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ABSTRACT

The advancement of multi-terminal medium-voltage direct current (MVDC) technology is accelerating the transition of DC distribution from point-to-point con-
nections to renewable-integrated systems. However, the integration of remote renewable sources introduces challenges in control and economic optimization,
particularly for voltage-source converter (VSC)-based designs. Therefore, this paper proposes a multi-terminal MVDC architecture for hybrid renewable energy
systems with three primary objectives: to develop an effective power-sharing control using a modular multilevel converter-based topology, to assess the economic
feasibility of hybrid configurations under varying load and weather conditions, and to implement real-time monitoring through an Internet of Things-based cloud
platform. The scope of this paper encompasses the development and validation of decentralized droop control for reliable power sharing, techno-economic analysis
using the hybrid optimization of multiple energy resources (HOMER) for cost and energy optimization, real-time system monitoring through ThingSpeak, and
MATLAB-based Internet of Things (IoT) integration. Additionally, it includes transient fault simulations to evaluate voltage stability and system resilience. A
generalized framework that combines decentralized droop control and economic optimization is established for system sizing and operational reliability assessment.
Simulation results indicate that the proposed system maintains DC voltage deviations within 3 % under steady-state conditions, 3.1 % following AC three-phase
faults, and as low as 2.2 % after DC pole-to-pole short-circuit events. The unmet load percentage was extremely low (0.0165 %), while excess energy remained
manageable (up to 8 %). The system achieves a levelized cost of energy (LCOE) of 0.4114 $/kWh and a renewable energy share of up to 44 %. These results
demonstrate that the proposed MVDC configuration is technically robust, cost-effective, and IoT-enabled, making it well-suited for renewable energy integration in
Sarawak, Malaysia.

1. Introduction depends on the line voltage of the AC system to which the converter is

connected [3]. However, LCC lacks the controllability of DC voltage and

Sarawak’s renewable energy is recognized as a major asset of the
state due to its larger land size compared to other states in Malaysia. This
makes the direct current (DC) distribution system a preferable option for
large-scale transmission and renewable energy integration, including
transportation electrification in Sarawak. The rapid development of
multi-terminal voltage source converters in high-voltage DC trans-
mission systems can facilitate the evolution of new topologies for multi-
terminal medium voltage DC (MVDC) in distribution systems. The DC
system is more economical and efficient in transferring bulk power over
long distances with less transmission line control complexity compared
to alternating current (AC) [1]. In multi-terminal DC (MTDC) systems,
line commutated converters (LCC) and voltage source converters (VSC)
are the two most commonly used converter technologies [2]. LCC uses
diodes or thyristors as basic switches, and the conversion process of LCC

can only be used in rectification mode. Generally, the DC in LCC flows in
one direction with a constant value. On the AC side, the converter acts as
the source of current due to the injection of harmonic currents and grid
frequency into the AC network. Therefore, LCC is also known as a
current-source converter. Since LCC only allows current to flow in one
direction, reverse power flow is achieved by reversing the DC polarity of
both substations [4]. With advancements in technology for fully
controlled power electronic systems, the VSC employs an insulated gate
bipolar transistor (IGBT) for the switching process. This is due to the
benefits of additional controllability, as the IGBT can switch on and off
many times per cycle. In contrast to LCC, power reversal in VSC is
achieved by reversing the direction of current as the VSC maintains a
constant polarity of DC voltage, making VSC easy to connect to the
MTDC system. There are a few types of VSC commonly used in power
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systems, for instance, two-level, three-level, and modular multilevel
converters. In this paper, the modular multilevel converter (MMC) is
used in the hybrid design of the MVDC system. This paper goes beyond
previous studies by providing a more in-depth analysis of both the
techno-economic viability and cloud-based monitoring aspects.

1.1. Review of multi-terminal DC systems

It is noticeable that the integration of renewable energy sources
(RES) into the power grid is getting more attention in recent studies.
This makes the planning and design of the hybrid AC/DC distribution
network crucial in the integration stage to ensure a stable supply to DC
infrastructures and transportation facilities [5]. Consequently, different
MTDC systems are reviewed in this section, such as topologies, types of
converters, and voltage control schemes to develop a customized
configuration of voltage source converter-based multi-terminal direct
current (VSC-MTDC), considering techno-economic feasibility [6] and
system monitoring.

Researchers have focused on refining the topologies of power grid
transmission and distribution systems to enhance overall performance.
Fig. 1 depicts the topological classification of hybrid AC/DC distribution
systems [7]. As multi-terminal DC grid technology arises, the types of
topologies have been revised with different configurations to suit the
proposed MTDC system. A few communication topologies for
multi-terminal high-voltage DC systems have been examined [8]. The
point-to-point topology’s limited flexibility and susceptibility to dis-
ruptions make it unsuitable for many applications. The loss of connec-
tion between two points could occur during line fault conditions. Hence,
it is not operationally flexible. The ring topology, which is connected
within a loop, is a simple construction and more flexible, as it can
operate under closed and open loop conditions with a degree of stability.
However, it requires a fast communication network and moderate reli-
ability. Additionally, the long-distance transmission lines result in
greater losses [9]. While ring topology offers strong stability, the voltage
control can be challenging. Adjusting the voltage at one point in the ring
can affect the voltage at other connected buses, potentially impacting
the entire system. The radial topology consists of a central bus to control
the power flow of other branches. Although this topology is simple and
easy to construct, the entire system would fail if the central bus stopped
operating. Another type of MTDC system, known as meshed topology,
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has better stability and power capability than other topologies. The
reason for this is that all voltage source converters are connected.
However, the cost of this topology is higher as the control connection
covers the whole system [10]. The MTDC systems are used for high
voltage direct current (HVDC) long transmission lines and the AC-DC
converters, and these systems usually employ LCC for power conver-
sion. The common fault in these systems is communication failure, and
to overcome this issue, the thyristor-based full-bridge module (TFBM) is
integrated into LCC to provide additional commutation voltage support
to the LCC-HVDC system [11,12]. A four-pole system is introduced in
Ref. [13], which consists of two positive and two negative poles. The
proposed configuration converts the conventional two-pole system with
double 12-pulse converters into a four-pole system with quad 12-pulse
converters. In Ref. [14], fixed parallel capacitors have been added at
the valve side of the LCC-HVDC transformer converter to reduce its size,
because AC filters are no longer needed. On the same note, to increase
active power transfer, the authors in Ref. [15] proposed adding a series
compensated capacitor at the AC side transformer. On one hand, the
modifications made in Refs. [13,14], and [15] improved the system’s
reliability. On the other hand, the addition of components caused a
slight increase in power loss. LCC technology is more suitable for an
HVDC transmission system than the MVDC system. VSC technology
utilizes IGBT to enable independent on/off switching of current,
regardless of the AC voltage. In such a regime, the VSC operates at
high-frequency pulse width modulation (PWM) to control its phase
angle and amplitude while maintaining a constant voltage and reducing
harmonic distortion. It has the independent capability to control active
and reactive power with a high degree of flexibility [16]. The first
configuration of VSC started with a two-level converter that consisted of
six-pulse bridge IGBTs and a DC capacitor. However, employing the
PWM technique in this configuration resulted in high switching losses,
making the efficiency of the conventional two-level converter very poor.
The two-level converter has been enhanced by incorporating two
distributed cell capacitors per three-phase. This modification simplifies
power circuit control and improves transient response [17], but the
system cost increases due to the need for expensive filters. In Ref. [18],
blocking capacitors and switches have been replaced in the conventional
three-level converter with cascaded sub-modules. This can provide
higher efficiency and lower switching loss, as compared to the two-level
converter [18,19]. VSC has several advantages over LCC, including
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better control over power flow, improved fault tolerance, and reduced
harmonic distortion. The VSC technology has indeed seen significant
advancements in recent years, resulting in higher efficiency, improved
reliability, and better performance. As a result, VSC-based HVDC sys-
tems are gaining popularity in many applications, such as renewable
energy integration, offshore wind farms, and interconnecting grids.

Recently, MMC-based VSC technology has received more attention in
the design of MTDC systems due to its lower harmonic distortion, lower
power losses, and higher scalability [20]. It comprises upper and lower
arms with a series connection of half-bridge (HB) or full-bridge (FB)
modules. The HB configuration employs two IGBTs per submodule,
while the FB configuration uses four. HB-MMC offers advantages like
voltage scaling, harmonic elimination, and reduced fault current and
power losses due to its multilevel switching. However, it cannot block
DC fault currents from the AC system. Therefore, FB-MMC is introduced
to override the overcurrent [21]. It is worth mentioning that the VSC
technology, initially developed for HVDC systems, has been adopted for
use in multi-terminal DC (MTDC) systems. The modular embedded
multilevel converter offers a significant advantage by reducing both
energy storage requirements and power losses in semiconductor devices.
Specifically, utilizing thyristors can decrease the system’s energy storage
needs by approximately 50 % [22]. Thus, the system complexity,
weight, volume, loss, and cost are significantly reduced, while retaining
similar performance. The MMC is capable of exchanging power among
distributed sources and loads in the connected microgrid owing to its
modular feature [23]. With this advantage, the optimal operation of a
hybrid AC/DC system for medium and low voltage levels can be ach-
ieved using the MMC-based VSC. The master-slave control method is a
well-established approach in multi-terminal VSC HVDC systems, as it
maintains a fast dynamic response with minimal interference between
voltage regulators. This type of control scheme is simple in terms of
implementation and control design; however, it requires high-speed and
accurate communication between DC terminals to coordinate the
voltage control. Generally, in the MTDC grid, the master terminal must
have a large power rating, and the connected AC system must be suffi-
cient to accommodate all the power imbalances of the slave terminals
[24-26]. The voltage margin method is a modification of the
master-slave control method, and its operational principle is that, when
the system operates within a normal operating voltage margin, the
terminals operate in constant power mode. However, when the voltage
deviates from the set margin, the terminal switches to constant DC
voltage mode to prevent further deviation by fixing the voltage within
the margin limit. Although the voltage margin method is known for its
reliability due to the fixed DC voltage working point, which allows for
precise power flow control, its dynamic response is slow since the con-
trol system needs time to adjust the voltage to compensate for changes in
the grid or load. It is also difficult to configure the voltage margins to
satisfy both steady-state and dynamic conditions in a larger-scale
network [24,26]. A simple configuration of DC voltage droop control
has then been proposed to overcome the drawbacks of the previously
mentioned methods. It can manage DC voltage regulation between
multiple converter terminals in the DC system to share the unbalanced
active power during the dynamic state. Further, if one of the DC regu-
lating terminals fails, the remaining terminals can still share the voltage
control accountability. The main drawback of this method lies in the DC
voltage working point, which is not fixed and hence, it is difficult to
control the power flow precisely [24-26].

Recent studies in the field of hybrid systems have focused on
developing innovative features and voltage regulation strategies for
microgrids and grid-connected renewable energy systems to facilitate
smooth coordination [27]. Considering the above discussions on the DC
system control, an energy management strategy based on a novel
dimension for the PI controller design has been proposed to stabilize the
DC bus voltage [28]. The primary objective is to maintain a 400V DC bus
voltage despite fluctuating loads by using buck-boost converters to
manage power flow from supercapacitors and batteries. The control
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strategy in this approach ensures a robust solution for voltage regulation
during variable power demands. Ref [29] investigated the imple-
mentation of low-voltage DC systems that supply current to the lighting
system using cloud platform control and management. In such an
approach, additional attention is required to enable proper energy
management and ensure the stability of intelligent management and
control. Generally, the operation of the smart grid requires advanced
and intelligent algorithms with sensor-based protection, such as the
phasor measurement unit, which provides faster and more accurate
real-time data acquisition [30-32]. Nowadays, energy management of
grid-integrated renewable resources is more popular with the use of
smart energy meters installed at distribution transformer locations [33,
34]. The meters contain electronic sensors and intelligent devices for
data collection that can be stored in the cloud and then monitored in
real-time through the Internet [35]. The key principle of cloud
computing can be understood as the distribution of services across
multiple computers to achieve virtualization of the intended system, as
it is the most efficient technique for resource optimization and cost
reduction [36]. The cloud-based framework was proposed in Ref. [37] to
provide customer-oriented energy management for green communities
that have been formed as virtual retail energy providers.

While there is extensive research on HVDC systems, including multi-
terminal configurations, the literature indicates a gap in the detailed
techno-economic analysis specifically focusing on the feasibility of
multi-terminal MVDC systems. Additionally, performance prediction
through condition monitoring was overlooked in the previously pro-
posed designs of MTDC systems. Hence, this paper evaluates the optimal
design of such systems by analyzing different configurations in terms of
electricity price, operating cost, and net present cost, considering
emission reduction. Furthermore, the paper introduces a platform for
condition monitoring evolved specially to suit the operation of the
MTDC system in a cloud environment. The following subsection high-
lights in detail the main contribution of this paper. It is to be noted that
the development of a new voltage control method for the MTDC system
is out of the scope of this paper.

1.2. Contribution and originality

Many studies and practical implementations of MTDC systems have
focused on high-voltage applications. For instance, the Zhoushan +200
kV, five-terminal MTDC system presented in Ref. [38] is a prominent
example of high-voltage DC systems used in related works. The Nanao
station was developed with three terminals and a parallel point-to-point
topology at the DC voltage level of £160 kV [39]. Ref [40] developed a
four-terminal radial topology high voltage DC system at +320kv DC,
while [41] researched the optimal operation of a +400 kV MTDC system
in a ring topology. As technology advances, more research has started to
focus on MTDC systems with Medium and Low voltage levels. However,
a few MV-MTDC systems have been proposed with five terminals with
ring topology at DC voltage levels of +5 kV to +15 kV [42-44]. The
four-terminal MVDC system developed at the +15 kV level in ring to-
pology can operate with good availability and reliability [44]. From the
aspects discussed above and the comparison demonstrated in Table 1,
this paper proposes a four-terminal ring topology and modular multi-
level converter-based VSC configuration for a 15 kV DC voltage. The ring
topology was chosen as a pilot study for Sarawak, Malaysia, due to its
flexibility and high stability. While VSC-MTDC systems may experience
increased power losses and more complex voltage control for long
transmission lines, they offer advantages for medium and short distances
due to their superior reactive power control capabilities compared to
LCC. In particular, to comply with the national grid code and standards,
the MMC-based VSC-MTDC system has been selected for study with a
four-terminal ring topology. This is a crucial step to meet the require-
ment for connecting the RES with medium and low voltage levels in
Sarawak. As such, the main contributions of this paper are as follows:
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Table 1
Comparison between the existing MTDC system and the proposed scheme.
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References (including Types of hybrid generation Voltage Number of Topology Types of Condition Techno-economic

this paper) level terminals converters monitoring analysis

[38] DC grid and wind farms +200 kV Five Radial MMC No No
DC

[39] AC grid and wind farms +160 kV Three Point-to- MMC No No
DC point

[40] AC grid +320 kv Four Radial VSC No No
DC

[41] Wind farms +400 kV Three Ring VSC No No
DC

[42] AC grid and solar photovoltaic (PV) 10 kv DC Five Ring 3-Level VSC No No

[43] AC grid +5kV DC Five Ring 2-Level VSC No No

[44] AC grid +15 kv Four Ring VSC No No
DC

[45] AC grid, wind turbine, solar PV and Not stated Two Radial Generic No No

energy storage

[46] AC grid and wind farms +500 kv Two Radial MMC No No
DC

[47] AC grid and wind farms +500 kv Five Ring VSC No No
DC

The proposed design in ~ AC grid, hydropower, wind farms, solar 15 kv DC Four Ring MMC Yes Yes

this paper PV and energy storage.

e Modelling the DC power infrastructures for multi-terminal medium
voltage as sustainable sources of hybrid renewable energy for dis-
tribution and transportation networks, by incorporating the control
algorithm of the MMC-based VSC-MTDC embedded in Simscape
Electrical in the MATLAB environment.

Dynamic operation assessment under varied circumstances to vali-
date the robustness of the proposed design behavior and response of
the control algorithm.

Extensive techno-economic analysis for estimating the better dy-
namic value of energy cost based on the worst condition of renew-
able generation uncertainties.

Integrating the cloud-based monitoring platform with the MTDC
system to evaluate the condition of system parameters in real-time
using the Internet of Things (IoT).

AC Load
1MW S50kVar

DC Load
1MW

The novelty of this work is the development of a four-terminal 15 kV
MVDC hybrid renewable architecture that integrates multiple energy
sources, including the AC grid, hydropower, wind, solar PV, and energy
storage, within a unified framework. In contrast to previous studies
summarized in Table 1, which focused on single-source or limited hybrid
configurations without detailed analysis, the proposed system adopts a
ring-type MMC-based topology combined with real-time IoT-based
condition monitoring and HOMER-assisted techno-economic optimiza-
tion. This integrated approach enables continuous monitoring of system
performance, evaluation of cost and energy efficiency, and improvement
of operational reliability under different load and fault conditions. The
comprehensive integration of multi-source coordination, digital moni-
toring, and economic optimization presented in this work addresses a
significant gap in the existing research on MVDC hybrid energy systems.

AC Load
1MW -50kVar

v

Y

= Transformer VSC1 Transformer \ind Turbine
Power Grid  330//11KkV : 11kV/5kV 1MW
MT MVDC :
/- }7/?/? }‘ E eTransportation 3?;@
Transformer VSC3 Solar PV
H"d{ﬁm"e' 5KV/1 1KV Tﬂl] 15KV 1MW
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a;

Energy Storage

Fig. 2. The proposed design of the multi-terminal MVDC system of 15 kV DC.
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2. Customized multi-terminal MVDC design

The integration of renewable energy sources into DC transportation
and charging stations is crucial for creating a sustainable and efficient
smart city ecosystem. Therefore, a customized power system design with
integration of RES is necessary to feed different load types while mini-
mizing environmental impact. Fig. 2 demonstrates the proposed multi-
terminal medium voltage design of the hybrid renewable energy-based
distribution and transportation networks, where multiple VSCs are
interconnected via a medium voltage MVDC. The Simulink model of the
four-terminal DC system with associated sources has been developed
and tested under various operating conditions. The described design
features of three AC terminals and one DC terminal interconnected in a
ring topology, operating at a voltage of 15 kV. The four terminals
represent the AC power grid and renewable power stations such as
hydro, wind, and solar PV. While each renewable generation at different
locations supplies its distribution system, it also steps up the voltage to
15 kV DC to be connected in a ring topology for power-sharing purposes.

2.1. Modelling the topology of the proposed MT MVDC system

The current studies primarily focus on traditional modelling ap-
proaches for designing multi-terminal MVDC systems, lacking technical-
economic analysis, validation of transient behaviors, and determination
of the precise dynamic energy price for optimal configuration. Hence,
such a modelling method does not ensure the stability and economic
durability of the MT MVDC system in terms of energy cost and energy
management. Referring to Fig. 2, the general power balance of the
system, which includes the integration of RES and energy storage (ES), is
represented by (1) [48]. Where Pg(t), PL(t), and Pjys(t) are conventional
power generation, electrical load, and power loss respectively; Pggs(t) is
the power injection from RES as given in (2); Pyjnd(t), Ppv(t), and Ppygro(t)
are the power generation from wind turbines, solar PV and hydro
respectively; Pgs(t) is the power of storage system. Neglecting reactive
power and the phase angle in the load flow analysis, the simplified
power flow equation in (2) can be applied to the multi-terminal MVDC
system. Where Ypc is the admittance between any DC buses (i and j)
with voltage Vpc; and Vpc; n is the number of buses.

P(;(t) +PRES(t) + PEs(l') = PL(t) JrPl(m(t) (1, a)
PRES (t) :Pwind(t) + PPV(t) + Phydro (t) (1, b)
Ppci= Z [Voci||Voes| | Yocss 7 #1 2

=1

The PV array power output in (2) at time t is calculated using (3),
which considers the temperature de-rating factor. Ypy signifies the PV-
rated power in kW, whereas fpy is the de-rating factor that accounts
for PV system efficiency. G denotes the solar insolation in practical
conditions (kW/mZ) while the G, is at standard testing conditions. apy is
the temperature coefficient of the PV module (%/°C); T, signifies the PV
cell temperature at the practical conditions, where T, is at standard
test conditions.

G
Ppy =Ypyfoy (G

stc

) (1 + aPV(Tc - Tc.stc) (3)

The optimal capacity of the hydro-generator at a specific time,
considering water flow rate, water level, turbine efficiency, and water
density, can be determined using (4). Where n, , g, and p,,,, are the hydro
turbine efficiency, gravitational acceleration, and water density,
respectively. Q; denotes the flow rate through the turbine, whereas hy, is
the net head; h denotes the existing head, and f;, is the pipe head losses.

Phydru(t) =NpxXgX hnet X pwat(t) X Qt(t) 3 {hnet :h(l _fh) (4)

The power grid generation that acts as a backup source for the multi-
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terminal MVDC system is determined using (5), which is modeled based
on the fuel consumption pattern in (6) as a function of electrical output.
Py is the rated generator power output, n, denotes power grid genera-
tion efficiency; A; and B, are fuel consumption coefficients. When the
MT MVDC system draws power from the grid, additional carbon dioxide
(CO2) emissions are released due to the grid’s reliance on various power
sources. The total emissions “E” represent the actual CO2 released (kg)
for the total power consumed, calculated using the grid emission factor,
EF (kg CO2 per kWh), and the overall emission reduction efficiency, ER
(%) of the system.

PG(t) :Prat(t) X ng (5)
Fy = AgPgs(t)+BgPrac(t) (6)
E=P% x EF x (1 —ER /100) %)

The power in the wind is calculated using (8), where p is the air
density, A is the wind cross-sectional area, and v wind velocity. N, , N,
and W, are the wind generator efficiency, wind turbine efficiency, and
power coefficient of the wind turbine, respectively. To represent the
variability of the load profile “P,,”, a random value is assumed in a
bounded range of “AP;,” as given in (9).

1
Pyina(t) =5 PAV®N,N, W, (8)

Pvarlp (t) :Plp + APIP (9)

The charge (+) or discharge (—) power of the battery pack is indi-
cated by the state of charge (SOC). In this sense, the flow of power into or
from the energy storage system at any given time “t” is expressed in (10)
[48]. n., denotes the efficiency of the charging converter; Py (SOCO) is
the power at the initial SOC; DOD signifies the depth of discharge; P
and P¢* are the minimum and maximum power limits. The inverter is
the main element of the VSC, and its capacity can be computed by (11),
where P&, I],,, and o are the maximum AC load, inverter efficiency,
and safety factor, respectively.

t Pmin < SOC < pmax
PEs(SOC) = Pgg SOCO + Neo PEs(k) iis - = ESmax (10)
( ) kz:; Pg' = (1 — DOD)Pyg
prmax
Py = AC )0'5 (11)
<ninv d

2.2. Modelling the multi-level converter-based VSC

The proposed multi-level converter-based VSC (MMC-VSC) utilizes a
modular structure with six half-bridge submodules (HBSMs), divided
into three upper and three lower arms. Each submodule contains two
IGBTs. Fig. 3 (a) illustrates one of the HBSMs and its output waveform,
whereas the configuration of a single MMC-VSC is shown in Fig. 3 (b).
The configuration of the Cockcroft-Walton voltage multiplier (CWVM)-
based DC-DC converter is depicted in Fig. 3 (c). Referring to Fig. 3, the
DC capacitor voltage in (12) is regulated by controlling the IGBTs S1 and
S2. The DC capacitor’s current depends on the state of S1 and S2 and can
be calculated using (13). The switching state of HBSM and its voltage
output are illustrated in Table 2. When the switch is on, the AC output
voltage is indeed equal to v.. In this mode, v, increases in the positive
direction of the current and decreases in the negative direction of the
current. The AC output voltage of a half-bridge submodule is indeed
dependent on the state of its switches and the voltage across the DC
capacitor. When the switch is off, the AC output voltage is zero, and v,
remains constant. The AC output voltage of the half-bridge submodule
can be represented in terms of the DC capacitor voltage and the
switching state of S1 as indicated by (14).
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Fig. 3. (a) MMC-based VSC: HBSM and its output waveform; (b) configuration of single MMC-VSC; (c) configuration of CWVM-based DC-DC converter.

Table:2
Switching states of HBSM and output voltage.
State S Vg iy >0 iy <0
1 1 Ve V. increase v, decrease
2 0 0 - -
1 t
Ve :7/ i dt (12)
C o
i =811y 13)
Vae =S1Ve a4

The upper and lower arm voltages of MMC-VSC can be calculated by
applying (15-18) “Kirchhoff’s voltage law”. Here, u,, and uy are upper
and lower arm voltage respectively; iy, and iy are upper and lower arm
current respectively; V,, is AC voltage; V, is DC voltage; S, is the
conduction state of upper arm IGBTs; S is conduction state of lower arm
IGBTs; V4, is voltage across capacitor at upper arm; V. is voltage across
capacitor at lower arm; L is inductance; R is resistance.

1 di
Vao :EVdC —Vau =L diu - Riau (15)
1 di
Vao= — Vi + Va + L g + Ria a6)
n
Vau= Z Sauk Veauk a7)
k=1

Va=>_ Sax-Vear (18)
k=1

The upper and lower arm currents can be calculated by applying
Kirchhoff’s current law using (19) and (20). Where, i,, and i, are upper
and lower arm currents, respectively. i, is the AC of phase A; iy is the DC;
igy is the circulating current of the AC component; Vj is then calculated
by combining (17) and (18) to obtain (21).

. 1. 1. .

lay= — Ela + §ldc + Laiff (19)

S U .

lg = Ela + gldc + Laifr (20)
di di

Vdc = Vau + Val + L d(;u + Ld7:l +Ri.m + Rial (21)

Referring to Fig. 3 (c), the energy storage is connected to a CWVM-
based transformerless high-step DC-DC converter, which consists of
four IGBTS, six capacitors, and six diodes. Due to its high voltage gain
behavior, it is suitable for low-level DC generation such as PV and bat-
teries [49]. The capacitor voltage is represented by (22), where V, is the
n-th capacitor voltage and V;, is the amplitude of the input voltage. The
output voltage “V,,” is calculated by summing the voltages across
even-numbered capacitors using (23). Referring to Fig. 1, in the Simu-
link model, the DC-DC converter is used to step up the voltage from an
energy storage system to 15 kV DC, following the approach described in
Ref. [50].

_ Vinforn=1
V‘"f{Zmeornzz,B,...,N 22)
N
Vou= Y Ve =NV (23)

n=24....
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2.3. Control scheme of the MT MVDC system

The multi-terminal MVDC system is controlled by using the gener-
alized voltage droop control strategy in a decentralized manner, as
illustrated in Fig. 4. The configuration in this figure shows the single-line
diagram of the AC grid terminal with the generalized droop control
scheme. The three-phase voltage and current of the VSC are measured
and transformed into the d-q rotating reference frame through the Park
Transformation. Since the VSC is connected to the grid, the phase angle
“wt” is obtained from the phase-locked loop (PLL). Referring to Fig. 4,
the reference current signals obtained from the proportional and inte-
gral (PI) of the outer controllers serve as inputs to the inner controller for
AC and DC regulation, including the active and reactive power control.
Hence, the inner controller generates a voltage reference signal, which is
then fed into the PWM gate signal generator to control the switching of
the MMC’s power semiconductor devices [51]. The outer controller
input error of the DC voltage-active power droop control is calculated by
(24), where V7 is the measured DC voltage of the VSC, K, denotes the
voltage gain error, and Vg;ff.ef is the reference DC voltage from the active
power regulator and can be obtained by (25). Where P.o;, Prf, and Kp are
the VSC output active power, reference active power, and the active
power gain error, respectively. The input error is regulated to zero by the
PI controller. Therefore, P.,, during steady-state operation satisfies (26).

e= (ngm - dffef) K, @4

Victy = (Peon — Prep) Ko (25)
ymea

Peon = ref + (L) (26)
Kp

The output active power of VSC in (25) and (26) is related to its
measured DC voltage in (24), hence, when the power exceeds in the
MTDC system and results in an increase of overall DC grid voltage, the
DC voltages of all VSCs with droop control follow the generalized droop
characteristics to increase output power to suppress voltage rise. In this
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case, more than one VSC can be involved in this process without
affecting the regulation of DC grid voltage, as each VSC maintains its
local terminal in a decentralized manner. The voltage droop control
demonstrates high reliability in coordination control among VSCs.
However, the active power of VSC is vulnerable to DC voltage distur-
bance. The reason for this is the influence of power fluctuation from the
RER and transmission line impedance.

As the DC voltages at different VSC terminals differ according to the
directions of power flows and power balance in the MTDC network [52],
the transient behaviors of the optimized configuration have been
analyzed by applying faults at the DC side. This is a crucial step to ensure
the resilience of control systems to withstand the worst-case distur-
bances, such as pole-to-pole DC short-circuit fault. Such a type of
short-circuit fault is a severe condition in AC/DC hybrid distribution
networks and can produce a high fault current that may damage the
equipment. Fig. 5 (a) illustrates the diagram of the pole-to-pole DC
short-circuit fault and the response of the control scheme presented in
this section. As seen in this figure, the converter’s outlet consists of two
parallel capacitors, Cp and Cy, used to stabilize the DC side voltage. Let’s
consider that at t = 1.5 s, a fault has occurred at the DC side of the power
grid. When the fault occurs, the capacitors C form an RC oscillating
circuit with the DC distribution lines Ry because the DC side voltage is
higher than the AC side. At this time, the parallel capacitors discharge
and supply current to the fault. The current flow during the fault con-
dition is shown in Fig. 5 (b). When both capacitors are fully discharged,
the voltage of each capacitor drops to zero. At this stage, all HBSMs are
switched on, hence no current is flowing to the capacitors. Here, the AC
side is equivalent to a three-phase short-circuit fault, as shown in Fig. 6
(a). After that, the switching of HBSM-based modular VSC is managed by
the control scheme depicted in Fig. 4. In such a condition, the current is
fed from the AC side to the fault, as depicted in Fig. 6 (b).

3. Techno-economic assessment of the proposed design

Economic analysis is crucial when designing a multi-terminal MVDC
system. In this sense, the proposed design in Fig. 2 has been modeled

Signal
calculation f
}ngu Peoy Qm,if
|
Pref | | !;ef v + VTCI
—»—> Pl | —»| r > —p dg
Qref
I [r—
I,
Vs | I : wt
: | . —» PWM
V—}rr_(j I ‘; 2
re _? I d wt ||
—» Pl I
l 1 2 Vq‘f'ef’
| Quter Controller ] [wfr I Pl —» / abe
| ———
Vr;’?:‘fﬂ-T L}q

Fig. 4. Generalized droop control scheme.
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with various types of energy resources in grid-integrated and islanded
modes to evaluate the optimal configurations based on technical feasi-
bility and economic viability. The hybrid optimization of multiple en-
ergy resources (HOMER) [53] was selected to analyze the economic and
environmental viability. In the economic optimization, as specified by
(27) and simplified in Fig. 7, the load-following dispatch strategy was
applied to manage power generation in response to fluctuating load
demands in time steps, incorporating climate and monetary data needed
to optimize energy production and cost. In this method, the proprietary
derivative-free algorithm in HOMER was used to search for a configu-
ration with the lowest net present cost (NPC). As the mathematical
modeling of techno-economic analysis is well documented in Refs.
[54-56], details are not presented in this paper. The actual market price
of each component has been used to calculate the NPC, cost of energy
(COE), and the operating cost for each configuration using (28), (29),
and (30), respectively. Where t denotes the period (years); C; is the
revenues for t period; r signifies the rate of discount; Cy is the cost of
initial investment; Cgunyo represents the total annualized cost of all
components; E,, means the total amount of useful energy produced by
the system per year; Conn,cqp denotes total capital cost.

min ( Z system cost — project revenue) 27)

=N -
NPC= . —C (28)

= (1+7) ’

Cann.co
COE:E—“ (29)
Coper = Cann‘tot - Cann.cap (30)

The value remaining in the system component at the end of the
project lifetime is calculated using (31). The system’s total cost in (32) is
the annualized value of the total net present cost. R, is the remaining
life while R ., is the component lifetime; C,., represents the component
replacement cost; NPC,, is the total NPC, i denotes the discount rate in a
year, Ry; is the project lifetime, whereas CRF is the function of capital
recovery factor. The robustness of the economic models to variations of
AC or DC loads and renewable generation in the MVDC system is
measured through the sensitivity index (SI) using (33). It is defined as
the ratio of change in the responding variables to the change in the
manipulated variables.

Rrem
=Gy t™ 1
sv=cC PReony (3D
Cann ot = CRF (i, Rproj) NPCro (32)
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Fig. 7 depicts the overall methodological framework adopted for the
techno-economic assessment of the proposed multi-terminal MVDC
system. The process begins with defining the system architecture, where
the configuration of AC/DC terminals, converter ratings, interconnec-
tion layout, and control hierarchy are established. This setup ensures
that all system components and operational limits of the network are
properly represented before any economic optimization is performed.
Subsequently, four principal categories of input data are prepared. The
load demand data captures the temporal variation of both AC and DC
loads within the MVDC network, incorporating hourly load profiles and
relevant load-scaling factors. These inputs represent realistic operating
conditions for residential, commercial, and industrial consumers. The
climatic data include solar irradiance, temperature, wind speed, and
stream flow, which define the availability and variability of renewable
energy resources throughout the year. The technical data specify the
performance characteristics of individual system components, including
converter and inverter efficiencies, transformer losses, allowable battery
throughput, depth-of-discharge limits, and degradation factors that
affect component lifetime and replacement intervals. The economic data
encompass the capital, replacement, and maintenance costs of each
component, as well as fuel prices and escalation rates. Once all input

parameters are defined, the optimization process is executed to deter-
mine the most economically feasible configuration of renewable and
storage components. The optimization is performed over a predefined
range of component sizes. For each configuration, the model evaluates
key economic indicators, including NPC, Levelized COE, Initial Capital
Cost, Operating Cost, Maintenance Cost (O&M), Replacement Cost, and
Return on Investment (ROI). The optimization applies a load-following
dispatch strategy, dynamically adjusting generation and storage opera-
tion to meet instantaneous load demand while minimizing energy
curtailment and unmet load. The iterative process continues until
convergence is achieved on a configuration that satisfies all technical
constraints and results in the minimum NPC and COE with an acceptable
ROL

4. Real-time process monitoring

To enhance the operational functionality and visibility of the pro-
posed MVDC system, a cloud-based real-time monitoring and feedback
platform was developed using an IoT architecture integrated with
MATLAB-Simulink. The main objective of this platform is not only to
collect and visualize system parameters but also to exchange live oper-
ational data between the physical hardware layer and the simulated
MVDC model, enabling real-time validation and adaptive control
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assessment. This integration ensures that the Simulink-based control
strategy continuously reflects the real-time operating conditions of the
physical system, allowing coordinated adjustment of converter refer-
ence voltages, voltage regulation, and power-sharing functions. By
enabling closed-loop interaction between measurement, cloud commu-
nication, and control response, the IoT framework transforms the MVDC
setup from a passive monitoring system into an active decision-support
platform capable of adaptive operation. Fig. 8 illustrates the overall
architecture and data flow of the integrated monitoring system. In the
experimental configuration, the Arduino Mega 2560 microcontroller
[571 is interfaced with a DC voltage sensor to continuously measure the
instantaneous terminal voltage of the battery bank connected to the
MVDC bus. The measured analog signals are converted into digital data
and transmitted to the NodeMCU V3 microcontroller through UART
serial communication. The NodeMCU, featuring the ESP8266 Wi-Fi
module, connects to the Internet and transfers data packets to the
ThingSpeak cloud server using a Hypertext Transfer Protocol-based
Application Programming Interface (HTTP-API) [58]. The Arduino In-
tegrated Development Environment (IDE) is used to program both
microcontrollers, enabling automated data acquisition, scaling, and
packet transmission. To safely measure higher voltages, Arduino’s
analog input range of 0-5 V requires the use of a voltage divider network
consisting of R1 = 30 kQ and R2 = 7.5 kQ [59]. The measured DC
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voltage can be expressed in (34). This configuration allows accurate
sensing of voltages up to 25 V with minimal signal distortion. The
NodeMCU V3, powered at 3.3 V and protected by an internal regulator
up to 20 V, ensures stable data transmission to the cloud with an average
update interval of 20 s [60]. The live solar irradiance data is collected
every 10 min, as stated in Ref. [61], while the DC voltage of the battery
is monitored on ThingSpeak with a 20-s update interval. The Thing-
Speak cloud platform serves as the central data repository and visuali-
zation interface, allowing bidirectional communication between the
physical sensors and the MATLAB-Simulink-based MVDC model. Two
functional blocks (ThingSpeak Write and ThingSpeak Read) are
employed within Simscape to establish a live data exchange loop:

1) The Write block exports simulated DC voltages and currents from
Simulink to the ThingSpeak dashboard for real-time visualization.
2) The Read block retrieves actual sensor data from ThingSpeak and
dynamically injects it into the Simulink model, thereby creating a
hardware-in-the-loop (HIL) feedback environment.
VSEduino

R2
R1+R2

(34

measured __
VDC -

This configuration enables the MVDC controller to modify converter
reference voltages, adjust droop coefficients, and alter state-of-charge
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control signals based on the most recent measured data. In other words,
the IoT data directly influences the operational response of the MVDC
system during simulation, enabling the evaluation of how the system
behaves under real environmental and loading conditions. Through this
integrated design, the IoT-Simulink coupling provides a synchronized
digital twin representation of the MVDC network, supporting real-time
condition awareness and facilitating future extensions toward predic-
tive maintenance and autonomous operation. The developed IoT
framework, therefore, establishes a fully integrated monitoring and
feedback architecture that links physical measurements, cloud
communication, and real-time simulation. It provides the technical
foundation for remote observability, adaptive control testing, and
further performance evaluation discussed in the subsequent results
section.

5. Results and discussion

This section presents the results of test scenarios to verify the
response of the proposed multi-terminal medium voltage design under
steady-state and fault conditions. MATLAB Simulink (R2022b) and
HOMER software were used in tandem to design and evaluate the MTDC
system. Simulink is used for the system design and performance evalu-
ation, while HOMER is employed for techno-economic analysis to
determine the most efficient configuration. The ThingSpeak cloud
platform for IoT and MATLAB Simscape are utilized as tools to incor-
porate data parameters and monitor system conditions. The MATLAB
and HOMER software are installed on a desktop computer with Micro-
soft Windows 10 Pro 64-bit Operating System (OS), Intel(R) Core (TM)
i7-9700 CPU @ 3.00 GHz, 3000 MHz, 8 Core(s) processor, and 16 GB
RAM. The experimental setup in Fig. 9 demonstrates how sensors bridge
the gap between the digital and physical worlds by gathering data from
hardware components. The information received by the ThingSpeak
cloud platform over the internet includes data on energy storage and
renewable energy. The MTDC system is connected to the internet
constantly to receive and send data that can be processed on the IoT
cloud server. The following subsections present the results and detailed
discussion for the operational and economic performances of the pro-
posed design.

5.1. Performance of MVDC design during steady state condition

The system operates stably under steady-state conditions with an AC
terminal voltage of 11 kV and a DC reference voltage of 15 kV, as
illustrated in Fig. 10(a and b). In Fig. 10 (a), the RMS voltages at the AC
terminals, V&, V*nd and V%& are 11.11 kv, 11.15 kV, and 11.29 kV,
respectively, after passing through the transformers shown in Fig. 2.
Here, the deviation from rated AC voltage is less than 3 %. Fig. 10 (b)

: : id ind y/PV tydro
presents the corresponding DC terminal voltages V&, Viind, VBV, Vgc ,
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and Vg"cﬁ are 14.99 kv, 15.04 kV, 14.97 kV, 15.33 kV, and 15.28 kV,
respectively. These voltages are obtained from the MTDC terminals after
passing through voltage source converters (for the grid, wind, and hydro
units), a DC-DC converter (for the battery terminal), and directly from
the solar source, as illustrated in Fig. 2. The deviations from the 15 kV
reference DC voltage are also within 3 %, confirming that the system
maintains stable and balanced operation under steady-state.

5.2. Performance of MVDC design during fault condition at AC and DC
sides

Fig. 11 shows the results of a three-phase fault applied to the AC side
of the power grid. This fault initiated at time 1.5 s and lasted for 0.1 s.
Afterward, the fault condition was repeated for the wind terminal as
illustrated in Fig. 12. In the scenario described, the condition of the
MTDC system was monitored in real-time using a Thingspeak channel,
with the data visualized in Fig. 13(a and b). Referring to Figs. 11 and 12,
it is seen that the AC voltage and current fluctuations when the fault
occurs at the power grid and wind turbine terminals are similar. Once
the fault happened, the voltages of the power grid and wind turbine
terminals dropped to zero. On the other hand, the currents have
increased significantly to a high value. After the fault had been cleared,
the system returned to steady state after 1.6 s. The values of voltage at
the AC side vary from 11.10 kV to 11.34 kV, while the DC voltage values
are 14.80 kV and 15.31 kV after the fault has been cleared. Overall, the
deviations from the nominal voltage levels remained below 3.1 %,
indicating that the system successfully restored stable operation
following the disturbance. It is worth noting that the DC side voltage and
current changes are minimal during an AC fault, making AC faults less
impactful on the DC side. The DC voltages and currents have also been
recovered to normal after the fault was cleared, as shown in Figs. 11 and
12. The negative DC currents in Figs. 11 and 12 show that the currents
are flowing in the fault direction. The results of this scenario indicate
that the proposed design performs well under AC fault conditions.

Sequentially, a pole-to-pole DC short-circuit fault was applied at the
PV solar terminal bus. Figs. 14 and 15 depict the corresponding de-
viations in AC and DC voltages and currents at both the non-PV DC bus
and the PV terminal bus, respectively. The system’s condition is moni-
tored through a Thingspeak channel, as illustrated in Fig. 16(a and b).
These figures show that after the fault is cleared, the system gradually
returns to a stable operating condition, achieving a steady state at 2.0 s.
Here, the DC fault impacts the AC side of the system, and the AC currents
are also being drawn to the DC fault location due to the ring topology.
However, the AC voltages and currents are normalized after the fault is
cleared, as shown in Figs. 14 and 15. The voltages on the AC side vary
between 11.09 kV and 11.22 kV, while the DC voltages range between
14.78 kV and 15.22 kV after the fault is cleared. The deviations from the
nominal voltage levels were within 2.2 %, demonstrating that the

Fig. 9. Experimental setup consisting of cloud-based IoT and 1/0 interface connected with Simulink.

11



M.M. Ahmed et al.

(a)

Energy Efficiency First 2 (2025) 100009

=

——

15}
— Power Grid
— w—— \f\ind Turbine
i 10 — Hydro Power
= Solar PV
=y ES
=]
- 5
0
1
50
e
< 0
P L
5
S 50t ——— Power Grid
o Wind Turbine
Hydro Power
-100 Solar PV
ES
1.5 2 25 3 3.5 4
Time (sec)

Fig. 10. RMS voltage and current: (a) AC side; (b) DC side.

12
10
= ———— Power Grid
= 8 — Wind Turbine
% 6 Hydro Power
S 4
2
300 — Poer Grid
e i1} TUrbinG
Hydro Power
< 200
B
ol
S
© 100
R
e
0
1 2 3 4
Time (sec)
T
10
—_ —— Power Grid
Z 8 s Wind Turbine
. . Hy 1o Powver
= ¢
o
24
2
300
e Powver Grid
. e \\ind Turbine
5(200 —— Hydro Power
=
x
5
© 100
0
1 2 3

Time (sec)

Current (A)

15| o —_—
— Power Grid
= 10 e Wi Turbine
= Hydre Power
& s Solar PV
a ES
[=]
= 5
0
-
50
L, W
= st e e B
P e i B
-50 —— Power Grid
m—\}\find Turbine
—— Hydr0 PoWer
-100 Solar PV
ES
1 1.5 2 25 3 a5
Time (sec)

Fig. 11. MTDC system during an AC fault at the power grid terminal.

proposed system maintains stability and quickly restores normal oper-
ation. These results confirm the robustness and reliability of the pro-
posed MVDC configuration under severe DC fault conditions.

Overall, the proposed MTDC system demonstrates strong robustness
and resilience under both AC and DC fault conditions. Specifically, the
system successfully restores normal operation with a maximum voltage
deviation of approximately 3.1 % following AC fault recovery and as low
as 2.2 % after DC fault recovery. These results indicate that the proposed
configuration effectively maintains voltage stability, ensures rapid dy-
namic response, and achieves reliable post-fault voltage regulation
across both AC and DC terminals.

12

5.3. Techno-economic assessment of MVDC models

The outcomes of the techno-economic analysis are discussed in this
subsection with emphasis on the cost of energy, total production, excess
electricity, unmet electric load, and pollutant emissions. Different
models have been examined in terms of powering loads by optimizing
various configurations to ensure that the system meets the peak loads.
Fig. 17 shows the daily load and scaled annual average (SAA) profiles
selected for specific days of each month, incorporating random vari-
abilities with a load factor of 30 % utilized in Simulink. The SAA in
HOMER is a setting that allows you to adjust the overall magnitude of a
load or resource profile, such as wind speed or electrical demand, while
maintaining its shape and temporal characteristics unchanged. Table 3
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illustrates the optimal capacity of components, considering that AC or
DC loads are powered by hybrid renewable MTDC systems located in
different places. The battery serves as energy storage to capture excess
electricity generated by the solar PV array to meet the load demand.

The economic feasibility analysis of the optimized MTDC system is
demonstrated in Table 4. Here, the NPC and levelized COE for model 4
are the highest values among the other models. Following model 4, the
LCOE is progressively lower for models 3, 2, and 1. It is also observed
that the capital cost for the first model is the highest ($47,634,321.83),
since the total installed capacity of photovoltaic panels and conversion
systems is the highest among other renewable sources. In the four
analyzed models, the annual operating cost is high in both models (3 and
4), where the installed renewable generation capacity is the lowest.
There is a slight difference in the return on investment (ROI) between
the four models.

The energy production of each optimized configuration has also been
analyzed, as illustrated in Table 5. It can be concluded that the renew-
able energy contribution in models 1 and 2 is the highest compared to
models 3 and 4. As seen in Table 5, the highest unmet electric load is
(0.0165 %) in model 4, where the main source of energy production
from solar PV is (5,630,781 kWh/year). The absence of energy storage
can lead to energy shortages. Hence, installing energy storage as in
models 1 and 2 would increase energy production. The power grid in all

13

models is indeed presumed as a backup source to ensure that AC and DC
loads in the MTDC system are continuously supplied with power.
Referring to Table 5, the unmet load percentage (0-0.0165 %) quantifies
the portion of the total demand that could not be supplied, indicating the
adequacy of the MTDC system in meeting continuous load requirements
across all configurations. The excess energy percentage (up to 8 %) re-
flects the system’s capability to handle surplus renewable generation,
thus representing operational flexibility and resilience in energy man-
agement and storage utilization. Together, these parameters act as
reliability indices that evaluate both the technical performance and
resilience of the proposed MVDC network, confirming its ability to
maintain stable operation and ensure power adequacy under varying
grid and fault conditions.

As the use of renewable energy resources mainly for electric trans-
port can certainly help reduce pollutant emissions, environmental
feasibility analysis has been carried out to evaluate pollution levels,
considering four models as depicted in Table 6. Here, the power
generated from renewable generation in the MTDC model not only
meets the AC and DC loads but also decreases environmental pollution.
For instance, the annual emissions of carbon dioxide in models 1 and 2
are 15,198,763 kg/year and 15,438,953 kg/year, respectively. Note that
the AC and DC loads in these models are also supplied from the elec-
tricity grid. Furthermore, a small amount of sulfur dioxide and nitrogen
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Fig. 15. MTDC system during DC fault at PV solar terminal.

oxides is indeed emitted from the power grid yearly in the first model
(37,218 kg and 89,998 kg), and in the second model (37,806 kg and
91,421 kg). The highest annual amount of carbon monoxide produced
by conventional sources in the power grid is in the third model (137,083
kg/year) and the fourth model (135,346 kg/year). In general, the levels
of emissions from the MTDC system in the first and second models are
lower compared with the third and fourth models. Table 7 demonstrates
the energy losses in the MTDC models with different configurations. It
can be observed that energy losses are lowest for the system converters
in the third and fourth models.
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5.4. Sensitivity analysis of MVDC design

To address the unavoidable uncertainty in renewable generation,
sensitivity analyses are performed on the optimal configuration to
investigate the possible change in the cost of energy when varying the
parameters of solar radiation, wind speed, water flow rate, fuel price,
and temperature. The effects of the variations on the COE are shown in
Fig. 18. The presented sensitivity analysis investigates the impact of
varying the above-mentioned parameters in the range of (—30 %-30 %)
on the optimized MV MTDC model. The optimized model should fulfill
the total maximum load demand of the AC side (3.27 MW) and the DC
side (2 MW). The assessment specifically reflects changes in solar
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radiation, water flow rate, fuel price, and temperature within the

Tab_le 3 . . context of model “1”. As wind power is absent in model “1”, wind speed
Optimized capacity of components in the MTDC models. - .
variations are extrapolated from the scenario of the second model.
Components Models Fig. 18 shows changes in solar radiation led to a significant reduction in
1 2 3 4 the COE, from $0.4406 to $0.3923. In contrast, changes in wind speed
Solar panel (kW) 13,514 12,764 4050 4595 have no discernible effect on COE, maintaining a value of 0.4114 within
Wind generator (kW) 0 10.0 0 60.0 a range of (—30 %-30 %). Similarly, variations in water flow rate result
Hydro generator (kW) 1 11 1 11 in marginal COE decrements, ranging from $0.41145 to $0.41143. The
AC Load Average (kW) 2372.5 2372.5 2372.5 2372.5 fuel price parameter has a more pronounced impact, causing a linear
Ef;:ra;r:‘ivf]:;%e (W) 1351'1 351'1 1:51'1 351'1 increase in the Levelized COE from $0.3597 to $0.4629. Here, the
Energy Storage (kWh) 24,821 25,816 0 0 temperature parameter variations are visibly affecting the COE, gradu-
ally increasing from $0.4082 to $0.4148. The analysis also reveals an
inherent pattern where a higher integration of typical energy sources
Table 4
Cost summary of the MTDC models.
Relevant costs Model 1 Model 2 Model 3 Model 4
Net Present Cost ($) 178,156,000 178,515,700 191,786,200 192,220,200
Levelized COE ($/kWh) 0.4114 0.4123 0.4430 0.4440
Operating cost ($/year) 10,096,420 10,238,190 13,607,700 22,046,220
Maintenance cost (O&M) ($/year) 2,063,653.02 2,092,218.62 2,592,057.21 2,600,511.50
Replacement cost ($/year) 2,312,884.23 2,337,924.21 2,748,577.29 2,755,498.68
Initial Capital ($) 47,634,321.83 46,161,396.77 15,872,459.58 17,521,498.37
Return on Investment ROI (%) 6.8 6.9 6.4 5.7

15



M.M. Ahmed et al.

Table 5
Summary of electrical energy production in the MTDC models.
Energy production Model 1 Model 2 Model 3 Model 4
(kWh/year)
Solar PV system 16,559,352 15,641,253 4,962,427 5,630,781
43.8 % 42.0 % 14.2 % 16.0 %
Wind generator 0 1194 0 7161
0 % 0.00321 % 0 % 0.0203 %
Hydro generator 122,716 122,716 122,716 122,716
0.325 % 0.330 % 0.351 % 0.348 %
Grid purchases 21,128,928 21,464,715 29,925,265 29,479,091
55.9 % 57.7 % 85.5 % 83.7 %
Total production 37,810,996 37,229,878 35,010,408 35,239,749
100 % 100 % 100 % 100 %
Renewable energy 44.125 % 42.33321 14.551 % 16.3683 %
contribution %
Excess electricity 3,032,362 2,457,868 1,069,192 1,309,018
8.02 % 6.60 % 3.05 % 3.71 %
Unmet electric load 0 0 4512 5519
0 % 0% 0.0135 % 0.0165 %
Table 6
Emissions with different configurations of MTDC models.
Pollutant types Emissions (kg/year)
Model 1 Model 2 Model 3 Model 4
Carbon dioxide (CO2) 15,198,763 15,438,953 21,747,327 21,471,728
Carbon monoxide (CO) 95,805 97,319 137,083 135,346
Sulfur dioxide (SO2) 37,218 37,806 53,254 52,579
Nitrogen oxides (NOy) 89,998 91,421 128,775 127,143
Table 7
Energy losses in the MTDC models with different configurations.
Losses (kWh/year) Model 1 Model 2 Model 3 Model 4
System Converter Inverter 402,611 390,150 10,938 17,773
Rectifier 402,126 406,900 439,257 422,944
Energy Storage 478,366 479,430 N/A N/A

0.48 T T T
===g=== Solar radiation
=—g==\\ind speed 'S
#— Water flow rate
=—g== Fuel price
=== Temperature

0.46 -

Cost of energy ($)

10 20 30

Variation (%)

Fig. 18. Effects of solar radiation, wind speed, water flow rate, fuel price and
temperature.

correlates with more substantial COE deviations. For example, intro-
ducing 43.8 % solar PV power in model “1” leads to significant COE
changes. Similarly, a notable escalation in COE is observed with the
utilization of a high percentage of grid power (55.9 %). In contrast, the
limited utilization of hydropower (0.325 %) in the first model and the
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minimal incorporation of wind power (0.00321 %) in the second model
have only negligible implications for COE deviations.

It is worth mentioning that the proposed MV MTDC system for the
first and second models can produce more DC power from solar PV
systems, emphasizing the necessity to evaluate the impact of energy
storage on profitability. Hence, sensitivity analysis has been conducted
by altering the energy throughput (kWh) of the storage system. The
energy throughput parameter is chosen because it affects the battery
cycle life, durability, economic viability, return on Investment, fre-
quency of replacement, and other values. A sensitivity scenario was
performed for the first model, which is considered the best option, and
the results are depicted in Fig. 19. Based on the optimization results
generated from the HOMER algorithm, the dispatch strategy for energy
throughputs of 500 kWh and 600 kWh is load following (LF), while
energy throughputs exceeding 600 kWh utilize cycle charging (CC)
strategies. The preference for LF in low-throughput scenarios is due to its
ability to reduce cycling stress, resulting in less frequent charging and
discharging, thus extending the lifetime of energy storage. Referring to
Fig. 19, the sensitivity analysis illustrates the variations in energy
throughputs (from 500 kWh to 1000 kWh) and their impact on capital
cost ($), energy storage size (kWh), simple payback (years), and ROIL
(%). In this regard, the 500 kWh energy throughput emerges as a well-
balanced option, featuring a moderate capital investment of
$7,401,300.00 with a battery size of 24,671 kWh, and a reasonable
payback period of 6.76 years, coupled with a fair return on investment of
8.2 %. In contrast, the 600 kWh energy throughput necessitates the
highest capital investment at $8,305,800.00, resulting in a larger battery
size (27,686 kWh) and a relatively extended payback period of 8.15
years. The 700 kWh system displays a competitive return on investment
at 8.8 %, despite a lower capital cost of $6,876,900.00 and a shorter
payback period of 6.67 years. Furthermore, the 1000 kWh system, with a
capital investment of $7,306,500.00, yields a battery size of 24,355 kWh
and a return on investment of 9 %. Notably, this analysis highlights the
exceptional performance of the 900 kWh energy throughput. It com-
bines a respectable capital investment of $7,247,100.00, delivering a
battery size of 24,157 kWh with promising benefits. These include the
lowest simple payback period (6.67 years) and the highest percentage of
ROI (9 %) among the other options.

6. Conclusion

An economical design of a multi-terminal medium-voltage DC
(MTDC) distribution system with an effective generalized droop control
strategy has been proposed for distribution and transportation networks.
The suggested topology, combined with the control algorithm, was
verified under various operating conditions using a real-time cloud
monitoring environment. The main contributions and findings are
summarized as follows:

e Operational analyses demonstrate that the proposed approach
effectively maintains DC voltage deviations within 3 % under steady-
state conditions, 3.1 % following AC three-phase faults, and as low as
2.2 % after DC pole-to-pole short-circuit events, demonstrating
robust operation under various disturbances.

e The techno-economic analysis confirms that the costs of reducing

emissions and enhancing system reliability are directly proportional

to the total net present cost, while the system achieves a low lev-
elized cost of energy (LCOE) of 0.4114 $/kWh and a renewable en-
ergy penetration of up to 44 %.

Reliability metrics show that the unmet load percentage is extremely

low (0-0.0165 %), and excess energy remains manageable (up to 8

%), indicating the system can meet demand efficiently while ac-

commodating renewable generation.

e Environmental assessments reveal that the MTDC system reduces
COg, SOz, NOy, and CO emissions compared with conventional grid
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reliance, highlighting its contribution to sustainable energy
integration.

The existing cloud-based monitoring platform provides valuable in-
sights into system performance, enabling early detection of potential
issues, enhancing efficiency, reliability, and reducing maintenance
costs and downtime.

As MTDC systems become more widespread, it is essential to estab-
lish standards for interoperability and communication between different
systems, in particular when optimizing the location of renewable energy
storage systems [62]. Future scope will address these limitations
through the following directions:

e Extend the system study to large-scale and geographically dispersed

MTDC networks to evaluate scalability, communication delay, and

stability under diverse grid conditions.

Conduct field-based experimental validation of the techno-economic

model to refine cost and emission parameters for practical

deployment.

Enhance the IoT-based monitoring framework with improved

cybersecurity measures, data encryption, and offline fault-tolerant

data storage for reliable operation in remote areas.

e Develop standardized communication protocols and interface tools
to improve interoperability between different MTDC systems and
ensure seamless integration with the existing power grid.

In summary, the proposed framework lays a foundation for future
research on resilient, scalable, and digitally integrated MVDC networks
that can effectively support the expansion of renewable energy in
modern power systems.
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