity demand is a factor linked to variables such as 
household income, local electricity price and various socio-
economic variables at the household level. The paper 
demonstrates that the high-income group is more elastic than 
the low-income group, on the other hand, rural households are 
more elastic than urban households. Based on these results 
various policy implications have been proposed to increase the 
block tariff. The high price elasticity of the residential sector 
demand suggests a way to conserve electricity by using price 
as an instrument [6]. 

 A study presented in 1999 by Ranjan Kumar Bose and 
Megha Shukla about the ‘ Elasticities of electricity demand in 
India’ explains the econometric relationship between 
electricity consumption and variables like price of electricity 
and diesel, income and reliability of power supply from 
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utilities in five major consumer categories of India by using a 
double logarithmic linear econometric model. The results 
highlight that commercial and large industrial sector are 
income elastic whereas, residential, agricultural, and small 
and medium industries are income inelastic. The study also 
compares the sensitivity of sectoral electricity consumption 
towards power failures from grids. It states that a power 
shortage elasticity of -0.21 in the residential sector indicates 
that 1% increase in power shortages from utilities will 
decrease electricity consumption by 0.21%. In the agricultural 
and industrial sector the affect is insignificant compared to 
commercial sector which shows an elasticity of -0.30 [10]. 

Considering current trends in population growth, urbanisation 
and income growth, it is evident that the electricity 
consumption will substantially increase in the coming decade. 
A study conducted by Fillipini Massimo and Shonali Pachauri 
in the year 2002-2003, explains the price and income 
elasticities of electricity demand in residential sector of all 
urban areas of India. Over 30,000 households were taken for 
the study and estimated using disaggregate level survey data. 
Winter, monsoon and summer were the three seasons 
considered in the study to estimate three electricity demand 
functions using monthly data. The paper confirms that 
relatively high income elasticities of demand for electricity 
will create a rise in the electricity consumption of households 
[7]. 

In India, the residential sector consumes around 24% of 
electricity as of 2020 [9]. Regulating the electricity usage and 
demand in this sector will result in significant conservation of 
energy and also will balance out the demand and supply of 
electricity within the country.  

III. METHODOLOGY 

According to the All India Electricity statistics, general review 
2020, 24% of the electricity consumption is meant for the 
residential sector buildings [9]. Amongst the 24% usage, the 
consumption is split into various end uses such as TV, Air 
conditioning, Refrigeration, evaporative cooling, lighting, 
fans and others as shown in Figure 1 . The end uses are a 
matter of hourly usage within a day. For hourly load profile, 
National Energy Modelling System has been referred. The 
National Energy Modelling System (NEMS) is a computer 
based, energy-economy modelling system for the United 
States. NEMS deals with “production, imports, conversions, 
consumptions, and prices of energy, subject to assumptions on 
macro-economic and financial factors, world energy markets, 
resource availability and costs, behavioural and technological 
choice criteria, cost and performance characteristics of energy 
technologies, and demographics. This modelling system was 
designed and implemented by the U.S. Energy Information 
Administration (EIA) of the U.S. Department of Energy 
(DOE). The purpose of NEMS is to project the impact of 
varying energy policies and different assumptions about 
energy market has on the U.S. energy system. The model can 
also be used to inspect new energy programs and policies [11]. 

 Therefore, each of the end uses have been separately 
analysed. The electricity demand of the end uses has been 
recorded on yearly basis by dividing the year into 12 months 
for a certain ratio which is relevant for the particular end-use 
of electricity. Furthermore, every month is divided into 3 
patterns, namely, weekday pattern, weekend pattern and peak 
day pattern. The Peak day pattern is considered as 100% 
electricity being consumed and weekdays and weekends have 

been quantified according to the peak days. Each pattern is 
further split into 24 hours of operation which is unique for 
each combination of the end uses, month and type of the day 
as shown in Figure 2.  

FIGURE 1 END USE ELECTRICITY CONSUMPTION PERCENTAGES 

 

FIGURE 2. METHODOLOGY FLOWCHART FOR ith END USE 

 

FIGURE 3. APPLICATION OF PRICE ELASTICITY MODEL 

The inputs for the price elasticity model such as the 
capacity utilization factor was taken as 0.8 and 0.7. The price 
elasticity of demand for electricity in India was available for 
three seasons i.e., winter(-0.42), summer(-0.29), and 
monsoon(-0.51) [7]. Hence for the study, an average for all of 
the seasonal price elasticity was considered, that is, -0.407 
because India is split into different climatic zones as per 
ECBC 2017, India [12]. The duration surpassing the supply 
capacity of the country’s installed capacity with load factor 
was the only part subjected to the price elasticity to control the 
demand. A new hourly demand curve was plotted. 
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The electricity supply of the country predicted for 2021 is 
calculated using a linear regression model. To obtain the 
result, data from 2008 to 2020 was collected and tabulated to 
estimate the supply capacity of India during 2021. Graph 1 
shows the estimated results of electricity supply in 2021. The 
estimated result is then used in the study to understand when 
and how much the demand will surpass the supply for which 
the price elasticity model is applied.  

GRAPH 1. DEMAND AND SUPPLY ESTIMATE FOR 2021 

The basic essential electricity requirement for the urban 
and rural residential sector of India was calculated. The inputs 
involved, minimum electricity requirement for each 
household was calculated for both rural and urban areas. 
India’s overall population was divided into rural and urban 
household which was then divided by the average household 
size across the country which was 4.8 to figure out the number 
of households [8]. The number of households was classified 
amongst the rural and urban population to be multiplied with 
the respective electricity requirement of that household as per 
Table 1 and thus the minimum essential electricity   
requirement of households in rural and urban sectors was 
calculated. 

TABLE 1. BASIC ELECTRICITY REQUIREMENT PER HOUSEHOLD 

 

The data set is then collected in a chronological order i.e., 
1st hour represents 12:00 to 1:00 on January 1st , till 8760th 
hour 11:00 to 12:00 on December 31st. This hourly demand 
across various end-uses are summed up to obtain the national 
hourly curve of electricity for the residential sector of India 
across a whole year. Figure 3 explains the process by which 
the excess electricity demand is identified. The hourly load 
from every end use is added up for every hour in 24 hours for 
each day pattern i.e., weekday pattern, weekend pattern and 
peak day pattern. The added electricity demand is then 
subtracted from the basic electricity demand required for a 
household. To obtain the basic electricity required per 
household, the total population of India i.e., 1.38 billion is 
divided into urban and rural sectors. An all India household 
average of 4.8 is considered which is divided by the 
population to obtain the total number of households within the 
country. The number of households split into urban and rural 
is then multiplied by their respective requirement of electricity 
consumption as shown in Table 1 to figure out the total 
consumption. This total consumption is then divided by 8760 

hours to gain the hourly basic electricity requirement for a 
year. This basic requirement is subtracted from the added end-
use usages to identify the excessive consumption at a given 
hour. The price elasticity model is then applied to only those 
hours that show excess demand.  

IV. RESULTS AND DISCCUSION 

 The total electricity consumption in the residential sector 
is split into its end uses i.e., fan use, light use, Air 
Conditioning use, Evaporative Cooling use ,and TV use. The 
electricity consumption was split into these end uses by 
applying the National Energy Modelling System (NEMS). 
These end uses are then analysed for a year according to their 
uses in different months and summed up in the end for the 
overall understanding of the extra demand over the year. 
Graph 2 shows the division of electricity consumption in 
percentage of eight end uses across 12 months for a year. 
Graph 3 presents the splitting of a month into weekdays and 
weekends and the percentage consumption for the respective 
day pattern for that particular month across the year. To 
estimate the electricity consumption of that month the 
percentage consumption of weekday and weekend is 
multiplied by the number of weekdays and weekends per 
month to obtain the absolute result. The day pattern analysis 
is further split into an hourly load basis as shown in Graph 4A 
and 4B. This hourly load profile helps identify the percentage 
consumption of the end use usage in a particular hour. This 
data highlights all the hours of the day, for that particular 
month throughout the year, the excess electricity consumed 
which is used in the study to be subjected to the price elasticity 
of electricity demand.  

 

GRAPH 2. END USES PERCENTAGE CONSUMPTION FROM JAN-DEC 

GRAPH 3. INDIVIDUAL END-USE WEEKDAY AND WEEKEND 
PERCENTAGE CONSUMTPION FROM JAN-DEC 

GRAPH 4A. HOURLY PERCENTAGE CONSUMPTION FOR EVERY END-
USE FROM JAN-JUNE 
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GRAPH 4B. HOURLY PERCENTAGE CONSUMPTION FOR EVERY END-
USE FROM JULY- DEC 

Graph 5 to Graph 12 show the end-use usages across the year. 
It is seen that the usage is more during the weekday than 
during the weekends. The noticeable dips in the graphs can be 
an indicator of the seasonal requirement of different end uses. 
For example, in graph 5 which shows the fan use, it is noticed 
that there is a dip in the usage of fans during June to September 
because in most parts of the country this is the time they 
experience the rainy season ,and it is mostly cool. Also, in the 
case of light and TV which is irrespective of seasonal changes, 
their usage is almost constant and high throughout the year. 

 

GRAPH 5 UNITS CONSUMED ON FAN THROUGHOUT THE YEAR 

 

GRAPH 6 UNITS CONSUMED ON LIGHT THROUGHOUT THE YEAR 

 

GRAPH 7 UNITS CONSUMED ON AC THROUGHOUT THE YEAR 

 

GRAPH 8 UNITS CONSUMED ON EC THROUGHOUT THE YEAR 

 

GRAPH 9 UNITS CONSUMED ON TV THROUGHOUT THE YEAR 

 

GRAPH 10 UNITS CONSUMED ON REFRIGERATION THROUGHOUT THE YEAR 

 

GRAPH 11 UNITS CONSUMED ON COOKING THROUGHOUT THE YEAR 

 

GRAPH 12 UNITS CONSUMED ON WATER PUMP THROUGHOUT THE YEAR 

V. ANALYSIS 

 

GRAPH 13 HOURLY LOAD CURVE FOR THE RESIDENTIAL ELECTRICITY 

DEMAND OF INDIA 

 

GRAPH 14 HOURLY LOAD CURVE WITH DEMAND BELOW 0.8 CAPACITY 
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GRAPH 15 HOURLY LOAD CURVE WITH DEMAND BELOW 0.7 CAPACITY 

Graph 13 depicts the yearly demand of electricity for the 

residential sector within the country. The x-axis shows the 

hourly data for 365 days and the y-axis shows units consumed 

in million kwh. The green horizontal line indicates a load 

factor of 0.7 and the red horizontal line represents a load 

factor of 0.8. The purple segment in the graph exceeding the 

green and red horizontal lines are the demands that surpass 

the supply capacity of the country. The price elasticity model 

is applied to the surpass amount to bring it below the load 

factor of 0.8 and 0.7 to keep a check on the balance of supply 

and demand within the country. 

Graph 14 and graph 15 shows the demand control after the 

application of the use pricing model. It is seen that the 

excessive demand is well below the supply line maintaining 

a balance. The x-axis of the graph denotes the hours in 365 

days and the y-axis denotes the units consumed in million 

kwh. 

 

VI. CONCLUSION 

The price use model suggests a average price elasticity of 

demand of -0.407, which will induce a maximum 59% 

increase in the price of electricity and minimum of 21% 

increase which will cause the demand load above the supply 

capacity to fall under 80% of the installed capacity for the 

domestic electricity consumption in India. Similarly, for 70% 

benchmark the maximum price hike will be 115% increase in 

price of unit electricity. The total essential electricity 

requirement which should not be considered for this model 

should remain around 347620 million kwh against the total 

electricity demand of 331701.6 million kwh which includes 

the basic minimum electricity requirement per household. 

 

This study will also help determine the effectiveness of any 

energy policy implications on the residential sector also 

tabulated the impact it creates afterwards. This model also 

helps maintain a reasonable balance between urban and rural 

electricity consumption by imposing price change on urban 

households using excessive electricity than required, as urban 

households are substantially more inelastic that rural 

households. The balance will also help reduce the pressure on 

the country to produce more energy plants thus help cut-down 

on a lot of non-renewable power generation leading to high 

greenhouse gas emissions.  

 

This study can be further be extended into understanding the 

state-wise scenario of the country. The current study analyses 

the country’s situation in an overall basis. By specifying the 

state, with its urban and rural household count, this study can 

produce results that disclose the actual electricity trend across 

the country which will enable policy makers to see the  

effectiveness of electricity demand and supply in India. Also, 

it can help save immense excessive power supply which 

otherwise can be managed using the price elasticity of 

electricity demand model. 
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Abstract— The proposed research paper deals with design 

algorithm and Analysis of PRESH (PRES+RESH) controller 

Interfaced with three phase GTC (Grid-Tied Converter) along 

with its BP (Bode Plot) analysis and its simulation on 

MATLAB. Presently, for mitigating the harmonic from grid 

connected converter, resonant current control technique is 

being used but this is of no use when utility grid start 

experiencing the abnormal condition such as voltage dip, non-

sinusoidal input reference, etc. To cope up this problem, 

advance control solutions have been introduced but it results in 

increase in control computational load. This paper will first, 

discuss the limitation of earlier and presently proposed 

technique under abnormal condition and then will discuss the 

same by employing PRESH controller for same abnormal 

conditions. The proposed algorithm makes use of parallel 

arrangement of PRES and RESH controller instead of 

Conventional connection in series. Further, it is also able to 

attenuate the inter-harmonic which is not marked in the range 

of integer harmonic which was not present in before proposed 

algorithm.  

Keywords— GTC; PRESH; PRES; RESH; THD; Bode Plot. 

I. INTRODUCTION  

  Photovoltaic System can be connected to grid using 
converter [1]-[8]. The converter used here will ensure flow 
of power from photovoltaic system to grid. Photovoltaic 
System can also be connected with other local load, energy 
storage [9]-[11]. The power quality of grid mainly depends 
upon voltage, frequency, harmonic, etc [12]-[14]. In order to 
have good power-factor and minimum line losses the 
harmonic content of grid connected solar photovoltaic 
system should be as low as to 1%. 

Photo-Voltaic system should have low current harmonic 
distortion so that all other equipment connected to grid do 
not face any adverse effects. Acc. to IEEE standard 519 and 
1547, THD (Total Harmonic Distortion) is kept below 5% 
[15].  

Generally, for reducing current harmonic of SPPS, earlier 
technique developed for eliminating the harmonics are 
through: lead-lag [16], modified PI [17]-[18], repetitive [19]-
[20], dead-beat [21], PR controller [22]-[24], shunt filter 
[25]-[29], PRES Controller [30]-[35]. 

Common technique adopted before for eliminating 
harmonics among researcher was to make use of resonant 
current controller [22]-[23]. This controller makes use of 
proportional resonant and resonant compensator. The 
function of duo is to keep track of fundamental reference 

current signal and for attenuating the current harmonics. 
With normal condition, this controller as referred in 
reference [23]-[24] work perfectly, but when abnormal 
condition arises, this compensator performance deteriorates 
resulting in increase of current harmonic distortion. 

Several advanced techniques for mitigating the harmonic 
have been discussed in details [36]-[41]. These control 
techniques make use of separately generated current 
reference by the help of positive and negative sequence 
component. Phase locked loop Algorithm as discussed in 
[30] and [39]-[40] does not get affect from the voltage 
harmonic, inter-harmonic and imbalance conditions. But 
these control techniques are complex and have high 
computational loading problem.  

To overcome this, a controller is proposed which is a 
combination of Proportional Resonant (PRES) and Resonant 
Harmonic Compensator (RESH) thus named as PRESH 
(PRES + RESH) controller. This proposed controller makes 
use of parallel combination of the two compensator i.e PRES 
and RESH instead of conventional series connection of the 
past work [41]-[42]. 

In compared to past work done, proposed controller can 
tackle the distorted reference waveform in a reliable manner 
which was not possible by the technique proposed in the 
past. 

Author Contribution along with originality and novelty of 

proposed paper are as: 

 

• Earlier technique develops for reducing current 

harmonics among researcher were lag-lead 

controller [16], modified PI controller [17]-[18], 

repetitive controller [19]-[20], dead beat controller 

[21], PR controller [22]-[23], shunt filter [24]-[28], 

suffer certain drawback as indicated: 

• Standard PI controller, can’t track ac current 

reference. 

• [17]-[18], shows very poor response in tracking 

sinusoidal reference as well as while rejecting the 

disturbances.  

• [22]-[23] can’t use with present day Grid 

Connection as there is need of digital 

implementation of controller for rejecting the 

harmonic.  



• Elimination of harmonic through the use of shunt 

filter becomes an old technique as their inability in 

eliminating the harmonic as per IEEE reference 

519 and 1547. 

• Design algorithm of PRESH (Proportional 

Resonant Harmonic) controller is discussed where 

PRES controller is connected in parallel with 

RESH (Resonant Harmonic) controller instead of 

conventional series connection. 

• Performance Analysis of  PRESH controller is 

discussed in term of Bode Plot (BP) analysis. 

The proposed controller will improve the current harmonic 
distortion even if reference waveform is distorted one. 

 The presented paper is organized as, Section II will deal 
with three phase Grid Tied Converter, Section III talks about 
the standard resonant control technique and its limitation, 
Section IV deals with proposed control strategy, section V 
deal with experimental result and case study conducted 
followed by Section VI for conclusion. 

II. THREE PHASE GTC 

Fig.1 represent the three phase GTC (Grid Tied Converter) 
having Photovoltaic module/array, a capacitor Cdc and a 3- 
phase voltage source inverter connected with three phase 
grid having voltages as Vga, Vgb and Vgc 

 

 

Fig.1 Three Phase Grid Tied Converter 

 

The inverter switches are governed by a variable u which can 
have the value of either +1 or -1. For reducing the high 
frequency switching harmonic, L-C-L filter is employed and 
for attenuating the peak magnitude of L-C-L filter at 
resonance frequency, damping resistor is connected in series 
with capacitor. 

 

A. Open-Loop Model (OLM) of 3-Phase GTC 

 

For analyzing the average model of RCC (Resonant 

Current Controller) [23], [47] are being used. Average 

circuit model of 3-phase GTC is indicated by Fig. 2. 

 

Input to this model is dc link voltage Vi, grid voltage Vg and 

control input d whose value varies from -1 to +1. 

 

 
 

Fig. 2 Average circuit Model of 3-phase GTC 

 

 

-1 ≤ dα ≤ +1 ……… (1) 

 

-1 ≤ dβ ≤ +1 ………. (2) 

 

Inverter current is denoted by ii and grid current is denoted 

by io. 

 

B. Conventional RCC  

Conventional RCC controller configuration is shown by 

Fig. 3. 

 
Fig. 3 Conventional RCC 

Here, two compensator H1 (s) and H2 (s) are connected in 
parallel.  

H1(s) = Proportional Resonant controller,  

H2(s) = Resonant Harmonic Controller 

The difference of input current and reference current i.e error 
is processed through proportional controller and resonant 
controller. Generally, inverter current is used in place of grid 
current so as to increase the robustness of the system and to 
reduce the requirement of current sensor. Dc link voltage and 
voltage of grid are used here as a forwarded signal so as to 
improve the system dynamic. By engaging this forwarded 
signal, system capability in rejecting external disturbances 
also gets enhanced [46]. 



From Fig. 3, following equation can be written as: 

 

---- (3) 

-------(4) 

Here, dα, dβ are the control input which can take value 
from -1 to +1, and Vg is the grid voltage. 

For control processing time delay Td, transfer function is 
given as 

------(5) 

C. Closed-Loop Model (CLM) of 3-phase GTC 

 

For obtaining CLM of 3-phase GTC, equation (3) and (4) 
obtained is placed in open loop model of GTC as shown by 
Fig. (2). The results obtained are as: 

----(6) 

----(7) 

 

T.F (Transfer function) Gr(s) i.e reference signal to grid 
current and T.F Gg(s) i.e grid voltage to grid current is 
obtained as: 

---(8) 

---(9) 

Loop gain T(s) is obtained as: 

---(10) 

It is to note that closed loop dynamic of Closed loop GTC 
does not depend upon dc link voltage as cleared from 
equation (6) and (7) due to the feedforward action as in (3) 
and (4). 

III. ANALYSIS AND LIMITATION OF CONVENTIONAL RCC 

 
Conventional RCC make use of Proportional Resonant 
controller and Resonant Harmonic controller in parallel as 
understood from Fig. 3.  

The function of Proportional Resonant controller is to make 
ensure that there is right tracking of fundamental component 
of reference signal (Current) take place whereas the 
Resonant Harmonic Compensator will attenuate the 
harmonic of selected grid current. 

Transfer Function of H1 (s) i.e of Proportional Resonant 

controller and H2 (s) i.e of Resonant Harmonic controller 

can be written as equation (12) and (13) respectively. 

 

 

---- (11) 

…….(12) 

The parameter used in the transfer function of above 

compensator is shown by table 1, along with list of value 

used in the work. 

 
Table 1. Parameters of 3-phase GTC 

 
 

The feature of Conventional RCC connected to three phase 
GTC can be obtained from T.F (Transfer function) as 
depicted by eq. (8) to (10). 

Bode Plot diagram of the Proportional Resonant controller 
and Resonant Harmonic Controller depicted in conventional 
RCC of three phase GTC as depicted in Fig. 4. 



 

Fig. 4 B.P diagram of Proportional Resonant Controller 
H1 (s) and Resonant Harmonic Controller H2(s) of 

conventional RCC. 

 

Bode plot diagram of loop T.F is shown by Fig. 5. 

From above diagram, it is clear that, when PM (Phase 
Margin) = 38.320 and Crossover frequency ωgc reaches 1.12 
KHz, System become stable.  

Bode plot diagram of Conventional RCC connected with 
three phase GTC, Gg(s) i.e grid voltage to grid current is as: 

 

 

Fig. 5 Bode Plot diagram of Loop T.F T(s) 

 

From above diagram, it is clear that, when PM (Phase 
Margin) = 38.320 and Crossover frequency ωgc reaches 1.12 
KHz, System become stable.  

Bode plot diagram of Conventional RCC connected with 
three phase GTC, Gg(s) i.e grid voltage to grid current is as: 

 

 

Fig. 6. Bode Plot diagram of Gg (s) 

 

rom above figure, it is cleared that, for desired frequency 
range, transfer function Gg (s), has significantly attenuated 
the magnitude. 

Bode plot diagram of Conventional RCC connected with 
three phase GTC, Gr(s) i.e reference signal to grid current is 
as: 

 

Fig. 7 Bode Plot diagram of Gr (s) 

 

From Fig. 7, it is cleared that Gr (s), shows 0 DB magnitude 
within specified bandwidth. Thus, whenever any 
disturbances/harmonic in reference signal occur, it will be 
transferred to grid current. 



IV. DESIGN PROCEDURE FOR PRESH 

CONTROLLER  

 

The main purpose of PRESH controller is to achieve lower 
THD even under abnormal grid current conditions. 

A. Control Configuration of PRESH controller 

 

In this proposed PRESH controller, shown by Fig. 8, 

inverter current is used as input to compensator of lower 

forward gain instead of applying the difference of reference 

current signal and grid current.  

 

 
Fig. 8 Proposed PRESH Controller 

 

Where, H3(s) is PRES (Proportional Resonant) controller 

and H4(s) is RESH (Resonant Harmonic) Controller. 

 

Transfer functions of PRESH controller are obtained as: 

-----(13) 

 

------(14) 

Bode Plot diagram of PRESH compensator is shown by Fig. 

9. 

  
Fig. 9. Bode-Plot figure of PRES and RESH Controller used 

in Proposed PRESH controller 

B. Closed-Loop Transfer Function of PRESH controller 

 

From Fig. 8, control input of proposed PRESH controller 

can be written as 

 

…(15) 

 

….(16) 

 

By putting equation (15) and (16) in Fig. 2 for obtaining the 

closed loop transfer function of proposed PRESH controller, 

we get: 

 

-----(17) 

 

…….(18) 

 

------ (19) 

 

As compared to previous equation obtained from equation 

(8) – (10), the above obtained equation i.e (17)-(19) does not 

depend on the value of d and Vi due to use of feed forward 

signal Vi in the control input generation. 

 

 
Fig. 10. Bode Plot figure of reference signal to grid 

current transfer function of proposed PRESH controller 

Bode plot diagram of proposed PRESH controller is 
shown by Fig. 10. All the value taken for case study of 
PRESH controller is indicated in table 1. 



From the above figure it is clear that, transfer function of 
proposed PRESH controller has behavior similar to band 
pass filter. At, selected harmonic frequency i.e 250, 350, 550 
and 650 Hz, dip in magnitude diagram can be seen. Thus, by 
using this proposed PRESH controller, tracking of 
fundamental component of signal can be expected even if 
reference waveform is distorted one. 

CONCLUSIONS 

The presented paper discussed the limitation of 
extensively used conventional RCC technique for reducing 
the current harmonic distortion in grid tied converter in 
accurately tracking of current reference signal when 
abnormal condition arises. 

Further, identification of indirect mechanism is done that 
was responsible in generating the current harmonic from 
abnormal grid condition in standard resonant current 
controller. The proposed PRESH controller overcome this 
problem by connecting in a different configuration as 
explained by using case study. Thus, able to track the 
fundamental component even if abnormal condition arises. 

FUTURE WORK 

Performance analysis of three phase grid tied converter 
will be done via PRESH controller. Focus, will be on 
reducing the current harmonic distortion of grid tied 
converter and reducing the THD to 1% even if abnormal 
condition arises in the grid. 
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Abstract—In recent, various MPPT techniques have already 

been proposed for generating constant power by setting limit 

around the MPPT. This would result in stabilisation of current 

and voltage waveform but whenever there is small change in 

solar irradiance occur, it results in poor performance of the grid. 

In order to overcome the above problem, design procedure of two 

stage high constant power generation (CPG) has been proposed 

along with its experimental results, indicating that proposed 

controller can be engaged in a practical environment. With this 

designed controller high performance and stable operation can 

be expected, even if there is change in solar irradiance. Further, 

regulation of photovoltaic output power according to set point 

can also be done making the system to operate at maximum 

power thereby increasing its efficiency. 

Keywords— MPPT; IOL; CPG; SPPS; PV system. 

I. INTRODUCTION  

  For, maximizing the energy yield, implementation of 
MPPT in grid connect Solar Photovoltaic Power System 
(SPPS) become mandatory. Kowtow, for more PV 
installation, will require an advance power control scheme 
along with regulation so as to avoid undue impact from PV 
system such as sudden rise in voltage, voltage sag etc. [1]-
[4].  

Various method of Maximum power point tracking (MPPT) 
include “O/C voltage”, “S/C current”, “Hill-climbing” 
method, etc [5]-[6]. Out of these techniques most suitable 
technique is hill climbing method because of its simplicity 
and low cost. This method is commonly implemented with 
perturb-observe algorithm [7]-[9]. It is worthy to note that, as 
soon as there is change in solar radiation, searching process 
of maximum power get get fail. 

According to German Federal Law: For PhotoVoltaic system 
having rating below 30KW, we have to control the limit of 
maximum power feed until it could be controlled by the 
utility through remote [10]. This control of active power is 
known as CPG i.e constant power generation [11]. 

Fundamental working procedure of constant power 
generation has been presented in [4] and [11]. Constant 
power generation can be controlled at Photovoltaic inverter 
level through maximum power point algorithm. When power 
output of pv system (PPV) is below or equal to the Plimit, 
Photovoltaic System operates in MPPT mode and if PPV > 
Plimit , power output would be constant leading in injection of 
constant active power (CAP) indicated by Fig. (1) and 
equation (1). 

 

  ------- (1) 

 

 

Fig. 1. Constant Power Generation concept: 1) Maximum 
Power Point in I, III, V as indicated, and 2) Constant Power 
Generation in  II, IV. 

Constant Power Generation (CPG) was first introduced in 
single stage Photovoltaic system based on P&O algorithm as 
indicated in reference [12]. Due to this single stage, CPG 
control operating area is at right side of MPPT of 
photovoltaic array. But as soon as this system suffer a rapid 
change (decrease) in solar irradiance, it decreases the 
robustness of CPG control algorithm. The operating point of 
maximum power point will further shift to O/C condition, 
shown by Fig. 2. 

 

Fig. 2 Conventional CPG algorithm – Stability Issue 

 

This sudden shifting of operating point, which is one of the 
major drawbacks, is also applicable to other CPG algorithm 
as presented in [13]-[14]. Since, all control algorithm 
regulates the output power of photvoltaic towards right hand 
side of maximum power tracking (MPT). 



Originality and novelty of the proposed research work are as: 

1) To overcome the aforesaid issue, the operating area of 
perturb & observe – Constant Power Generation algorithm 
has been widen.  

2) Thus, this paper employs 2-stage grid connected. Output 
power of photovoltaic is controlled on the left hand side of 
MPT in order to get stable CPG.  

This research paper is organized as follows: Section II will 
deal with conventional CPG algorithm covering system 
configuration, operating principle and its issue, Section III 
will deal experimental result followed by conclusion in 
Section.  

II. CONSTANT POWER GENERATION(CPG) ALGORITHM - 

CONVENTIONAL 

A. System Description 

 

 
Fig. 3 System Configuration of Conventional CPG 

 

 System configuration of conventional CPG is shown by 

Fig. 3. In this, CPG control take photovoltaic voltage and 

current as its input, compared with a set limit power and its 

output is then given to boost converter through PWM. To 

realize full bridge inverter control, cascaded control is used 

where by controlling grid current (AC), link dc voltage is 

held constant as shown in [15].When CAP is injected into 

the grid, photovoltaic system operates at constant power 

factor.  

The value of different parameter of CPG is shown by table 

1. 

 

Table 1: CPG Parameter 

 
In case of 1- stage, output voltage (VPV) is applied directly 

at photovoltaic inverter which is greater than voltage level 

of grid so as to ensure the smooth delivery of power [16]. 

 

B. Operating Principle of CPG 

 Conventional P&O-CPG algorithm principle can be easily 

understood through Fig.4. 

 

 
Fig. 4 Conventional Algorithm of Perturb & Observe -CPG  

 

 If (Ppv ≤ Plimit), system will operate in maximum power 

point mode, in which P&O will track maximum power. If 

(Ppv > Plimit), the system will operate in CPG where power 

output of Photovoltaic is set to Plimit [17]-[18]. It is to note 

that, during MPPT mode, algorithm behaviour is same as 

that of Perturb and Observe - Maximum Power Point 

algorithm where desired working point will vibrate at 

Maximum power point condition. However, if CPG case 

arises, Photovoltaic Voltage is shifted to a new point called 

as CPP i.e PPV = PLimit 

Working point will get stable around the constant power 

point (CPP) after a number of iterations. Perturb and 

Observe – Constant Power Generation  algorithm can work 

with constant power point, but in view of stability, only 

working point to the left hand side of Maximum Power 

mode is taken care. 

Control Diagram of P&O-CPG algorithm along with PI 

controller shown by Fig. 5 

 

 
Fig. 5 Control Diagram of P&O-CPG algorithm along with 

PI controller 

 

Here, V*
PV is given by equation (2) 

 

----- (2) 

Here, VMPPT is the reference voltage of MPPT 

          VPV,n is the pv voltage [19]. 

 

C. Issue in P&O -CPG Algorithm 

 

Perturb & Observe – Constant Power Generation algorithm 

gives satisfied result under the slow change in irradiance 

conditions as in a clear day. For clear day, operating point 

lie along left hand side of MPPT as indicated by Fig. 6. 



 

 
Fig. 6 Experimental result of P&O-CPG algorithm during 

Clear day 

 

However, in case of cloudy day, irradiance fluctuation may 

happen and could result in overshoot and power losses 

which is shown by Fig. 7. 

 

 
Fig. 7 Experimental result of P&O-CPG algorithm during 

Cloudy day 

 

To explain this power losses further, we can make use of 

trajectory of Photovoltaic System which is shown by Fig.8 

 

 
Fig. 8 Operating trajectory of the algorithm resulting in 

overshoot and losses 

 

To understand this, let us first assume that, initially  

PhotoVoltaic system is operating in Maximum Power Point 

(MPP) mode and  level of irradiance is increased. This will 

result in lifting of output power of PV by the change in 

irradiance as indicated by black arrow trajectory. Thus, 

larger overshoot of power can occur [20]. Similarly, if 

system operates in CPG mode and irradiance is suddenly 

dropped, output power of photovoltaic suddenly get 

decreased as indicated in Fig. 8 from C to D which means 

that some energy is wasted in the process. 

Perturb and Observe Algorithm is given by table 2. 

 

Table 2: P&O Algorithm 

 
 

D. Minimizing Overshoot 

 

For minimizing the overshoot, tracking speed is increased 

by increasing the step size. By using a large step size, 

number of required iterations can be reduced for reaching 

the constant power point. Further, large step size is only 

used when algorithm detects fast change in irradiance 

condition (IC) level. This is illustrated by equation (3): 

 

…… (3) 

 

When Irradiance condition = 1, step size can be calculated 

by equation (4). 

 

….(4)  

 

Initially, value of step size chosen should be larger and as 

working point move closer, step size should be decreased 

than. 

 

Here, V*
PV = reference voltage output of Photovoltaic 

module,  

VPV,n = Measured voltage output of Photovoltaic module at 

current sampling  

 PPV,n = Measured power output of photovoltaic module at 

current sampling. 

Vstep = step size of Perturb and observe -Constant Power 

generation  

 

For tuning the speed of the algorithm, γ a constant is used. 

 

E. Minimizing Power Losses 

 

When CPG operates on the left hand side of maximum 

power mode, as indicated by Fig. 8, number of iterations is 

required by P&O-CPG algorithm for attaining new working 

point where rapid change of solar irradiance is observed. If 

PV system operates in MPPT mode, under different 

irradiance level as shown by Fig. 9, working point of the 

photovoltaic system remain at same point.. An important 

concept in minimizing the power losses is detection of 



decreased level in irradiance condition along with previous 

operating mode(POM). 

 

 
 

Fig. 9 Power-Voltage Curve of PV array 

 

---(5) 

 

….(6) 

Here, εdec  is to determine the fast decrease in irradiance and 

εSS is used to determine the operating mode of CPG. 

PPV, n-1 is used to determine the PV power of last used 

sampling. 

When IC = 1 is detected and to increase the tracking speed, 

constant voltage is applied so as to have minimum power 

losses. From Fig. 9, it is clear that constant voltage is 0.75 

time of O/C voltage [21]. 

Thus, operating point shift closer to Maximum Power Point, 

resulting in reduction in number of iterations in reaching 

closer to constant power point. 
 

III. EXPERIMENTAL RESULT 

 

Parameters of the proposed controller are as:  

γ = 10.5,  

k = 0.725, 

εinc = 50 W,  

εdec  = 95 W,  

εss = 32 W. 

 

Parameter of system as indicated in table 1 is used for 

determining the output of proposed P&O-CPG algorithm 

during clear day and cloudy day as indicated by Fig. 10 and 

Fig. 11 respectively. 

 

 

Fig.10 Output result of Proposed P&O-CPG algorithm 
during clear day. 

 

 

 
Fig. 11 Proposed P&O-CPG algorithm on cloudy day 

 

Thus, it is clear from the output result of Proposed P&O-

CPG algorithm that, the power losses and overshoot are 

reduced considerably by adopting two stage design as 

compared to conventional CPG based system. Further, by 

adopting IOL theory, the proposed controller only reacts 

when there is change in solar irradiance is detected. Thus 

improving the performance as compared to conventional 

P&O algorithm.  

CONCLUSIONS 

Here, high performance CAP control scheme is proposed 
by fixing of maximum feed power in photovoltaic module. 
The proposed algorithm ensures a stable CPG as compared 
to conventional control strategy. Proposed controller, makes 
the Photovoltaic system to work on the left hand side of 
Maximum power mode thus enabling in achieving the stable 
operation with smooth transition. Further, experimental 
result of proposed controller/algorithm has verified that it 
can be implemented in the practical environment for 
reducing the overshoot, power losses and for achieving fast 
dynamics. 
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Abstract— This paper addresses the idea of improving power 

quality along with green energy transfer in the distribution 

system. Design and performance anatomization of photovoltaic 

array integrated distribution static compensator (PV-

DSTATCOM) to reduce power quality issues and transfer green 

energy in the distribution system is carried out. PV-

DSTATCOM works to reduce load side power quality issues like 

unbalanced load current, reactive power and harmonics even 

while transferring real power from PV array to the distribution 

system. PV array is integrated in DSTATCOM via maximum 

power point tracking (MPPT) circuit (boost converter and 

MPPT algorithm). The simulation analysis is performed in 

MATLAB under steady state and dynamic situation to ensure 

its proper operation. 

Keywords—photovoltaic array integrated distribution static 

compensator, power quality, maximum power point tracking. 

I. INTRODUCTION  

  Rapid growth of power electronic-based devices has 

increased nonlinear current in the distribution system. 

Nonlinear current flowing through system impedance causes 

voltage distortion at the point of common coupling (PCC), 

resulting in grid pollution. Aside from electrical pollution, 

environmental pollution is a major concern, so the world is 

moving toward green energy generation through solar rooftop 

in commercial and residential buildings [1]. In this paper, a 

three phase three wire photovoltaic array integrated 

distribution static compensator (PV-DSTATCOM) is 

introduced to combine the two goals of improving power 

quality and transferring renewable energy to the grid. 

  A three phase DSTATCOM with three single phase voltage 

source converter (VSC) is discussed in [2] for improving load 

side power quality. Synchronous reference frame (SRF) 

theory is used to generate reference compensating current. It 

has been mentioned that high bandwidth closed loop current 

control loop for DSTATCOM can inject desired 

compensating current, so it has been implemented in this 

paper. Reference [3] and [4] discusses various DSTATCOM 

structures based on isolated VSC and nonisolated VSC for 

three phase three wire and three phase four wire distribution 

system. Reference [3] and [5] discusses several control 

algorithms for DSTATCOM control, out of which SRF 

theory is used here. A three phase three leg nonisolated VSC-

based three wire DSTATCOM is used for this paper. The 

benefit of a nonisolated VSC-based DSTATCOM is that no 

interfacing transformer is needed, but the rating of the 

switches cannot be optimally designed. 

   Different MPPT algorithms are discussed in [6] and [7], the 

use of a boost converter to obtain most power out of PV array 

is presented. In [8] a comparison of incremental conductance 

and perturb and observe algorithms is performed, and it is 

learned that the incremental conductance method is more 

effective than the perturb and observe method for step 

changes in power and temperature so the incremental 

conductance method is adopted in this paper to obtain the 

maximum power. In [9] an adaptive technique based PV-

DSTATCOM is presented which works to reduce power 

quality issues and supply real power to the distribution 

system during the day time and during the night time, it 

improves power quality. Three phase PV-DSTATCOM is 

designed in [10] and comparative study of instantaneous 

reactive power theory, IcosØ and modified instantaneous 

reactive power theory algorithm for the control PV-

DSTATCOM is discussed. In [11] moving average filter 

(MAF) is used in SRF control of UPQC instead of low pass 

filter (LPF) to enhance the performance of the system when 

connected to nonlinear unbalanced load. So in this paper 

MAF based SRF control is implemented. The key features of 

the PV-DSTATCOM implemented in this paper are 

improved power quality, PV power penetration, improved 

dynamic performance in d-axis active current extraction and 

stable performance under steady state, changes in radiation 

and load. MATLAB is used to analyze the performance of 

PV-DSTATCOM in both steady-state and changing 

conditions. 

II. CONFIGURATION AND DESIGN OF PV-DSTATCOM 

 
Fig. 1. Configuration of PV-DSTATCOM 

   The configuration of PV-DSTATCOM is depicted in the 

Fig.1. It consist of DSTATCOM connected to PV array 

through MPPT circuit (boost converter and MPPT 

algorithm). DSTATCOM is connected to the grid through an 

interconnecting inductor. The ripple filter is connected in 



parallel with the PV-DSTATCOM and its frequency is set to 

half that of the switching frequency. The Ripple filter acts as 

a high pass filter and filter’s noise from PCC voltage [3]. Here 

RS and LS are source impedance, Vt and VL are PCC voltage 

and load voltage respectively. 

A. Design of PV-DSTATCOM 

   Design of PV-DSTATCOM require determining value of 

the dc capacitor, value of interfacing inductor, voltage 

magnitude of dc capacitor and selection of PV array rating. 

PV-DSTATCOM is intended to provide active power from a 

PV array, as well as reactive power and harmonic mitigation. 

The specification of the ripple filter and PV array are 

provided in the appendix. 

1) dc capacitor voltage  

   As given in [4], the dc capacitor voltage is dependent upon 

the line voltage and modulation index. Line voltage (VLL) of 

the grid is 415 V and modulation index (m) is taken as 1. 

Voltage magnitude of dc capacitor should be more than twice 

the phase voltage's peak value [4].  

 
Vdc =

2√2VLL

√3m
 (1) 

          = 677.69 V  

Calculated value of dc capacitor voltage is 677.69 V and 

value chosen is 700 V. 

2) Value of dc capacitor 

    The dc capacitor voltage and power supplied by PV-

DSTATCOM are utilized to estimate dc capacitor value [10]. 

The capacitor's value can be calculated using the energy 

conversion principle. 

 
Cdc =

3KaVphIct

0.5*(Vdc
2 -Vdc1

2 )
 (2) 

                             = 12.89 mF                

   Where the average dc voltage (Vdc) is 700 V, the time 

needed to reach steady state (t) is 30 ms, the lowest dc voltage 

(Vdc1) is 677.7 V, the phase value of supply voltage (Vph) is 

239.60 V, current supplied by PV-DSTATCOM (Ic) is 76.5 

A, change in energy during dynamics (K) is 0.1 and the 

overloading factor (a) is 1.2. The value of the dc capacitor is 

set to 13 mF. 

3) Interfacing inductor value 

  The switching frequency, maximum overload, dc 

capacitor voltage and ripple in the current flowing through 

the inductor all influence the value of the interfacing inductor 

for PV-DSTATCOM.  Equation (3) can be utilize to calculate 

the value of the interfacing inductor for the PV-DSTATCOM 

[3].  

 
Lf =

√3mVdc

12afshIrc,pp

 (3) 

                              = 0.7337 mH  

   Where, ripple in the inductor current of PV-DSTATCOM 

(Irc,pp) is 10.52 A, modulation index (m) is 1, frequency of 

switching (fsh) is 10 Khz and value of maximum overload (a) 

is 1.2 pu. Interfacing inductor value is approximated to 1mH. 

III. CONTROL OF PV-DSTATCOM 

    There are several time domain and frequency domain 

control strategy which can be used in the control of PV-

DSTATCOM [5]. In this paper SRF theory based control 

strategy for the control PV-DSTATCOM is used and shown 

Fig. 2. In this control strategy load current are converted to d-

q-o domain. The dc part of the d-axis load current is filtered 

out, q-axis and o-axis currents are set to zero in order to 

produce reference compensating current for PV-

DSTATCOM. Dc voltage control loop is provided to 

maintain DC voltage at desired level. Terms sin(ꞷt) and 

cos(ꞷt) are obtained from phase lock loop (PLL) which is 

synchronized with PCC voltage. To inject the desired current, 

DSTATCOM must have a high band-width closed loop 

current control loop [2]. Switching signals are produced by 

sine PWM current controller. There are several different 

linear and nonlinear current controller which can be utilized 

to produce switching signal such as synchronous vector 

controller, state feedback controller, hysteresis current 

controller, etc [2]. MAF filter is used to extract dc component 

in the d-axis. A LPF with small corner frequency can also be 

used, but the d-axis current will have 2nd order harmonic and 

dynamic response during active current extraction is poor 

[11]. Comparative response of LPF with corner frequency of 

10 Hz and MAF is shown in Fig. 19. As the lowest harmonic 

is 2nd order harmonic window length of MAF filter is taken 

half the fundamental time period. Transfer function of MAF 

is given as 

 
MAF(s)=

1-e-Tws

Tws
 (4) 

 

 
Fig. 2. Control strategy for PV-DSTATCOM 

A. MPPT control 

   The PV array is integrated to the DSTATCOM via an 

MPPT circuit. To get the most power out of PV array, the 

MPPT circuit is used. The boost converter is utilized to bring 

out the maximum power from PV array by means of 

impedance matching so that the effective impedance across 

the boost converter equals the impedance of the PV array [6]. 

In order to do impedance matching there is only one control 

variable that is duty cycle. The MPPT algorithm is used to 

control the duty cycle such that the maximum power is 

transferred from PV array to the DSTATCOM [9]. The 

MPPT algorithm employed is the incremental conductance 

algorithm [8].  

 
Fig. 3. MPPT circuit 

Equation representing relation between effective impedance 

across boost converter (Ri) and load impedance (Rl) is 



 Ri = (1-D)2Rl 
(8) 

By using incremental conductance, duty cycle is change such 

that Ri is made to equal to RPV to transmit maximum power. 

IV. SIMULATION STUDY OF PV-DSTATCOM 

   Simulation study of PV-DSTATCOM is carried in 
MATLAB under steady state and changing conditions such as 
change in insolation and change in the load. Load considered 
for the simulation is unbalanced and nonlinear load. Sample 
time considered for the simulation is 1e-5. The values of the 
various components of the circuit depicted in Fig. 1 are 
provided in the appendix. 

A. Steady state condition 

   As depicted in Fig. 4, PCC voltage and source current in the 

system were not in phase prior to application of PV-

DSTATCOM, but after connecting PV-DSTATCOM, they 

became in phase, as depicted in Fig. 6. Current was 

unbalanced prior to the application of PV-DSTATCOM, but 

after connecting PV-DSTATCOM to the system source 

current became balanced as depicted in Fig. 5 and Fig. 7. 

 

 
Fig. 4. PCC voltage and source current without PV-DSTATCOM 

 
Fig. 5. Source current without PV-DSTATCOM 

 
Fig. 6. PCC voltage and source current with PV-DSTATCOM 

 
Fig. 7. Source current with PV-DSTATCOM 

   THD in the current before applying the PV-DSTATCOM 

was 24.75% which then reduced to 4.51% as depicted in Fig. 

8 and Fig. 9. 

 
Fig. 8. THD in source current without PV-DSTATCOM 

 
Fig. 9. THD in source current with PV-DSTATCOM 

   As depicted in Fig. 10, the dc capacitor voltage settles at 

702 V. Fig. 11 depicts the current supplied by the PV-

DSTATCOM. 

 
Fig. 10. Dc capacitor voltage 

 
Fig. 11. Current supplied by PV-DSTATCOM 

   As depicted in Fig. 12, the active power supplied by the PV 

array is 2.4 KW out of which PV-DSTATCOM is effectively 

supplying 2KW and the source is supplying 5.6 KW to meet 

the 7.6KW load demand. PV-DSTATCOM meets the load's 

reactive power requirement, as depicted in Fig. 13. 

 
Fig. 12. Active power exchange 

 
Fig. 13. Reactive power exchange 



B. Change of solar radaition 

   Insolation is changed from 1000 W/m2 to 200 W/m2 in 

order to observe the proper operation of the MPPT and PV-

DSTATCOM under change in solar radiation. Fig. 14 shows 

that the MPPT is tracking the change in maximum power 

correctly, with 96 % to 98 % of the power available with the 

PV array is being extracted. 

 
Fig. 14. Change of PV array power 

   Fig. 15, Fig. 16 and Fig. 17 shows the change in current 

supplied by the source, the change in active power, and the 

change in current injected by PV-DSTATCOM as solar 

radiation changes. The current injected by the PV-

DSTATCOM decreases as solar radiation decreases, while 

the current fed by the source increases. PV-DSTATCOM is 

performing well under change in the radiation. 

 
Fig. 15. Source current under change in solar radiation 

 
Fig. 16. Active power under change in solar radiation 

 
Fig. 17. Current supplied by PV-DSTATCOM under change in radiation 

 
Fig. 18. Dc capacitor voltage under change in solar radiation 

Due to changes in radiation, a small change in dc capacitor 

voltage take place which is depicted in Fig. 18. 

C. Change in load 

   A change in the loading is made to ensure that the system 

works properly. Between 0.3 and 0.5 seconds, a balanced 

load is connected in parallel with an already 

existing unbalanced and nonlinear load.  

 
Fig. 19. D-axis current under change in load with MAF and LPF 

   Fig. 19 depicts the response of the MAF and LPF for dc 

current extraction of the d-axis. It is observed that the 

dynamic response of MAF is superior to that of a LPF, thus 

the time required for source current to settle during a change 

in load with MAF is reduced. Second order harmonics are 

present in D-axis current with a low pass filter, but not in 

MAF. 

 
Fig. 20. Dc capacitor voltage under change in the load 

 
Fig. 21. Source current under change in load 

 
Fig. 22. Active power under change in load 

 
Fig. 23. Reactive power under change in load 

   As depicted in Fig. 20, the dc capacitor voltage remains at 

702 V. As depicted in Fig. 21, there is an increase in current 

supplied by the source due to an increase in load. Fig. 22, Fig. 

23 and Fig. 24 depict active and reactive power transfer 



between source, load and PV-DSTATCOM. The simulation 

results show that PV-DSTATCOM is functioning properly 

during change in the loading condition. 

APPENDIX 

Simulation parameters: Source impedance RS= 0.1Ω and LS= 

2 mH, RC filter values Rf =1 Ω and Cf  = 10 µF, nonlinear 

load (diode bride rectifier) with P = 3 KW and Q = 0.5 KVar, 

unbalanced load Pa = 1000 W, Pb = 900 W, Pc = 800 W, Qa= 

100 Var, Qb = 90 Var, Qc = 110 Var. SunPower PSR-310-

WHT-U module with 8 series connected module in 

MATLAB is used. 

CONCLUSION 

   The design and performance anatomization of the PV-

DSTATCOM are carried out in this paper. PV-DSTATCOM 

performance is analyzed using MATLAB simulation under 

steady-state and changing conditions. PV-DSTATCOM is 

found to be effective in mitigating harmonics, compensating 

reactive power, balancing source current and transferring real 

power from PV array to the grid. It is observed that MAF 

based SRF has better dynamic response during d-axis active 

current extraction than LPF based SRF. It is seen that PV-

DSTATCOM can be a good solution for transmitting green 

energy while improving power quality. 
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Abstract— The vulnerability of power systems has increased 

in recent years due to cyber-physical attacks. Under such 

conditions, various targets can be exposed to the attacks of non-

legitimate agents. This paper considers physical attacks to the 

distribution network lines and their switches where the aim of 

attackers is maximizing the energy not supplied. These attacks 

convert the structure of system to a multi-area configuration 

such that maximum loss of load occurs. To overcome and 

mitigate the impact of the mentioned attacks, using portable or 

mobile generators can be a desirable choice. In this regard, 

determining the places of mobile distributed generators is the 

aim of this work to achieve the minimum loss of load. The 

presented problem is a bi-level procedure, where the attackers 

and operators take decision in the higher and lower levels, 

respectively.  

Keywords— cyber-physical attack, bi-Level modelling, mobile 

DGs, resiliency, smart grid. 

I. INTRODUCTION 

The vulnerability of electrical energy systems has 
increased due to the penetration of information and 
communication technologies [1]. Such changes can expose 
the power system to cyber-physical attacks. In fact, the non-
legitimate agents can control the system and deteriorate the 
optimal operation [2]. In this regard, cyber-physical attacks 
and their concepts are studied in recent researches. Reference 
[3] considers the probability of false data injection into the 
state estimation unit and proposes an adaptive neuro-fuzzy 
system to detect and correct the false data. A new approach 
for real-time detection of coordinated false data into 
measurement units by using the support vector machine is 
suggested in [4]. The problem of cyber-attack estimation and 
detection in cyber-physical power systems via robust 
observers is investigated in [5]. Reference [6] studies denial-
of-service attack energy allocation problem for the remote 
state estimation in cyber-physical systems where a novel 
attack model based on unreliable feedback information is 
formulated and constrained by energy harvesting. In a similar 
research, the problem of fault estimation for cyber-physical 
systems under denial-of-service attacks is modelled by 
interconnected systems [7]. Reference [8] considers a 
particular attack where coordinated malwares are maliciously 

employed to control the appliances. Hence, coordinated load-
changing attacks are modelled by continuous-time Markov 
chains. A correction model for malicious unbalanced 
parameter false data injection cyber-attacks is presented based 
on the parameter correction Jacobian matrix and Taylor series 
approximation [9]. 

In this paper, the probability of physical attacks to the 
connection lines of distribution networks is investigated. 
Hence, a bi-level process is considered to model the problem 
where the attacker and operator take decision in the higher and 
lower levels, respectively. In such problem, the attackers 
determine the attack to achieve the maximum loss of load. In 
return, the operator utilizes the mobile DGs and specifies their 
places to mitigate the impact of the mentioned attack. 

II. PHYSICAL ATTACK MODELLING 

In the presented problem, the aim of attackers is to 
maximize the loss of load at the minimum attack budget. 
Hence, (1) models the loss of load function that should be 
maximized. Such function should be optimized subjected to 
attack budget which is the number of line disconnection, as 
specified in (2). 

1 L

i t

f T - L(i, t)    (1) 

i j

1 SW(i, j) Ab    (2) 

where, f, TL, L, SW, Ab are objective function, total load, 
load and switch state, respectively. As well, i and j are the bus 
symbols. 

III. PLACEMENT OF MOBILE DGS 

Since the attacker target is the connection between the 
buses, the operator should try to determine the best location of 
mobile DGs to reduce the loss of load. In this regard, two 
separate times should be considered, i.e. the attack and 
restoring intervals. To specify the optimal locations, the 
minimization of energy not supplied is used as the objective 
function (3). 
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2 G DG

i i t i t

f P (i) P (i, t) L(i, t)      (3) 

max

DG DGP (i, t) b(i) P (i)    (4) 

DG

i

b(i) N    (5) 

As well, the location and maximum generated power of 
each mobile DG are modelled by (4) and the number of DGs 
is limited by (5). To optimize the mentioned problem by the 
operator, the operation constraints should be considered. In 
this regard, DC power flow and its limitations are utilized as 
follows: 

 P(i, j, t) B(i, j) (i, t) ( j, t)       (6) 

min max(i)        (7) 

min maxP(i, j) P(i, j) P(i, j)   (8) 

The active power flow in the lines is calculated by (6), and 
the angle and line limitations are defined by (7) and (8), 
respectively.  

where, PG, PDG, NDG, P, B, δ are power of main grid, power 
of DGs, binary variable, number of available DGs, power, 
susceptance and angle, respectively. 

IV. TEST SYSTEM AND SIMULATION PROCESS 

In order to analyze the presented method, simulations are 
implemented for the IEEE 33-bus distribution network. It is 
worth mentioning that all the data for this system such as load 
consumption and line specifications are deduced from [10]. 
As mentioned earlier, the problem includes a bi-level 
modeling where the attack targets are determined in the higher 
level and the operator decisions are specified in the lower 
level. Moreover, the operator takes decisions in two steps 
consisting of attack time and restoring time. In fact, optimal 
places of mobile DGs in the first 24-hour are determined as 
the attack time. Then, the disconnected lines are restored in 
the next 24-hour and the locations of mobile DGs are changed. 
It should be noted that in each 24-hour, only two connection 
lines can be restored due to the limitation of staff and 
equipment. Furthermore, the number of mobile DGs is limited 
to 5 with a maximum capacity equal to 200 kW. 

V. SIMULATION RESULTS 

In this section, two scenarios are investigated where in the 
first step, the attack budget is limited to one and then, the 
attack budget is changed to three. As well, it is assumed that 
the connection line between buses 1-6 is safe against the 
physical attacks. Such assumption is acceptable for preventing 
the whole blackout.   

A. Scenraio 1: Attack budget equal to one 

According to the goal of attackers and limitation of attack 
budget, the connection line between buses 6 and 7 is 
disconnected to achieve the maximum loss of load. In this 
regard, without considering mobile DGs, almost 24.6 MW of 
local load is not supplied. Under such conditions, the operator 
has decided to locate five mobile DGs on buses 7, 9, 11, 13 
and 17 to meet the local loads. Hence, the amount of loss of 

load is decreased from 24.6 MW to about 835 kW. As shown 
in Fig. 1, the transferred power from the main grid in normal 
operation and under physical attack is compared. As evident, 
the transferred power under the attack is significantly reduced 
and the mobile DGs produce power at their maximum 
capacity to reduce the loss of load. 

 

Fig. 1. Transferred power from the main grid and generated power by mobile 

DGs. 

B. Scenario 2: Attack budget equal to three 

In this section, the amount of attack budget is increased to 
3 such that the attackers can disconnect three lines in the 
network. Based on the obtained results, lines 3-23, 6-7 and 6-
26 are disconnected by attackers to achieve loss of 66.953 
MW of load. In this regard, the operator should determine the 
location of mobile DGs in two separate intervals. In the first 
24-hours, only two lines can be recovered at the end of the 
day. Thereupon, buses 10, 11, 17, 23 and 28 are selected as 
the candidate buses for locating the mobile DGs. Under such 
conditions, almost 42.953 MW of load is not supplied even 
with the maximum capacity of DGs. According to Figs. 2 and 
3, the transferred power from the main grid and generated 
power by mobile DGs in normal operation and under physical 
attack are compared. As observed, the transferred power under 
the attack in the first interval is considerably reduced and the 
mobile DGs produce power with their maximum capacity to 
reduce the loss of load. After restoring the connection line 
between buses 3-23 and 6-7 at the end of first interval, mobile 
DGs are located on buses 27, 29, 30, 31 and 33 and the amount 
of loss of load is reduced to zero. It is noteworthy that all the 
connection lines restored at the end of second time interval 
and the mobile DGs are disconnected from the network. For 
papers with more than six authors: Add author names 
horizontally, moving to a third row if needed for more than 8 
authors. 
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Fig. 2. Transferred power from the main grid under various conditions. 

 

Fig. 3. Generated power by mobile DGs under various conditions. 

VI. CONCLUSIONS 

In this paper, the places of mobile DGs are determined to 
mitigate the impacts of physical attacks to the distribution 
network lines. Hence, a bi-level problem is defined to model 
the interactions between the attackers and operators. 
According to the limitations, the attackers try to increase the 
loss of load and the operators attempt to decrease the energy 
not supplied. The simulation results show that huge amount of 
loads can be recovered by using a limited number of mobile 
DGs. However, if the attack budget increases, limitations of 
the system such as staff or equipment should be considered as 
the important parameters. Under widespread attacks, the load 
recovery can be successful in several days or longer times. 
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Abstract—A continuous saturated Robust Integral of the Sign
of Error (RISE) based controller is developed to ensure the
transient stability of the synchronous generators by employing
distributed energy storage systems. The designed saturated RISE-
based continuous controller is robust to external disturbances and
uncertainties in the system model of the synchronous generators.
Rotor angle and rotor speed for the dynamic model are assumed
to be measured by means of the Phasor Measurement Unit
(PMU). In order to provide semi-global asymptotic stability
of the power system despite the structured and unstructured
uncertainties in the dynamics with an external disturbance,
Lyapunov-based stability analysis is used. IEEE 39-Bus Test
System is employed as a proof of concept to confirm the act
of the developed saturated controller to reconstruct the transient
stability of the system after being exposed to a large disturbance.

I. INTRODUCTION

Using renewable energy sources in the smart grid has
become widespread. It is well-known that renewable energy
sources such as wind turbines and photovoltaics (PV) do not
provide rotation inertia. Increasing integration of renewable
energy resources reduces the grid inertia and makes frequency
dynamics of the power grids faster. Thus, stabilizing the
power system when a large disturbance occurs becomes an
even more challenging problem and requires more robust
control systems where the conventional stabilizers (i.e., power
system stabilizers, Automatic generation controllers) remain
insufficient in acting rapidly.

Recently, distributed energy storage systems (i.e., batteries,
flywheel) attached the synchronous generators are used to
regulate the rotor angle and the rotor speed. Employing ESS as
an actuator in the power systems decreases the time required to
restabilize the system and recover the system after a large-scale
disturbance occurs [1]. Thus, ESS can be used to enhance the
transient stability. The primary advantage of using distributed
energy storage systems is acting in a short time into the
power systems to provide transient stability of the synchronous
generators. The control structures in [2], [3] are designed to
guarantee the transient stability of the synchronous generators
by using distributed energy storage systems as an actuator. The
control development in [2], [3] requires that the parameters of
the dynamics are perfectly known. However, the parameters
in the dynamics of the synchronous generators may not be
accurately determined and decrease the control performance.

In [4], the power flow equation is linearized around the
operation point to control the mechanical power of generators
and the proposed controller is used to regulate the frequency
of the synchronous generators based on the assumption that
the oscillations, caused by the disturbances, are small. [5]–[9]
presents several controllers to address the transient stability
with the lack of exact dynamic model knowledge of the
synchronous generators. Controllers in [5], [6] used excitation
control to provide transient stability of the power system.
On the other hand, controllers in [7]–[9] used distributed
energy storage systems to ensure transient stability of the
power system. The controllers presented in [7]–[9] provide
uniformly ultimately of boundedness of the error signal for
the rotor angle and the rotor speed of synchronous generators.
Moreover, the designed controllers in [7], [8] are robust to the
actuator and communication delay disturbances with additive
disturbances in the dynamics.

However, none of these controllers consider the limitation
of the actuators. It is the fact that distributed energy storage
systems have limited-amplitude active power for injecting
to or absorbing from the attached buses to help transient
stability of the power systems. The control signal might
be restricted by using a saturation algorithm; however, the
controller may become discontinuous and which decreases
the control performance. Therefore, designing a continuous
limited-amplitude controller is to better address the transient
stability problem. Besides, the control signal is needed to be
model-free since obtaining the knowledge of the parameters
in the dynamics is usually problematic. Furthermore, the
control signal should be robust to additive disturbances (i.e.,
unmodelled dynamics and external disturbances). In addition,
using the state information of the other synchronous generators
in the power system improves the controller’s performance.
However, it requires the communication of the synchronous
generators which adds delay into system and that delay may
increase due to intentional (cyber attack) or unintentional
(technical failures) factors. Therefore, a distributed control
structure should be used in power systems to reduce the
number of communication links and rely on only the rotor
angle and the rotor speed of the neighborhood generators.

In this paper, a continuous, distributed and amplitude-
limited RISE-based controller (saturated RISE-based con-
troller was developed for second-order nonlinear systems in



[10]) is designed to provide transient stability of the smart
grid. The controller is robust to external disturbances and
unmodelled effects in the dynamics. Additionally, the designed
controller does not assume that the exact knowledge of the
dynamics is available. The designed saturated RISE-based
controller actuates the distributed energy storage systems to
inject or absorb the active power to/from the connected buses
depend on the sign of the control signal. A Lyapunov-based
stability analysis provides semi-global asymptotic stability
despite the uncertainties in the dynamics and unknown time-
varying disturbances with limited control effort. IEEE 39 bus
system is used to demonstrate the performance of the designed
controller.

II. DYNAMICS

The dynamics of the synchronous generators can be written
as [11]

Miδ̈i , −Diωi + Pm,i − Pe,i + di + ui, (1)

where δi, δ̇i, δ̈ ∈ R are the rotor angle (rad), speed
(
rad
s

)
and

acceleration
(
rad
s2

)
deviation of the generator i, respectively.

ωi ∈ R is the rotor speed deviation of the generator i from
the synchronous speed of the power system, is defined as
ωi , ωacti − ω0 , where ωacti ∈ R denotes the speed of
the generator i, and ω0 ∈ R is the synchronous speed of the
power system. The normalized inertia and damping constants
are denoted by Mi ∈ R and Di ∈ R, respectively, for
the generator i. The terms Pm,i ∈ R and Pe,i ∈ R are
the normalized mechanical and electrical output power of
generator i, respectively. The term di ∈ R is an unknown time-
varying additive disturbance (i.e., unmodelled dynamics and
external disturbances). The input signal that actuate the DESS
expresses ui ∈ R. In this paper, the normalized mechanical
power is assumed to be a known constant and the normalized
electrical output power is represented:

Pe,i =

Ni∑
j=1

|Ei| |Ej |(Gij cos(δi−δj) +Bij sin(δi−δj)) , (2)

where Ni ∈ R>0 is the number of the set of buses connected
to the bus i. The terms |Ei| , |Ej | ∈ R are the magnitudes of
the voltages of buses i and j, respectively. The terms Gij ∈ R
and Bij ∈ R are the equivalent conductance and susceptance
between the buses i and j, respectively. The consequent control
development is based on that the voltage angle of the generator
internal bus i is equal to the rotor angle of the generator
i. Additionally, the control development is required that the
rotor angle, δi, and the rotor speed, δ̇i, of the generator i are
measurable. Moreover, the control design is necessitated to
assume the following requirements:

Assumption 1. The uncertain normalized inertia and damping
constants are assumed to be bounded by known positive
constants such that mi ≤ Mi ≤ m̄i and Di ≤ Di ≤ D̄i,
where mi, m̄i, Di, D̄i ∈ R>0 are known positive constants.

Assumption 2. The unknown time-varying additive distur-
bances for each generator and their first and second time
derivatives exist and are bounded by known constants [12]
.

Assumption 3. The maximum power can be injected and
absorbed for each energy storage system are limited by known
constants such that |ui| ≤ ūi, where ūi ∈ R is a known
positive constant.

III. CONTROL DEVELOPMENT

The control objective is to design an amplitude-limited,
continuous controller which regulates the rotor angle of the
generator i to a reference rotor angle after an enormous fault
oscillation in spite of uncertain parameters and non-vanishing
nonlinear disturbances in the dynamics. To quantify the control
objective, a tracking error denoted by e1i ∈ R is defined as

e1i , δi − δid, (3)

where δid ∈ R is the desired rotor angle for the generator i.
To facilitate the subsequent analysis, a filtered tracking error,
e2i∈ R, is designed as

e2i , ė1i + α1i tanh (e1i) + tanh (efi) , (4)

where α1i ∈ R is an adjustable positive control gain and an
auxiliary error signal efi ∈ R is the solution of the following
differential equation :

ėfi,cosh2 (efi)(−kie2i+ tanh (e1i)− α2i tanh (ef,i))

− cosh2 (efi) M̂i (Pm,i − Pe,i) , (5)

where ki, α2i ∈ R are adjustable positive control gains and
M̂i∈ R is an estimate of the normalized inertia of the generator
i. To facilitate the following amplitude-limited continuous
control development, an auxiliary tracking error, ri ∈ R, is
designed as

ri , ė2i + α3ie2i + α4i tanh (e2i) , (6)

where α3i, α4i ∈ R are adjustable positive control gains. The
control signal does not require the knowledge of ri, the error
signal ri is designed to facilitate the stability analysis.

The limited continuous input signal ui ∈ R is designed as
follows

ui (t) , −ki tanh (υi) , (7)

where υi ∈ R is the solution of the following differential
equation as

υ̇i , cosh2 (υi)
(
D̂ie2i − βisgn (e2i)− M̂iα4i tanh (e2i)

)
− cosh2 (υi) M̂i

(
α1icosh−2 (e1i) + α2i + α3i

)
e2i, (8)

where βi ∈ R is an adjustable control gain and D̂i∈ R is an
estimate of the normalized constant of the generator i.



Theorem 1. The controller given in (7)-(8) ensures global
asymptotic regulation in the sense that

lim
t→∞

(δi (t)− δid) = 0, i = 1, ..., N (9)

lim
t→∞

(ωi (t)− ω0) = 0, i = 1, ..., N (10)

provided that the control gains are selected sufficiently large
based on the following sufficient conditions are satisfied

α1i >
1

2
, α2i > M iki,

√
4M i (α3i + 2α4i)

3α2
4iki

> ¯̃Mi,

¯̃Di <

√√√√ 4Mi(α3i− 1
2 )

ki
− 1

3
− ¯̃M2

i (α3i + α2i + α1i)
2

βi > γ2i +
γ3i
α2i

where γ3,i, γ4,i ∈ R>0 are known positive constants and
defined as γ4,i , min{α1i − 1

2 , α2i − 1
2 , 1}, and γ3,i is the

upper bound of the time derivarivative of the disturbances.

Proof: The proof the stability analysis is not provided in
this note due to page limitation.

IV. RESULTS

The designed saturated RISE-based distributed controller
was performed and proved in a MATLAB - Simulink setting
practicing the New England 39 Bus test system [13]. The
control gains are selected as α1i = 0.1, α2i = 3, α3i = 0.5,
α4i = 0.75, βi = 0.075, M̂i = 50

60π , D̂i = 0, and ks,i = 0.075
for generators from numbers 1 to 10. A three-phase fault is
employed at bus 17 in lines between 16 and 17 at t = 0.5s,
and the fault is cleared at t = 0.7s to show the designed
controller. Simulation results in Figure 1 and Figure 2 are
demonstrated using only PSS without using the designed
RISE-based distributed controller to provide transient stability
of the system under the Gaussian white noise disturbance is
injected into the dynamics of the system. The noise ratio of the
Gaussian white noise disturbance, Pm,i

Noise , is selected 1dB. It is
unquestionably seen that the transient stability of the system
was not achieved based on the criteria of the North American
Electric Reliability Corporation [14] ; the rotor speed of the
generators was not between 59.94 Hz and 60.06 Hz.

However, the designed saturated-based distributed controller
was employed in the system. Figure 3 and Figure 4 were
obtained when PSS was used with the designed RISE con-
troller; the system achieved transient stability quickly. In the
simulation, the maximum power injection/absorption limit of
each energy storage system was selected as 75 × 106 W,
similarly to selecting ks which is normalized limit of the
generators.

V. CONCLUSIONS

An amplitude-limited RISE-based controller was designed
to guarantee the transient stability of the synchronous gen-
erators. In order to inject or absorb the active power into the
buses, DESS was used. The semi-global asymptotic stability of
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Fig. 1. Rotor angle of each generators δi, i = 1, 2, ..., 10 when PSS is
applied.
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Fig. 2. Rotor speed of each generators δi, i = 1, 2, ..., 10 when only PSS is
applied.

the synchronous generator is guaranteed by using Lyapunov-
based stability analysis. The developed controller is simulated
on IEEE 39-Bus Test System to show the performance of the
presented controller. The future work will address developing
a robust controller to provide the transient response of the
power systems despite the communication delay.
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Abstract—A robust integral of the sign of error (RISE) based
controller is designed to enhance the transient stability of the syn-
chronous generators by using distributed energy storage systems
(DESS). The designed control signal manages the power that
is injected or absorbed from DESS. The designed RISE-based
continuous controller is robust to unknown time-varying additive
disturbances and uncertainties in dynamics of the synchronous
generators. Phasor measurement units (PMU) are used to provide
real-time measurements to the designed robust controller which
is used to actuate DESS. A Lyapunov-based stability analysis is
used to prove the global asymptotic stability of the closed-loop
system for each synchronous generator. IEEE 39-Bus Test System
is used to show the performance of the designed controller to
restore the transient stability of the system after being a large
disturbance.

I. INTRODUCTION

The integration of renewable energy sources into existing
grid systems has become widespread. The power generation
from low inertia sources such as renewable energy sources
has significantly reduced the stability of the entire energy
distribution system [1]. Automatic generation controllers [2]
and power system stabilizers [3] are commonly used in exist-
ing grid systems as a primary control to ensure the transient
stability of the synchronous generators. However, automatic
generation controllers and power system stabilizers cannot
restore the system frequency and rotor angle to their nominal
value after a major distortion [1]. In order to provide the
transient stability of the synchronous generators against large
distortions, a controller layer is needed that can easily be
integrated into the synchronous generators in cases where
conventional controllers such as power system stabilizers and
automatic generation controllers are lacking. Control systems
are commonly categorized into three main groups as cen-
tralized, decentralized, and distributed control systems. In
smart grids, it would be a reasonable strategy to reduce the
number of communication links to reduce the possibility of
cyberattacks that may occur to disrupt the transient stability
of the synchronous generators. Furthermore, using the state
information for the entire synchronous generators into control
signal is increase the robustness of the system despite the
disturbances and reduce the control effort. Therefore, it is
reasonable to use distributed control systems in the smart grid.

Traditional power system stabilizers are designed for small
disturbances caused by small load changes, and they may be

insufficient to provide the transient stability of the synchronous
generators [4]. In the past years, excitation-based controllers in
synchronous generators have become widespread to increase
the robustness of the power systems against disturbances
[5]–[8]. In [5]–[8], the swing equations of the synchronous
generators were linearized using direct feedback linearization
methods, and excitation-based controllers are designed for the
linearized dynamics. In addition, the proposed controllers in
[5]–[8] are designed based on the assumption that the system
dynamics are adequately known. However, it is challenging
to determine the parameters in the system models of the syn-
chronous generators in practice [9]. Several control techniques
are available in the literature to overcome the assumption
that the dynamics of the synchronous generators are exactly
known and to ensure the stability of power systems [10],
[11]. In [10], the proposed controller does not require the
exact model knowledge of the parameters in the dynamics.
However, the proposed controller in [10] does not consider the
external disturbances that commonly exist in practice. In [11],
a backsteping approach is used to provide transient stability
of the system, it is assumed that the dynamics of the system
linearly parameterizable and the dynamic of synchronous
generators include external disturbances. In [12], a PI-like
controller is proposed to actuate the mechanical power of
generators to stabilize the oscillations caused by the distortions
in the networks and provide frequency regulation of the
synchronous generators. However, it is assumed that the power
flow equation is linearized in this method. Linearization in the
power flow equation may be realistic for small oscillations
in rotor angles; however, this approach may not be realistic
when large oscillations occur in rotor angle. There is a few
control design without linearizing the system and considering
the external disturbances available in the literature. It is crucial
to overcome the instability situations in the system due to
large-scale disturbances in power systems and quickly return
to transient stability [13].

It is known that conventional controllers are insufficient to
provide transient stability of the synchronous generators and
stabilize the system very slowly [12]. The use of distributed
energy storage systems as a new controller layer has re-
cently been suggested to stabilize the synchronous generators
quicker and make the system more robust to disturbances in
the networks [14], [15]. Distributed energy storage systems



instantly inject or absorb active power to the bus to regulate
the rotor speed and the rotor angle of the synchronous gen-
erators [16]. In [14], [15], it was aimed to regulate the rotor
speed and the rotor angle of the synchronous generators by
using distributed energy storage systems such as flywheels
or batteries connected to the synchronous generators. The
technique proposed in [14], [15] used a partial feedback-based
control technique to linearize the system and used distributed
energy storage systems. However, when the parameters in
the dynamics of the synchronous generators are not precisely
known, the partial feedback-based control technique might
fail. The presented controllers in [17]–[19] do not require
the exact model knowledge of the dynamics and consider
unknown time-varying additive disturbances in the dynamics
while providing transient stability of the power systems. In
[17], [18], decentralized robust controllers are designed to
compensate for the input delay effects of the system. In
[19], the designed distributed robust controller ensures the
rotor angle and rotor speed of the synchronous generators
despite the input delay disturbances and external disturbances.
The presented controllers in [17]–[19] used distributed energy
storage systems as actuators to achieve uniformly ultimately
of boundedness of the error signal.

This paper aims to develop a robust decentralized controller
for smart grid systems to ensure the transient stability of the
synchronous generators to execute the entire system robust to
disturbances that occur after a cyber attack. The RISE-based
control design (the pioneering RISE-based control technique
was presented in [20] and modified versions presented in [21]–
[24]) is proposed to regulate the rotor angle and the rotor
speed of the synchronous generators by using a distributed
energy storage system that integrated the synchronous gen-
erators. The designed continuous controller does not require
the exact model knowledge of the dynamics. Furthermore,
the designed controller is robust to an unknown bounded
time-varying disturbance while providing transient stability
to the power system. A Lyapunov-based stability analysis is
provided globally asymptotic stability of the system. To show
the performance of the controller, IEEE 39 bus is used in the
simulation.

II. DYNAMICS

The dynamics of the synchronous generators in multi-
machine power system are defined as [25]

δ̇i , ωi,

Miω̇i , −Diωi + Pm,i − Pe,i + di + ui, (1)

where δi ∈ R denotes the rotor angle deviation of the generator
i in rad, ωi ∈ R denotes the rotor speed deviation of the
generator i in rad

s with respect to the synchronous speed
of the power system, defining as ωi , ωact

i − ω0 , where
ωact
i ∈ R>0 is the actual speed of the generator i in rad

s ,
ω0 ∈ R>0 is the synchronous speed of the power system in
rad
s . The normalized inertia constant is denoted by Mi ∈ R>0

in s2/rad, and the normalized damping coeficient is denoted

by Di ∈ R>0 for the generator i, in p.u.. The normalized
mechanical power is denoted by Pm,i ∈ R, and Pe,i ∈ R is
the normalized electrical output power of generator i, both
in p.u.. An unknown time-varying additive disturbance is
denoted by di ∈ R icludes unmodelled dynamics and external
disturbances. The generalized input signal denotes ui ∈ R. The
generalized input signal actuates the DESS to inject/absorb the
power into the bus i. The normalized electrical output power
can be defined as

Pe,i =

Ni∑
j=1

|Ei| |Ej |(Gij cos(δi−δj) +Bij sin(δi−δj)) , (2)

where Ni ∈ R denotes the set of buses connected to the bus i,
the voltages of buses i and j denote Ei, Ej ∈ C, respectively.
The equivalent conductance and susceptance between the
buses i and j denote with Gij ∈ R and Bij ∈ R, respectively.
The voltage angle of the generator internal bus i is assumed
the same as the rotor angle of the generator i for subsequent
control development. The subsequent control design based on
the assumption that the rotor angle and the actual speed of the
generator i are measurable.

The equation in (1) can be written as

Miδ̈i , −Diωi + Pm,i − Pe,i + di + ui. (3)

Assumption 1. The normalized inertia for the generator i is
bounded such that mi ≤ Mi ≤ m̄i, where mi, m̄i ∈ R>0 are
known positive constants. The normalized damping coefficient
for the generator i is bounded such that Di ≤ Di ≤ D̄i, where
Di, D̄i ∈ R>0 are known positive constants.

Assumption 2. The unknown time-varying additive distur-
bances for the generator i and its first and second time
derivatives are assumed to be bounded by known constants
[20]

(
i.e., di (t) , ḋi (t) , d̈i (t) ∈ L∞

)
.

III. CONTROL DEVELOPMENT

The control design aims to regulate the rotor angle of the
generator i to a reference rotor angle after fault oscillation to
guarantee transient stability despite an unknown time-varying
additive disturbance and model uncertainties of the generator
i. The control signal is used to actuate the DESS to supply
the power into the bus i.

To quantify the control objective, the error signal, e1i ∈ R,
is defined as

e1i , δi − δid, (4)

where δid ∈ R is the reference rotor angle for the generator i.
A filtered tracking error, e2i∈ R, is designed as

e2i , ė1i + α1ie1i, (5)

where α1i ∈ R>0 is an adjustable control gain. To facilitate the
subsequent development, an auxiliary tracking error, ri ∈ R,
is designed as



ri , ė2i + α2ie2i, (6)

where α2i ∈ R>0 is an adjustable control gain. It should
be noted that the auxiliary tracking error is not measurable
and not used in the control signal; however, it is used in the
stability analysis to ensure the stability of the power system.
The input signal ui is designed as follows

ui (t) , − (Pm,i−Pe,i) + µi, (7)

where µi ∈ R is the auxiliary control signal defined as

µi (t) , − (ki + 1) (e2i (t)− e2i (t0))− υi (t) , (8)

where ki ∈ R>0 is an adjustable control gain, e2i (t0) ∈ R
is the initial value of e2i and υi ∈ R is the solution of the
following differential equation:

υ̇i (t) , (ki + 1)α2ie2i + βisgn (e2i) , υi (t0) = 0, (9)

where βi ∈ R>0 is an adjustable control gain, υi (t0) ∈ R
is the initial value of υi. It should be noted that µ̇i =
− (ki + 1) ri + βisgn (e2i).

Theorem 1. The controller given in (7)-(9) ensures global
asymptotic regulation in the sense that

lim
t→∞

(δi (t)− δid) = 0, i = 1, ..., N (10)

lim
t→∞

(ωi (t)− ω0) = 0, i = 1, ..., N (11)

provided that the control gains are selected sufficiently large
based on the following sufficient conditions are satisfied

α1i >
1

2
, α2i >

1

2
, γ4i ≥

γ21i
ki
, βi > γ2i +

γ3i
α2i

, (12)

where γ2i, γ3i ∈ R are known positive cosntants, γ2i is the
upper of the disturbances and γ3i is the upper bound of the
time derivative of the disturbances and γ4,i ∈ R>0 is a known
positive constant and defined as γ4,i , min{α1i − 1

2 , α2i −
1
2 , 1}.

Proof: Due to page limitation, the Lyapunov based sta-
bility analysis is not provided in this manuscript.

IV. RESULTS

The New England 39 Bus test system [26] is performed
to confirm the performance of the designed RISE controller
by using MATLAB - Simulink environment. A three-phase
fault is manipulated at bus 17 in lines 16 − 17 during t =
0.5s and t = 0.7s. After that, the fault was removed and
the designed controller perform to stabilize the system. The
Gaussian white noise disturbances are injected into the systems
to demonstrate the robustness of the controllers concerning
disturbances. The noise ratio of the added disturbances with
respect to the mechanical power is defined as Pm,i

noise , and during

the simulation, the noise ratio is selected 1. Depend on the
criteria of the North American Electric Reliability Corporation
[27], the rotor speed of each generator in the system should
be in the range of 59.94Hz and 60.06Hz to conclude the
transient stability of the system is provided.

In the first scenario, the designed controller is not used to
stabilize the system, while PSS is only used for regulating
the system after the fault. Figure 1 and Figure 2 show the
rotor angle and rotor speed of the generators after the fault
cleared when PSS is used as a controller to provide transient
stability. Based on the criteria of the North American Electric
Reliability Corporation, Figure 1 and Figure 2 show that
the system was not achieved transient stability while PSS is
performed with the disturbances.
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Fig. 1. Rotor angle of each generators δi, i = 1, 2, ..., 10 when ui is not
applied.

On the other hand, the designed RISE controller was used
with PSS and the control gains were selected as α1i = 1,
α2i = 5, βi = [1 1 2 2 2 1 2 2 0.5 1] × 0.01 and ki =
[110.20.20.20.10.20.20.20.2] for each generator, respectively.
Figure 3 and Figure 4 indicate that the system achieved the
transient stability in a short time. Even though the limit of
each energy storage system was not assumed to be bounded
in the control development, the limit of each energy storage
system was considered in the simulation for practical consid-
eration. The limit of each energy storage system was selected
[1 0.277303 0.65 0.632 0.508 0.65 0.56 0.54 0.83 0.25]×108W ,
respectively. Figure 3 and Figure 4 demonstrate the transient
stability performance of the designed controller. Figure 3
shows that the rotor angle of each generator and Figure 4
show that the rotor speed of each generator.

V. CONCLUSIONS

A RISE-based controller was developed to ensure the
transient stability of the synchronous generators. In order to
accelerate the power system, DESS was used as an actuator
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Fig. 2. Rotor speed of each generators δi, i = 1, 2, ..., 10 when ui is not
applied.
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Fig. 3. Rotor angle of each generators δi, i = 1, 2, ..., 10 when ui and PSS
are employed.

to inject or absorb the real power into the buses. The global
asymptotic stability of the synchronous generator is proved
by using Lyapunov-based stability analysis. IEEE 39-Bus
Test System was utilized in the simulation to present the
performance of the designed controller. The simulation results
indicated that the designed RISE-based controller is robust
to an additive disturbance. The designed controller recovered
the stability of the system significantly fast after a large
disturbance. The future work will address the design of a
prescribed performance-based robust controller to provide that
all error signals are maintained within a developed boundary
to improve the transient response of the power systems.
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Fig. 4. Rotor speed of each generators ωi, i = 1, 2, ..., 10 when ui and PSS
are employed.
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Abstract- The use of solar photovoltaics (PV) energy 
provides additional resources to the electric power grid. 
The downside of this integration is that the solar power 
supply is unreliable and highly dependent on the weather 
condition. The predictability and stability of forecasting 
are critical for the full utilization of solar power. This 
study reviews and evaluates various machine learning-
based models for solar PV power generation forecasting 
using a public dataset. Furthermore, The root mean 
squared error (RMSE), mean squared error (MSE), and 
mean average error (MAE) metrics are used to evaluate 
the results. Linear Regression, Gaussian Process 
Regression, K-Nearest Neighbor, Decision Trees, 
Gradient Boosting Regression Trees, Multi-layer 
Perceptron, and Support Vector Regression algorithms 
are assessed. Their responses against false data injection 
attacks are also investigated. The Multi-layer Perceptron 
Regression method shows robust prediction on both 
regular and noise injected datasets over other methods.    
 
Index Terms- Solar PV energy generation forecasting, noise 
impact, and forecasting. 

I. INTRODUCTION 
A reliable power system is required to maintain 

grid stability and security. Considering that the electric 
energy cannot be stored in large quantities, the real-time 
power supply and load balance are key factors for the 
power system’s stable operation. Power grids are 
undergoing rapid change with increased penetration of 
Distributed Energy Resources (DER), i.e., wind and 
solar photovoltaics (PV). Especially solar PV has 
shown unprecedented growth in the U.S. during recent 
decades. The integration of renewable energy 
technologies into the existing grid requires robust 
performing forecasting algorithms due to their weather 
dependency. At present, there are more than 1 million 
solar PV installations across the U.S., representing 71.3 
GW of operating PV capacity. The increase in 
residential installations helped the U.S. solar market 
grow 45% year-over-year [1]. In Q3 2019, solar 
capacity was significantly increased when compared to 
other fuel types, i.e., accounting for 39% of all new 
electric generating technologies [2]. The availability of 
solar energy creates an alternative source and enhances 
the reliability of the energy supply. However, the grid 
integration of weather-dependent power generation 
technologies, such as wind and PV, has its challenges 
due to fluctuations in power generation [3]. Energy 
forecasting using machine learning (ML) is one of the 

most promising techniques to increase the grid 
integration capabilities of wind and PV resources [4, 5]. 
Artificial Intelligence (AI) methods have achieved 
competitive prediction performance due to their success 
in extracting the complex underlying structure of the 
solar data [6]. AI methods, especially deep learning 
(DL) algorithms, can be implemented without feature 
engineering and are less sensitive to missing data [7]. 
ML techniques, including Linear Regression (LR), K-
Nearest Neighbor (KNN), Decision Trees (DT), 
Gaussian Process Regression (GPR), Gradient 
Boosting Regression Trees (GBRT), Support Vector 
Regression (SVR), and Multi-layer Perceptron 
Regression (MLPR), are used for many forecasting 
tasks. Prior efforts for forecasting PV power generation 
include developing a power generation prediction 
system using wavelet transformation and AI 
combinations [8]. SolarNet, a deep convolutional 
neural network (CNN) model, is proposed for solar 
radiation forecasting in [9]. A CNN  framework for the 
solar prediction model based on weather data is 
proposed in [10]. The study in [11] uses the long short-
term memory (LSTM) model for the solar power 
generation prediction with the utilization of the 
principal component analysis (PCA) to reduce the 
training time and improve the generalization ability of 
the model. The authors in [12] review time series and 
Artificial Neural Networks (ANN) for short-term PV 
power generation forecasting across five different sites. 
The authors in [13] review recent AI applications on 
solar power generation forecasting, focusing on DL 
techniques. The study [14] provides a PV power 
forecasting model using weather classification in 
combination with ANN using an additional aerosol 
index feature. A Random Forest algorithm optimized 
by Differential Evolution Grey Wolf Optimizer [15] is 
used to forecast the PV power generation. The authors 
in [16] proposed the hour-ahead PV power generation 
forecast using SVR, Polynomial Regression, and Lasso. 
The study [17] summarizes the solar power generation 
forecasting performance of ANN, SVR, and GPR with 
sensitivity analysis for parameter tuning. This study 
attempts following contributions to the research field:   

(i) The development of an AI-based PV power 
generation forecasting model, 

(ii) Validation of the model with RMSE, MSE, and 
MAE metrics, 

(iii) Analyses of noise impact on ML models. 
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II. MACHINE LEARNING TOOLS 
Several machine learning techniques are used 

effectively in solar power generation forecasting. The 
current study focuses on the algorithms, LR, GPR, 
KNN, DT, GBRT, and SVR algorithms with the goal to 
find a robust method for solar power generation 
forecasting. Other regression models, such as linear 
regression with Stochastic Gradient Descent (SGD), 
Bayesian Ridge, Lasso with Least Angle Regression, 
Automatic Relevance Determination (ARD), Passive 
Aggressive (PA), and Theil-Sen regressor models have 
also been experimented within this study. 

The general overview of this study is shown in 
Fig. 1. In the first part of this study, the dataset without 
noise is used for forecasting, and results are evaluated 
with performance metrics. In the second part, noise is 
added to the testing dataset, and the performance of 
each method is compared using the RMSE metric.  

A. Linear Regression 
LR is used to extract the relationship between 

input variables and an output variable. The math and 
statistics behind the LR are well defined, and the LR 
model computes a weighted sum of the input features 
and a bias term using techniques such as least squares, 
gradient descent, and regularizations [18].  

𝑦′ = 𝜃! + 𝜃"𝑥" + 𝜃#𝑥# + θ$𝑥$ +⋯	+	𝜃%𝑥& 

where y’ is the predicted value, the number of 
features is n,	𝑥' is the ith feature variable, 𝜃( is the jth 
regression coefficient including the bias term.  

B. Gaussian Process Regression 
GPR is a non-parametric Bayesian probabilistic 

regression that approximates the target value as a 
posterior distribution by combining a prior and a 
likelihood (Gaussian noise) model [19].  

C. K-Nearest Neighbor Regression 
KNN is based on a feature distance/similarity 

measurement on data pairs to predict the numerical 
target [20]. This paper used the number of neighbors as 
two and  Euclidean distance to assign the average value 
of the neighbors.  

D. Decision Trees  
DT takes a set of features as input and carries out 

multiple binary classifications that provide a correlation 
between the input data and output response. 

E. Gradient Boosting Regression Trees 
The GBRT technique corrects the mistakes of 

prior base models and utilizes additive training 
(boosting), which combines the additional trees to 
improve the prediction accuracy. Extreme Gradient 
Boosting was used for this study to achieve higher 
performance. 

F. Support Vector Regression  
The SVR method maps the inputs into a high-

dimensional feature space by constructing a decision 
surface. The relationship between inputs and outputs is 
extracted via mapping operation. The linear regression 
is employed on this high dimensional space for 
forecasting. 

G. Multi-Layer Perception Neural Network 
Regression 

The MLPR is a feedforward ANN that consists 
of 100 hidden layers, ReLU activation function, 500 
max number of iterations, and 0.001 learning rate with 
Adam optimizer. 

III. DATA COLLECTION AND PREPROCESSING  
A.  Dataset Collection  

An open-source benchmark dataset is used for 
this work, which is obtained from the Global Energy 
Forecasting Competition (GEFCOM) held in 2014. 
The  dataset consists of hourly PV power generation 
data and corresponding numerical weather forecasts 
from April 2012 to July 2014, and contains the 
following 12 weather variables from the European 
Centre for Medium-Range Weather Forecasts 
(ECMWF): 
1)  Total column liquid water (kg m**-2) 
2)  Total column ice water (kg m**-2) 
3)  Surface pressure (Pa) 
4)  Relative humidity (%) 
5)  Total cloud cover (0-1) 
6)  10-meter U wind component (m s**-1) 
7)  10-meter V wind component (m s**-1) 
8)  2-meter temperature (K) 
9)  Surface solar rad down (J m-2) 
10)  Surface thermal rad down (J m-2) 
11)  Top net solar rad (J m-2) 
12)  Total precipitation (m) 

B. Train/Test Dataset and Validation 
The dataset is split into training and testing 

subsets with a ratio of 0.8 and 0.2 accordingly. The 
randomized split is seeded to obtain the same division 
for further validation of the model. 

The RMSE metric is used to evaluate and 
compare different ML models. The RMSE metric gives 
the same level of error with the prediction, which makes 
the interpretation easier. Moreover, the RMSE metric 
gives smaller values, which are widely preferred for 
simplicity. The RMSE equation is shown in equation 
(1). Another metric that is used in this study is MAE, 
which quantifies the accuracy of our model by 
calculating the average absolute difference between 
actual and predicted values in equation (2).  

𝑅𝑀𝑆𝐸 = .∑(𝑌) − 𝑌
3))#

𝑛 																																									(1) 

 

𝑀𝐴𝐸 =
1
𝑛8|𝑌) − 𝑌3)|

%

)*!

																																											(2) 

where : 
𝑌) : The actual tth instance  
𝑌3)	: The forecasted tth instance 
n: The total number of testing instance 

The MSE scores are utilized for further analyses 
of the model using the same calculation as in Eq. (1), 
without a square root of the overall computation. MAE 
also has the same unit as the prediction.  
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Figure 1. The framework of the solar PV power generation forecasting model 

 

IV. IMPLEMENTATION OF PV GENERATION FORECASTING 
AND VALIDATION USING DIFFERENT ML TECHNIQUES 

The objective of this paper is to employ different 
ML techniques to evaluate and analyze the performance 
of each technique on a regular and noise-injected 
dataset so that the PV power generation will be broadly 
utilized in smart grid applications with higher 
acceptance. Each model is trained using the training set, 
and the performance is evaluated through the test set. 
The variation between predicted and actual values is 
compared using different metrics. In the second run, the 
dataset was modified with Gaussian noise, and the ML 
models are evaluated according to their noise sensitivity 
using the RMSE metric. 

A.  PV Power Generation Forecasting  
The PV power generation forecasting has critical 
importance as the integration of solar panels into the 
power grid depends on stable and predictable power 
generation. This study provides a comparison of 
different machine learning techniques needed for 
dependable power generation forecasting. The 
performance of each technique is calculated and shown 
in Table I.  The lower scores are better. The graphical 
prediction representations of these models are depicted 
in Fig. 2. 

The performance of linear models suffers from 
higher error scores, where the Lasso algorithm has the 
highest error rates of RMSE (0.2601), MSE (0.0676), 
and MAE (0.2172) scores. The modified Linear 
regression models, i.e., Passive Aggressive, Theil-Sen, 
SGD, ARD, Bayesian Ridge regression methods, have 
higher RMSE, MSE, and MAE scores similar to the 
regular LR model. Thus, these modified regression 
models are omitted from the rest of the study. 

The performance of the DT regression model is 
also low because it suffers from working with 
continuous variables. SVR and MLPR models provide 
the highest performance in terms of RMSE and MSE 
scores. On the other hand, MAE scores of GPR and 
KNN are the lowest among the ML methods. RMSE 
and MSE scores of GPR and KNN methods are close to 
SVR as well.  

We can conclude that these methods fit the 
model very closely. The performance of the GBRT 
method indicates that it is the third successful model for 
having low scores of RMSE, MSE, and MAE. 

 
Table I.  

The performance of each ML technique  
              Metric 
Technique 

RMSE MSE MAE 

LR 0.1261 0.0159 0.0901 
GPR  0.1034 0.0107 0.0541 
KNN 0.1035 0.0107 0.0509 
DT 0.1351 0.0182 0.0628 
GBRT 0.1044 0.0109 0.0637 
SVR 0.0923 0.0085 0.0628 
MLPR 0.0959 0.0091 0.0599 
SGD 0.1263 0.0159 0.0910 
Bayesian Ridge 0.1262 0.0159 0.0901 
Lasso 0.2601 0.0676 0.2172 
ARD 0.1266 0.0160 0.0901 
PA 0.1603 0.0256 0.1282 
Theil-Sen 0.1331 0.0177 0.0887 
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Fig. 2: Comparison of different ML techniques for forecasting. 

 
Fig. 3: Comparison of different ML techniques using noise injected dataset. 

B. The Comparison Of Machine Learning 
Techniques On Noise-Injected Dataset 

The impact of noise on PV power generation 
forecasting is important to evaluate the robustness of 
the forecasting models  [21]. The collected data comes 
from various sources using many sensors, which are 
exposed to adversarial attacks and noise. The 
performance of each model is evaluated through 
RMSE, MAE, and MSE metrics for a noisy dataset. 
Only the RMSE scores of the experiment are given for 
simplicity.  

Gaussian noise is produced using the Scikit-
learn library. The injected noise has a standard 
deviation equal to one and a mean equal to zero. Noise 
is applied to a subset of the dataset, i.e., to 10%, in the 
first run, 50% in the second run, and 100% (all data) in 
the third run. The RMSE scores of the experiments are 
shown in Table II. 

Table II.  
RMSE scores of different ML techniques with noise 

injected dataset. 
        Percentage    
Technique 

0% 10% 50% 100% 

LR 0.1261 0.1261 0.1261 0.1261 
GPR 0.1034 0.1035 0.1034 0.1036 
KNN 0.1035 0.1036 0.1031 0.1027 
DT 0.1351 0.1350 0.1354 0.1364 
GBRT 0.1044 0.1044 0.1046 0.1047 
SVR 0.0923 0.0922 0.0922 0.0924 
MLPR 0.0959 0.0959 0.0958 0.0959 

According to the results, the model performance 
reduces with a higher noise injection for some models. 
LR and MLPR show a very small change to the noise-
injected dataset. The RMSE scores of SVR, GBRT, and 
GPR indicated that these models are sensitive to noise. 
On the other hand, the RMSE score of the KNN method 
is reduced with the increasing noise level. This will be 
a result of overfitting. The RMSE score of the DT is 
increased considerably with noise as well. The 
forecasting of different ML methods on the noise-
injected dataset is shown in Fig. 3. 

 

V. RESULTS AND DISCUSSION  
The results are indicating that most of the ML 

techniques provide reasonable results for forecasting 
solar PV power generation. RMSE, MAE, and MSE 
metrics correlate as expected. The least successful 
models for the regular dataset are DT, LR, and  GBRT 
models, which have RMSE values of 0.1351, 0.1261, 
and 0.1044, respectively. Forecasting with other linear 
models produced higher error scores on a regular 
dataset. SVR and MLPR methods have the lowest 
RMSE scores, i.e., 0.0923 and 0.0959. GPR and KNN 
have similar RMSE scores, i.e., 0.1034 and 0.1035, but 
the MAE score of KNN is the lowest among ML 
techniques, i.e., 0.0509. GPR has a lower MAE score, 
i.e., 0.0107, than KNN. GBRT has slightly higher 
RMSE, MSE, and MAE scores., i.e., 0.1034, 0.0107, 
and 0.0541, respectively.   
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 The RMSE score changes of ML methods with 
noise injection (see Table III) indicate that MLPR and 
LR are not sensitive to noise injection, 0% change in 
terms of RMSE. A decrease in the RMSE score for 
KNN shows potential overfitting. DT and GBRT 
indicate a high noise sensitivity, i.e., 0.21% for DT and 
0.29% for GBRT, whereas GPR and MLPR show a 
slightly lower sensitivity, i.e., 0.01% for GPR and             
-0.02% for MLPR.   

Table III.  
RMSE score changes of ML methods with noise 

injection change.  
              Diff.% 
Technique 

0% vs.10% 0% vs. 50% 0% vs. 100% 

LR 0.00% 0.00% 0.00% 
GPR 0.10% 0.01% 0.02% 
KNN 0.10% -0.35% -0.77% 
DT -0.07% 0.21% 0.9% 
GBRT 0.00% 0.18% 0.29% 
SVR -0.11% -0.03% 0.12% 
MLPR 0.00% -0.02% 0.00% 

 
RMSE, MSE, and MAE values are small due to 

the normalized data for both regular and noise injected 
datasets. Observations derived from the results of solar 
PV power generation forecasting and the noise impact 
are outlined below: 
Observation 1: ML models have great potential to 
forecast solar PV power generation. 
Observation 2: Noise injection affects the performance 
of the forecasting models. 
Observation 3: SVR and MLPR models achieve the 
best performance for both regular and noise injected 
datasets. 
Observation 4: LR, GPR, and MLPR models are less 
sensitive to noise. 
Observation 5: DT and GBRT models have a higher 
sensitivity to noise than other ML methods. 
 

VI. CONCLUSION  
This paper presents solar PV power generation 

prediction models by utilizing seven ML techniques 
and the impact of noise injection on solar power 
forecasting in terms of performance metrics. In the first 
part of the study, the proposed model gets the PV power 
generation and weather data to forecast the generated 
solar power. Results of each ML technique are 
evaluated through RMSE, MSE, and MAE 
performance metrics. The SVR and MLPR models 
achieve better PV power generation forecasting 
accuracy. In the second part of the study, the impact of 
noise injection on the model performance is studied. 
The noise is injected into the testing data subset with 
different percentages, i.e., 10%, 50%, and 100%, and 
the performance differences of seven ML methods are 
examined in detail. LR, GPR, and MLPR are less 
sensitive to noise. Furthermore, the SVR model 
provides the highest performance on the regular dataset, 
while the MLPR model performs best on the noise-

injected dataset. Furthermore, this study demonstrates 
the sensitivity analysis based on different ML 
algorithms, which are used for solar forecasting and 
their impacts of adversarial cyber-attacks like data 
poisoning or noise injection on the accuracy of the 
prediction outputs.   

This study demonstrated that ML techniques 
could be applied successfully to regular and noisy PV 
power generation forecast models. It is expected that 
this study is useful for developers and researchers 
working on PV power generation forecasting. 
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Abstract—During the last decade, many residential 

customers have shown great interest in installing PV plants at 

the roof-top of the houses.   Therefore, large and medium-scale 

integration of renewable energy sources (RESs) may cause 

many technical challenges for distribution system such as 

overvoltage problem, reverse power flow and grid instability. As 

a result, microgrids (MGs) and operative control strategies are 

more and more important. In this paper, volt/var optimization 

strategy for MV and LV distribution system is proposed. Solar 

Power Plants connected to MV level cause overvoltage problem 

at LV level. 24-hour solar generation and demands are obtained 

as real system data and is modeled Elazığ province distribution 

network. PV inverter reactive power injection/absorption 

control and shunt capacitor switching is scheduled for 24-hour 

by minimizing LV and MV line losses with desired bus voltage 

constraints. Results clearly demonstrate that MATPOWER 

OPF tool is effectively utilized to solve MV and LV volt/var 

optimization problem.  

Keywords— Matpower, microgrid, mixed integer liner 

programming, optimal power flow, volt/var optimization (VVO)  

I. INTRODUCTION  

Utilizing renewable energy sources (RESs) is essential to 
decrease CO2 emission concerning large amount of fossil fuels 
using in power systems. Photovoltaics (PVs) are the major 
resources among RES thanks to lower maintenance cost and 
more predictable power generation [1]. With the high injection 
of PV generation to distribution network leads to several 
problem. These problems are: 

• Overvoltage especially in peak generation period 

• Reverse power during low demand period 

• Power imbalance due to PV output power fluctuations 
and frequency deviation of power system [1-3] 

 On-load tap changer (OLTC), step voltage regulator 
(SVR), shunt capacitor (SC) are widely used traditional 
equipment to control voltage profile and reactive power flow 
on a distribution feeder.  [4,5]. Energy storage units are used 
for providing voltage support to the grid. The intention is to 
temporarily store the excessive active power, which can be 
used in high-demand periods or during night [3, 4].  

 Installation and maintenance costs of traditional Volt/Var 
devices can be quite high. Also, some of these traditional Volt-
Var controllers may have a slow operational response time. 
The need for higher speed operational response of voltage 
regulation equipment today is increasing due to the rapid 
growth in the high penetration of distributed energy resources. 
Smart grid network grid-based Volt/Var optimization (VVO) 

solutions are more practical and affordable thanks to EVs, 
BESS and PVs having smart inverter technologies [6]. 

 Due to different equipments in distribution systems, such 
as Static Var Compensators (SVCs), DGs, Load Tap Changers 
and VRs, the multiobjective daily Volt/Var control problem is 
usually modeled as a mixed integer nonlinear programming 
(MILP) [7-13]. Conventional and classical methods such as 
linear programming, mixed integer programming, quadratic 
programming, etc., and can be used to solve this problem. And 
there are also studies utilizing optimization methods as in [14-
22].  

 Presented in [7,8], the model provides solution 
coordinating the operation of DG sources with voltage control 
devices, Capacitor Banks (CBs) and Voltage Regulators 
(VRs), optimizes energy losses and total installation and 
maintenance cost of the system. In [9], with General Algebraic 
Modelling Systems (GAMS), presented Volt/Var algorithm is 
implemented to Distribution Network of Sanremo MV test 
system. [10] proposes Bi -level VVO to decrease energy 
consumption of loads and system losses by regulating feeder 
voltages. CVR technique is adapted to ZIP model and thereby 
energy consumption decreases. [11] studies on minimizing 
costs of acquisition, installation, and removal of Capacitor 
Banks. Line losses are not included in objective function but 
defined as penalty function as voltage limits of buses. [12] 
describes a new VVO (Volt-Var optimization) that 
coordinates utility control of switched capacitors, OLTC and 
smart PV inverters. Objective function is defined to minimize 
the sum of voltage deviation over each bus from nominal 
voltage while minimizing OLTC tap operations. [13] proposes 
optimization strategy for energy dispatch and volt/var control 
problem of multi micro grids and aims to control voltage for 
the bus where three micro grids are connected. Authors aims 
to minimize power losses by coordinating power exchange 
between MGs.[14] includes the optimal coordination of 
OLTC, step voltage regulators (SVRs), switched shunt 
capacitors (SCs) and energy storage. GA is developed to solve 
optimal settings of OLTC, SVR and SCs by minimizing 
voltage deviation among the feeders and energy losses. In 
[15], researches present smart PV inverter and control method. 
A smart PV inverter can help regulate voltage by absorbing 
and injecting reactive power (Var) to/from the grid by using 
the Volt-Var control function.  In [16], Authors aim to 
minimize power of controlled load with ZIP model and system 
losses as in [10]. 24.9kV/12.66kV OLTC, SCs, and PVs are 
included in different buses of IEEE 34 bus test system. Active 
and reactive power balance, number of actions for OLTC and 
shunt capacitor, voltage of each bus is defined as constraints. 
In [17], 15 min and hourly VVO technique is applied to IEEE-
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33 bus radial test system including OLTC, SCs, Wind Farm, 
Solar Farms, and Plug-in-Vehicle (PEV) charging stations. 
Multiobjective Particle Swarm Optimization (MOPSO) is 
used, and allows user to engage in solution process to obtain 
user-preferred optimal solution. 

 This work aims to minimize line losses in a part of Elazığ 
province 34.5 kV distribution system both at MV and LV-
level by achieving bus voltage constraints. Test case with real 
system data includes, seven Solar Power Plants each rated 1 
MW, fourteen 34.5/0.4 distribution transformer rated between 
50 kVA and 250 kVA at MV level.  Two results are compared; 

• First case is modeled using field data and 
overvoltage problem is demonstrated.   

• Second case presents the results with the developed 
algorithm for the control of shunt capacitors at MV 
level and reactive power control of 20 kVA inverter 
with 5kVA solar panels connected to microgrid.  

System is modeled with real system data such as MV an 
LV line parameters, transformer parameters. 24-hour PV 
generation data and demands of transformer are obtained as 
real system data. Each hour is scheduled using proposed 
method.  

This paper is organized as follows; Section II describes 
details of Elazığ province distribution network. In Section III, 
developed VVO algorithm is explained. Section IV discusses 
the obtained results and benefits of proposed VVO method. 
The main ideas of paper are summarized and conclusions are 
presented in Section V. 

II. TEST CASE AND MATPOWER MODEL 

Proposed model is aimed to be applied a part of 
distribution network given with Fig. 2. As to MV level 
configuration is under Yeni TRT Substation, there are fifteen 
34.5/0.4 kV transformers.  

 

Fig. 2. Bird’s eye view of transformer location under Yeni TRT 

Substation 

 There are seven Solar Power Plants, each 1MW capacity, 
at Kayabeyli district located 2.5 km away from the substation. 
Total length of MV line is 22386 m and MV line includes 481 
house loads, 30 of them are located under TRT Demirlibahçe 
transformer.    

 

Fig. 3. Distribution system 

TABLE I.  MV LINE DETAILS 

 

Branch  
Buses  

Distance 

(meter) 

 

Cable  
From 

Bus  

To 

Bus 

1 
1 2 2253 

HAWK 

2 1 4 20 3x(1x95/25) 

3 2 3 1225 RAVEN 

4 4 5 203 SWALLOW 

5 5 6 13 SWALLOW 

6 6 33 1651 SWALLOW 

7 5 7 1155 SWALLOW 

8 7 8 134 SWALLOW 

9 7 12 94 SWALLOW 

10 8 9 539 SWALLOW 

11 8 10 724 SWALLOW 

12 10 11 205 SWALLOW 

13 12 13 519 SWALLOW 

14 12 14 118 SWALLOW 

15 14 15 414 SWALLOW 

16 14 16 283 SWALLOW 

17 16 17 3148 SWALLOW 

18 16 18 284 SWALLOW 

19 18 19 57 SWALLOW 

20 18 20 167 SWALLOW 

21 20 21 586 SWALLOW 

22 20 22 1021 SWALLOW 

23 22 23 534 SWALLOW 

24 22 26 30 SWALLOW 

25 23 24 784 SWALLOW 

26 23 25 684 SWALLOW 

27 26 27 1230 SWALLOW 

28 26 28 608 SWALLOW 

29 28 29 318 SWALLOW 

30 28 30 31 SWALLOW 

31 30 31 3354 SWALLOW 

32 30 32 2253 SWALLOW 

 

TABLE II.  34.5/0.4 KV TRANSFORMERS LOCATION AND RATING 

 

Branch  
Buses  

Rating 

(KVA) 

 

Branch  

Buses  

Rating 

(KVA) From 

Bus  

To 

Bus 

From 

Bus 
To 

Bus 
6 6 33 160 56 21 57 100 

49 9 50 100 57 24 58 50 

50 10 51 160 58 25 59 100 

51 11 52 100 59 27 60 160 

52 13 53 50 60 29 61 250 

53 15 54 50 61 31 62 50 

54 17 55 50 62 32 63 50 

55 19 56 100     

 

Fig. 3. shows details of distribution system model under Yeni 
TRT Substation. The system base is 100 MVA. Base voltage 
is 34.5 kV for MV connected component, and for LV side base 
voltage is 400 V. MATPOWER needs to define all 
transmission lines, phase shifters, and transformers as 
standard 𝜋 transmission line model with series impedance and 
total charging susceptance [18]. MV line and transformer 
details are given in Table I and Table II. 



 

Fig. 4. Hourly VVO algorithm 

LV line includes 27 branches. Details are given in Table III. 
PV inverter rated 20 kVA is located in Bus 612.  

TABLE III.  LV LINE DETAILS 

 

Branch  
Buses  

Distance 

(meter) 

 

Cable  
From 

Bus  

To 

Bus 

33 602 603 78,7938 3x(1x50/16)+70 

34 603 604 48,47916 3x(1x35/16)+50 

35 603 605 70,67026 3x(1x50/16)+70 

36 605 611 278,21974 3x(1x50/16)+70 

37 605 606 341,76637 3x(1x50/16)+70 

38 606 608 281,66977 3x(1x50/16)+70 

39 606 607 46,37875 3x(1x35/16)+50 

40 608 609 183,46185 3x(1x35/16)+50 

41 608 610 132,338 3x(1x50/16)+70 

42 611 612 412,83565 3x(1x50/16)+70 

43 611 615 220,28175 3x(1x50/16)+70 

44 612 614 89,51915 3x(1x50/16)+70 

45 612 613 38,4889 3x(1x35/16)+50 

46 615 617 317,61058 3x(1x35/16)+50 

47 615 616 45,92214 3x(1x35/16)+50 

48 602 618 93,187972 3x(1x50/16)+70 

63 618 619 141,71425 3x(1x35/16)+50 

64 618 621 99,537806 3x(1x50/16)+70 

65 619 620 255,66612 3x(1x35/16)+50 

66 621 622 120,45968 3x(1x35/16)+50 

67 621 623 621,90416 3x(1x50/16)+70 

68 623 624 314,02513 3x(1x50/16)+70 

69 623 625 115,83564 3x(1x50/16)+70 

70 625 626 27,858979 3x(1x35/16)+50 

71 625 627 71,072556 3x(1x50/16)+70 

72 627 629 23,803205 3x(1x35/16)+50 

73 627 628 231,74908 3x(1x50/16)+70 

 

 With the parameters given in Table I-III, line parameters 
are calculated in pu. MV line parameters includes line 
resistance, line inductance and susceptance of cables between 
illustrated buses in Table I. However, total charging 
susceptance are not calculated for LV line because of cable 
equivalent in LV. Parameters calculated with real system data,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

branches, and buses are defined in algorithm. Thereby, model 
of the system is obtained.  

III. VOLT VAR OPTIMIZATION ALGORITHM 

  Proposed VVO is adapted to OPF tools Fig. 4 illustrates 
proposed VVO algorithm.  

 Important points in the operation of VVO algorithm are 
described as follows:  

• Firstly, algorithm reads Hourly demand, PV 
generation, and voltage data from excel file. These 
are saved to Workspace.  

•  To define Bus 1 voltage constraints, power flow 
works both for maximum reactive power injection 
of SCs and without reactive power injection. 
Thereby, Bus 1 voltage constraints are specified for 
each hourly proposed algorithm.  

• Proposed algorithm works with the objective aiming 
to minimize sum of line losses.  

• Results include reactive power support of PV 
inverter and SCs.  

• Algorithm waits for next hour data, works for next 
hour, and schedule system operation. 

IV. RESULTS 

 Fig. 5 depicts normalized PV profile corresponding to 
irradiation of Elazığ province for 10 July 2020. PV generation 
of Kayabeyli Solar Plants and PV panel are obtained by 
multiplying installed power.  



 
Fig. 5. PV generation profiles 

 
Fig. 7. Bus 1 voltage 
 

 

Fig. 9. LV Buses for Case 1 

 

Fig. 11. Reactive powers of SC1, SC2, and PV inverter for Case 2 

 For this day, Yeni TRT substation voltage data and loading 
of each transformer are stored in an excel file as in Figs 6 and 
7. Following Figures compare Case 1 and Case 2 results. Bus 
602’s voltage is regulated as seen in Fig. 8. Peak amplitude 
at14 pm is reduced to 1.04 pu.  Other LV Buses’ voltages are 
compared with Fig. 9 and 10. 

 

Fig. 6. Load profile of TRT Demirlibahçe TR 

 
Fig. 8. Bus 601 voltage 

 

 

Fig. 10. LV Buses for Case 2  

 

Fig. 12. Sum of MV and LV line losses 

By adding SCs and PV inverter to the system, it is clear that 

Each Buses’ voltage is closer to 1 pu. As seen in Fig. 12, line 

losses for Case 1 are frequently less than line losses Case 2.  

This is because, the loads are very low compared to line 

capacity and reverse reactive power flows from PV inverter.  

However, with PV inverter and SCs reactive power injection, 



LV Buses’ voltage are regulated effectively. It is clear that 

proposed method schedules the system with the desired 

voltage constraints, line current constraints, and lowest 

possible line losses. It can be deduced from results that such 

systems need voltage regulator at MV level or LV level. By 

this way, with reactive power injection at both MV and LV 

level, it is possible to guarantee optimization of line losses and 

desired regulated Buses’ voltages.   

V. CONCLUSIONS 

 In this paper, a part of Elazığ distribution system is 
modeled and minimization of line losses in 34.5 kV 
distribution system both at MV and LV-level is achieved 
considering Bus voltage constraints. Test case with real 
system data includes, seven Solar Power Plants each rated 1 
MW, fourteen 34.5/0.4 distribution transformer rated between 
50 kVA and 250 kVA at MV level. Firstly, power flow results 
are obtained for test case. Then, optimum power flow results 
of the modified system that includes two SCs each rated 50 
kVAR and LV connected PV inverter with 20 kVAR reactive 
power capacity are obtained. Especially at LV level Buses’ 
voltages are regulated effectively. However, Line losses of 
power flow results are frequently less than optimum power 
flow results. In following studies, suggested distribution 
system are aimed to be modified to obtain reduced line losses 
and more regulated Buses’ voltage. 
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