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Modular Power Electronics:
The Missing Link in Rural Electrification?

Luiz Fernando LAVADO VILLA
University of Toulouse - LAAS-CNRS

More than a billion people still lack access to electricity in
rural regions throughout the world. Rural electrification is the
part of the Development Engineering rearch field that studies this
issue. In theory, rural electrification is achieved through energy
tiers, going from low to high. In practice, low tier stand-alone
systems are very difficult to upgrade to higher-tiers micro-grids.
This constitutes a missing link that locks millions in poverty. In
this work, modular power electronics are analyzed as the potential
solution to this missing link. This paper proposes a theoretical
framework to analyze modular power converters for multi-tier
rural micro-grids expansion. Five different tier scenarios are
extracted from the literature and used to analyze two modular
power converter topologies. The results are summarized through
the ”expansion signature” tool which can be used as a basis for
future analysis.

Keywords – Rural Electrification, Modular Power Electronics,
Converter Design, Energy Access

INTRODUCTION

More than a billion people still lack clean and safe electric-
ity in rural regions throughout the world [1]. Electrification in
developing countries has historically been practiced through the
expansion of the main grid. This practice targeted urban areas,
leaving rural populations aside due to prohibitive costs [2].

In the past decades, international initiatives, projects and pro-
grams have been created to promote, install or operate rural
small-scale energy systems, powered by renewable energy sys-
tems [3]. The international scientific community has also been
an important participant in this rural electrification effort [3, 4].
The literature shows contributions ranging from methods for
modeling and estimating local renewable energy resources [5],
methods to design and deploy off-grid micro-grids [6], and en-
ergy management strategies under severe production constraints
[4].

Most contributions follow a distinct pattern. Either authors
have focused on high-level, abstract and theoretical concepts [3]
or research has focused on solving specific problems through
modeling and optimization [5]. The former is adapted to
the conception of larger micro-grids while the latter is better
adapted to create a small stand-alone installation. While impor-
tant, these approaches are not linked, making stand-alone sys-
tems later incompatible to a larger micro-grid integrated opera-
tion [12]. This paper claims that this missing link between local
scale and large scale rural electrification lies in the use of modu-
lar power electronics converters. By finding this missing link,
local practionners would be able to interconnect stand-alone
systems to build entire micro-grids. To explore its premise, this
paper proposes a theoretical framework to evaluate how modu-
lar power electronics can be used to build multi-tier rural micro-
grids.

This paper is organized in three sections. First, elementary
concepts of this work and the proposed theoretical framework
are introduced in the Multi-tier systems and the missing link in
Rural Electrification. The tier scenarios and power converter
topologies used to evaluate multi-tier expansion are presented
in section Cross-Analysis Scenarios and Setups. Finally, the re-

sults of the analysis are described in section Results and discus-
sion.

MULTI-TIER SYSTEMS AND THE MISSING LINK IN RU-
RAL ELECTRIFICATION

Rural electrification and modular power electronics are both
multi-disciplinary and complex issues that require a clear and
thorough presentation. This section, will introduce and explain
several concepts on multi-tier rural electrification systems and
modular power converters. Based on these concepts, a Concep-
tual framework is proposed below.

Rural Electrification

Rural electricity access, or rural electrification, is defined in
current literature through a multi-tier framework, ranging from
tier 0 (hundreds of Watts) to tier 5 (dozens of kilowatts) [7]. In
theory, users start by consuming small amounts of energy and
with a small power capacity (tier 0) to create a small stream of
extra revenue. As this revenue accumulates, users tend to invest
in the expansion of their system in terms of power and energy,
leading them into a higher tier. This tier-based system expansion
is shown in figure 1.
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Figure 1. Swarm Electrification Theory [8]

In figure 1, the house icon represents a stand-alone system. At
lower tiers, these systems are totally independent. As the system
evolves to a higher tier, several independent stand-alone systems
are interconnected, represented here by a red dot. At a very high
tier the whole micro-grid is connected to the local electric grid.
Field feedback confirms that high-tier energy needs are provided
by complex and expensive micro-grids while lower-tier needs
are provided by stand-alone home systems [8].

The advancement from lower to higher tiers is hampered by
issues such as technology incompatibility, cost, aging, and the
growing complexity of the system. These factors are repre-
sented in figure 1 by the complexity barrier and the complex-
ity readiness. Complexity readiness imposes challenges in clas-
sic system design because it implies an user-driven unplanned
expansion, leading to several issues in current rural electrifi-



cation programs [9]. Some authors suggest a theoretical solu-
tion through a bottom-up electrification approach called Swarm
Electrification.

In theory, swarm electrification requires energy management
technology to be user-centered, legacy compatible, multi-tier
and adaptive [8]. By putting the user in the center of the electri-
fication process, swarm electrification seeks to link the expan-
sion from lower and higher tiers. This assessment has been re-
cently reinforced by IEEE and the World Bank, who stated that
a “critical roadblock [to rural electrification] include the need of
an ultra-low-cost communication/control-layer and the need to
drive growth through market-pull as opposed to the technology-
push models ” [10].

In practice, an energy control-layer is provided by power elec-
tronics converters. However, the common practice in power
electronics is to optimize the converter to a fixed set of specifica-
tion [11]. While this practice is perfectly adapted to a tier-by-tier
electrification approach, it cannot answer to rural electrification
needs because not only the conditions for which these convert-
ers were specified changes rapidly but also these converters are
built as stand-alone units with limited or no capacity to be inter-
connected to other units and adapt to an unpredictable expansion
of the system [12].

In this work, the missing link in rural electrification is to cre-
ate a power electronics converter ultra-low-cost, user-centered,
legacy compatible, multi-tier and adaptive, that can answer to
the unpredictable nature of rural electrification. And this paper
proposes to study the use of modular power electronics as an
answer to this issue.

Modular Power Electronics

Modular power electronics are based on the idea that an ele-
mentary module can be used as a base to create power convert-
ers that can be expanded and adapted to different specifications
[11]. Otherwise known as Power Electronics Building Blocks
(PEBB), this approach to the design of power electronics con-
verters provides the answer to the missing link of multi-tier rural
electrification.

The design of a PEBB converter is composed of both its over-
all architecture and its elementary module. There are dozens
(if not hundreds) of modular system architectures, each with
their advantages and drawbacks [13, 14, 15]. These architec-
tures can clearly be adapted to the changes in tier of the overall
system by expanding the number of elementary blocks. There
are also dozens of elementary modules, each with its properties
[16]. Some elementary cells have current-limiting capabilities
and some authors explore how the mix of heterogeneous cells
can impact the overall control of the power converter [16].

Despite these promising traits, a Conceptual framework is is
still needed to evaluate the use of modular power electronics to
build multi-tier rural electrification systems.

A Conceptual framework for modular power electronics in rural
electrification

The Conceptual framework proposed in this work is based on
a series of levels of abstraction linking a power module with a
rural micro-grid. These levels of abstraction are shown in fig-
ure 2 as power module, power converter, rural micro-grid, and
energy sources, loads and storage elements.

Power modules implement base topologies to answer to a set
of specifications. Base topologies are circuits which connect ac-
tive power switches and passive components to achieve either a
DC/DC or a DC/AC electrical conversion controlled by its close
control. Specifications are practical constraints, such as voltage
rating, which define the limits of the power module input-output
behavior. Close control, in the scope of this project, is a math-
ematical function implemented in a micro-controller that uses
analog measurements of electrical variables within the power
module, such as input voltage, to determine the duty cycle of
the power module active switches.

Figure 2. The Conceptual framework proposed in this paper

Power converters associate power modules to reach a target
rating and to provide a system function. A target rating is ex-
pressed in terms of practical operating conditions of the power
converter such as input voltage range or nominal power output.
A system function is an input-output behavior of the power con-
verter implemented or not by its control system that provides a
specific system-level action. System functions implemented by
the control system require some active mathematical calculation
to keep the power converter in a dynamic point of operation such
as DC voltage regulation. System functions not implemented by
the control system are considered passive system functions, such
as voltage isolation or current limitation.

Rural micro-grids, in the scope of this project, are electric in-
stallations composed of an energy architecture that provides an
energy strategy. An energy architecture is the interconnection of
power converters to connect energy sources, loads and storage
elements. An energy strategy is the control provided by some
high-level algorithm which determines the energy flow between
energy sources, loads and storage elements with the objective of
providing services such as uninterrupted energy supply or min-
imizing the cost of energy.

This work is based on the idea that there exists a power mod-
ule base topology, set of specifications and close control which
allows a power converter to reach any target rating, ensure all
possible system functions and create any type of control sys-
tem. In turn, this power converter can be used to build a rural
micro-grid with any type of energy architecture which provides
any type of service by using any type of energy strategy. This
cascaded effect will lead to the creation of a multi-tier micro-
grid which can interconnect any type of energy source, load and
storage element.

The analysis in this work will focus on providing a tool that
can be used to compare different power modules within this cas-
caded effect framework through the cross-analysis scenarios and
setups below.

CROSS-ANALYSIS SCENARIOS AND SETUPS

To compare how different power modules are instrumental
to the creation of a multi-tier rural micro-grid, this work de-
fines a set of tier scenarios and power modules. These are then
used cross-analyze through a tier-by-tier incremental method
described below.



Tier scenarios

There are many different case studies in the rural electrifi-
cation literature, ranging from stand-alone home systems [9] to
megawatt-sized micro grids [12]. To summarize these cases into
a comprehensive multi-tier scenario, this work proposes the fol-
lowing tier-based analysis.

Table 1. Tier scenarios available in the literature and their description

Tier Description Ref.
0 Small power applications and stand alone systems [1]
1 Small stationary systems for charging cell phones [9]
2 Small stationary system with two sources for medium loads [8]
3 Medium sized system with more than one AC load and bus [15]
4 Medium sized system with multiple users [1]
5 Interconnection of a community [12]

The literature does not provide an explicit link between these
scenarios in terms of rural off-grid expansion. In this paper, the
analysis is based on the premise that these scenarios are linked
and that a hypothetical micro-grid expands from one tier to an-
other sequentially. Each tier scenarios is detailed through the
Conceptual framework described in figure 2, giving table 2.

Each tier scenario will be represented by a circuit, going from
figure 3 for the tier 0 scenario to figure 8 for the tier 5 scenario.

The tier 0 scenario considers a single power converter that
connects a small PV module with a small battery and DC load,
as shown in figure 3.
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Figure 3. Tier 0 study case

The tier 1 scenario considers that battery capacity rises and
that the load requires a specific voltage or current control, giving
figure 4.

+ Vbus -

Load

Bat
+

Figure 4. Tier 1 study case

The tier 2 scenario represents two neighbors whose DC buses
are connected together. Each household is considered to have
its own energy production and load profile, with a small wind
turbine being connected straight to the DC bus through a diode
bridge, as shown in figure 5.

The tier 3 scenario considers that four neighbors are con-
nected together, one of which has an AC bus, shown in figure
6.

The tier 4 scenario considers that a fifth neighbor is connected
to the group. This new member has a non-balanced three-phase
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Figure 5. Tier 2 study case
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Figure 6. Tier 3 study case

system powered by a small diesel generator and a small hydro
plant, as shown in figure 7.
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Figure 7. Tier 4 study case

Finally, the last tier considers a far away sixth neighbor which
also has a 3 phase system powered by a diesel generator and



Table 2. Multi-tier scenarios from the literature evaluated through the Conceptual framework proposed in this work

Tier Energy source, load and storage Rural micro-grid Power converter
Lvl. Power Energy

source
Load Storage element Energy

Architecture
Energy Strategy System function Target

rating

0 100W PV DC Small Battery Single DC Bus All energy to
load

V & I control 12VDC

to 24
VDC

1 500W PV DC Battery Bank Single DC Bus Energy to load
and battery

DC current
limitation &

Bi-directional
DC current

24VDC

to 48
VDC

2 2kW PV &
Small
Wind

DC Multiple Battery
Banks

Multiple DC
Buses

Energy between
battery banks

Interleaving 48VDC

to 96
VDC

3 5kW PV &
Small
Wind

DC & AC Multiple Battery
Banks

DC & AC Buses AC voltage
regulation

Single-phase
DC-AC inversion

400VDC

& 230
VAC

4 15kW Multiple
sources

DC & AC Multiple Storage DC & AC Buses Local Energy
flow optimization

Three-phase
DC-AC inversion

400VDC

& 230
VAC

5 30kW Multiple
sources

DC & AC Multiple Storage Multiple Voltage
Buses

Glocal Energy
flow optimization

PQ control &
AC-DC

rectification

1000VDC

a small hydro plant. Due to the distance, this last neighbor is
connected through an AC-AC converter, possibly with a DC link
in the middle, as shown in figure 8.
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Figure 8. Tier 5 study case

The next step in the study is to define the power modules that
will be cross-analyzed using these tier scenarios.

Base power electronics modules setups

Modular power electronics span a vast range of applications
and topologies [16]. In this work, the most elementary power
module is considered to be the one that can reproduce the great-
est number of power converters and energy architectures avail-
able in the literature [13, 16]. Considering the expansion po-
tential of a rural micro-grid from a low-voltage DC to a higher
voltage three-phase AC system, the elementary power modules
should be able to provide both DC to DC and DC to AC func-
tions.

Two elementary power modules were considered in this anal-
ysis: a synchronous buck and a power-factor corrector, as shown
in table 3.

The Synchronous Buck (SB) is the most elementary power
module, capable of being combined to create almost all the
topologies available in the literature. However, this flexibility
comes with the price of synchronizing many power modules in
series or in parallel.

The Power Factor Corrector (PFC) encapsulates the equiva-
lent of three SBs into one single power module. In this work,
each SB leg is considered to be independent, thus allowing a
single PFC power module to process up to three different power
flows in parallel. This redundancy comes with the prince of han-
dling the synchronization of the different legs within the same
power module.

Both SB and PFC power modules are considered to be rated
to operate at 400 VDC or 230 VAC .

Table 3. Power Modules used in this study

Module Description Ref.
SB DC-DC, current-bidirectional, parallel operation [17]

PFC DC-DC, DC-AC, Single and Three-phase [18]

The topologies of the SB and PFC converters are given in
figures 9 and 10, respectively.
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Figure 9. Base Module 1: Synchronous Buck Converter
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Figure 10. Base Module 2: Power Factor Corrector Converter

With both the tier scenarios and base module topologies, the
study can now focus on the analysis method used to cross-
analyze them.

Analysis method

The analysis method proposed in this work seeks to determine
how the complexity of a rural micro-grid would evolve if this
rural micro-grid were built using a single type of power mod-
ule. The objective is to determine an ”expansion signature”,
which shows how complexity evolves as the system changes
tiers. To estimate the system ”complexity” this work will use
four figures-of-merit related to hardware and software issues as
summarized in table 4.

Table 4. Figures-of-merit used to estimate ”complexity” in this work

Type Indicator Description

Hardware
Number of modules

Indirect measure of hardware
complexity

Target ratings
Shows how higher power flow

drives complexity

Software
Number of functions

Indirect measure of the firmware
complexity

Synchronization
Shows how more complex
functions drive complexity

The hardware figures-of-merit used in this work are number
of modules and converter target rating. The number of modules
gives an indirect reference to how hardware complexity grows
within the system, and the evolution of target ratings shows how
converters become more complex as the rural micro-grid man-
ages a greater power flow.

The software complexity figures-of-merit are the number of
functions and the synchronization techniques. The number of
fuctions gives a measure of the complexity of the firmware
needed to ensure the correct operation of the rural micro-grid,
and the evolution of syncronization techniques describes the
complexity of coordinating blocks of code embedded in differ-
ent microcontrollers to provide all the functions needed by the
rural micro-grid.

The complexity indicator is calculated from a geometric av-
erage of these four figures-of-merit. A geometric average is
used due to the different scales of each figure-of-merit, forcing
a mathematical normalization of any changes.

CmpxIND = 4
√
#Mod ·Rat ·#func · Sync (1)

Where #Mod represents the number of modules, Rat repre-
sents the target ratings, #func describes the number of fuctions
and Sync is the synchronization issues.

Based on equation 1, a rural micro-grid can be analyzed in
terms of the evolution of its energy provision and complexity.
This analysis is based on the energy/complexity diagram shown
in figure 11.
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Figure 11. Energy versus Complexity diagram

Four quadrants are shown in figure 11, according to the level
of energy provision and complexity. On the bottom left are low
energy and low complexity systems, typical of low tier applica-
tions such as solar home systems and stand alone PV plants. On
the bottom right are low energy and high complexity systems,
this is typical of solutions that are too complex for little energy
gain. On the upper left are high energy and low complexity
systems, these are high energy gain systems with little complex-
ity such as the isolated AC grids built from diesel generators.
Finally, on the upper right are high energy and high complex-
ity systems, these cases are bases on renewable energy systems
with power converters, batteries and multiple sources.

The ”expansion signature” of a rural micro-grid shows
through which of these quadrants the rural micro-grid goes
through as it change tiers. A rural micro-grid should avoid
the bottom right quadrant and, ideally, go from low-energy/low-
complexity to high-energy/low-complexity.

The ”expansion signature” of a SB-based or PFC-based rural
micro-grid can now be estimated.

RESULTS AND DISCUSSION

Based on the methodology proposed above, a SB-based and
a PFC-based rural micro-grids expanding from tier 0 to tier 5
were evaluated in terms of hardware and software figures-of-
merit.

In tier 0, the hardware is at its least complex state. The num-
ber of boards is one for both SB and PFC, target ratings are
met without any special series or parallel connection, and both
boards have the same function. PFC has a higher score only
in terms of synchronization since its firmware has to implement
some sort of routine to handle the fact it only uses a single leg.

In tier 1, an SB-based rural micro-grid requires 3 boards while
a PFC-based solution can still use a single board. The target rat-
ings are still met without series or parallel connections. The
number of functions now has risen due to MPPT, bi-directional
current flow and DC current limitation. In terms of synchro-
nization, the SBs are totally autonomous and do not require any
coordination. However, the PFC has to handle source, load and
storage, leading to a more complex synchronization among its
legs.

In tier 2, the number of SB boards rises to 7, one for each
converter and two for the DC bus interconnection. PCF achieves
the same functions with only 3 boards. In terms of ratings, two
SB boards are put in parallel to manage the current flow between
the DC buses, giving it a higher score. The number of functions
has now risen to 5 since interleaving is needed to flow large
amounts of current between the two DC buses. Synchronization
scores higher for SB since two boards must be synchronized for



interleaving, this also rises the PFC synchronization score.
In tier 3, an AC bus is included in the rural micro-grid. To

provide all the new AC loads, AC sources and the AC bus, the
SB-based micro-grid requires 20 boards, 8 to create the 4 single-
phase inverters, 2 to interconnect the new DC bus and 3 for
the new DC system. The PFC-based micro-grid requires only
9 boards. Target ratings remain the same, since only parallel
connections are needed in this tier. The number of functions
now rise to 6 to include DC to AC inversion. Syncrhonization
scores higher to include DC-AC inversion that requires a new
synchronization strategy among different legs for both SB and
PFC.

In tier 4, a three-phase AC bus is included in the rural micro-
grid. To interconnect the new AC bus with one of the DC buses,
the SB-based rural micro-grid requires 6 boards, two boards in
series per phase. The PFC requires only 3 boards for the same
reason. This series-connection rises the target rating score for
both SB and PFC. The number of functions now rises to 8 to
include 3 phase inversion and PQ control. The synchronization
score for both SB and PFC rises to account for the new technique
needed to synchronize series-connected non-isolated converters.

Finally, in tier 5, two three-phase AC buses are interconnected
through an AC-AC converter. This converter is implemented
through the connection of two AC-DC converters back-to-back.
The SB-based solution requires 4 boards per phase, while the
PFC requires only 4 boards in total. The target ratings for both
SB and PFC rise due to this higher series connection. The num-
ber of functions now rises to 9 to include active rectification.
Synchronization rises to account for the issues of synchronizing
4 boards in series.

The results are summarized in tables 5 and 6.

Table 5. Synchronous Buck (SB) tier evolution

F.O.M. T0 T1 T2 T3 T4 T5
# boards 1 3 7 20 26 38

target ratings 1 1 2 2 3 4

# functions 1 4 5 6 8 9
synchronization 1 1 2 3 5 6

Table 6. Power Factor Corrector (PFC) tier evolution

F.O.M. T0 T1 T2 T3 T4 T5
# boards 1 1 3 9 11 15

target ratings 1 1 1 1 2 3

# functions 1 4 5 6 8 9
synchronization 2 3 4 5 6 7

Using the score given above and equation 1, the ”expansion
signature” for both SB and PFC can be calculated for each tier.
Figure 12 shows the result using the analysis diagram proposed
in figure 11. The results in the x axis are normalized for the
highest complexity indicator score. It should be noted that the x
axis scale is not linear, meaning a complexity of 1 is not neces-
sarily twice more complex than 0.5. This scale should be read
relative to both ”expansion signatures”, where a signature with
lower complexity describes a less complex system.

Several conclusion can be drawn from the results in figure 12.
Both SB and PFC based rural micro-grids expand with simi-

lar complexity ratings for lower tiers. This means that complex-
ity alone is not enough to determine which solution is best for
lower tiers, other aspects such as cost should also be analyzed.

Using SB base modules ultimately leads to more complex ru-
ral micro-grids for higher tiers. This is specially driven by the
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Figure 12. Complexity signature for each base power module

fact that SB-based systems require many boards for AC opera-
tion.

The expansion signatures are given for a homogeneous rural
micro-grid built using a single base module. It can be infered
that a heterogeneous rural micro-grid, built using two or more
base modules, should be capable of achieving the best ”expan-
sion signature” by using different base modules when expanding
at certain specific tiers.

In terms of quadrant evolution, the results indicate that
the ”expansion signature” of PFC passes closer to the high-
energy/low-complexity quadrant than the SB. It is important to
note that quadrant evolution is relative to the solutions being
compared and their signatures, requiring more than one solution
to be analyzed.

It is important to insist that these result are totally conditioned
to the tier scenarios taken into account and the figures-of-merit
chosen for the analysis. Further studies should diversify sce-
narios and take into account other indicators to create a more
thorough ”expansion signatures”.

Finally, coming back to the original question of this article,
figure 12 shows that the PFC converter is closer to providing
a missing link than the SB converter by comparing their ”ex-
pansion signature”. While further research is needed to cross-
compare non-modular with modular solutions, it is clear that the
theoretical missing link converter has a vertical ”expansion sig-
nature” going from the low-energy/low-complexity straight into
the high-energy/low-complexity quadrant. Future work should
build on this idea to provide more solid evidence of which base
module modular power electronics as a missing link in rural
electrification.

CONCLUSIONS

Rural electrification is a challenging field that studies the pro-
vision of electricity to rural households around the world. Rural
electricity access is provided through energy tiers, going from
low tiers (100W) to high tiers (dozens of kWs), but the expan-
sion from a low to a high tier is blocked by growing complexity,
equipment incompatibility and cost. A power converter that can
adapat to the unpredictable complex nature of rural electrifica-
tion is considered to be the missing link between low and high
tiers.

This work studies the use of modular power electronics con-
verters to address this missing link idea. To do so, a Conceptual
framework is introduced to link modular power electronics con-
cepts and rural electrification issues. Based on this Conceptual
framework, six tier scenarios, ranging from tier 0 to tier 5, are
described in detail. Along with these scenarios, two base mod-



ules, the synchronous buck and the power factor corrector, are
introduced.

A cross analysis of these tier scenarios and base modules us-
ing four figures-of-merit, two related to hardware and two re-
lated to software issues, was also proposed. A complexity indi-
cator is calculated based on the scores of these figures-of-merit.
When plotted against its equivalent tier-level, this indicator pro-
vides an ”expansion signature” of the rural micro-grid.

The comparison of the expansion signatures of the syn-
chronous buck and power factor corrector base modules shows
that the latter can be considered closer from being a missing link
converter than. However, further work is still needed to con-
clude if other topologies can perform even better in the same
analysis.

The ”expansion signature” tool proposed in this work can be
used as a basis to study the evolution of the complexity of a
micro-grid as it expands. This tool can be used for future stud-
ies such as the comparison of using a single base module or of
using several base modules to expand the same micro-grid or
a comparison between renewable energy based micro-grid ex-
pansion and fossil-fuel based micro-grid expansions. Finally,
this tool can be greatly improved by incorporating more figures-
of-merits or using other formulas to calculate the complexity
indicator.
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