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Peer-to-Peer Microgrids for 100% Renewable
Swarm Electrification: Scalable, Sustainable,

Self-Serviceable, Safe, and Stable Design
Hannes Kirchhoff and Kai Strunz

Abstract—Swarm microgrids, a specialized type of DC micro-
grids with peer-to-peer energy exchange, are important enablers
for emerging economies seeking climate-friendly and self-sufficient
energy access. However, a systematic technology development
methodology for swarm microgrids with an explicit long-term
expansion perspective is not yet available. To address this gap, this
article builds on the existing literature on swarm electrification
and presents a structured methodology for the technology design
and development of swarm microgrids. The resulting “Quint-S”
methodology of five hallmarks is distinguished by a holistic set of
three-plus-two governing principles, defined herein. These princi-
ples cover the three design features scalability, sustainability, and
self-serviceability, as well as the two technical foundations safety
and stability. Scalability facilitates the growth from individual
solar home systems to swarm microgrids, then to interconnected
multi-microgrids, and eventually to interfacing with an AC main
grid. Sustainability and self-serviceability ensure that the system
uses 100% renewable energy and can be operated by users them-
selves. The latter characteristic is particularly advantageous in
hard-to-reach sites when professional technicians are not available.
The results are validated through laboratory experiments and real-
world implementation in Bangladesh. The proposed methodology is
of interest for a range of applications requiring ad hoc deployment
of sustainable infrastructure.

Index Terms—Battery, design methodology, electrical safety,
low voltage, microgrid, power electronics, renewable energy, rural
areas, stability, sustainable development, swarm electrification.
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ICT Information and communication technology.
ID Identifier.
IMI Inter-microgrid interface.
KPR Key performance requirement.
LAN Local area network.
MOSFET Metal-oxide-semiconductor field-effect transistor.
P2P Peer-to-peer.
PE Power electronic.
PV Photovoltaics.
S Switch.
SBB Swarm building block.
SELV Safety extra-low voltage.
SHS Solar home system.
TVS Transient voltage suppression.

Subscripts

10 10th.
25 25th.
50 50th.
75 75th.
90 90th.
ACDC AC–DC converter.
avg Average.
cap Capacity.
DCDC DC–DC converter.
IMI Inter-microgrid interface.
line Line.
link Link.
max Maximum.
n Node, nodal.
PE Power electronic.
ref Reference.
s Supply.

Variables and Operators

E Energy.
F Factor.
i, I Current.
j Swarm unit index.
k Line index.
P Power.
q Percentile.
R Resistance.
T Time period.
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Fig. 1. Swarm electrification concept: Individual DC swarm microgrid development in Stage 1; DC swarm microgrid connection in Stage 2 using inter-microgrid
interfaces (IMIs); AC–DC network integration in Stage 3.

t Time.
v, V Voltage.
Δ Difference operator.
η Efficiency.

I. INTRODUCTION

G LOBALLY, 675 million people still lack access to elec-
tricity [1]. Swarm electrification is intended to address

this situation by enhancing access to electricity through a tran-
sition from standalone solutions to microgrids with peer-to-peer
energy exchange [2].

Swarm electrification is based on the so-called swarm mi-
crogrid [3], which is a specialized type of DC microgrid. The
development of DC microgrids has made considerable progress
over the past decade [4], [5]. By using DC instead of AC, the
energy losses of a microgrid can be reduced by up to 50% [6].

Swarm electrification is defined as an electrification develop-
ment process that encompasses multiple stages. The three main
stages are shown in Fig. 1 and explained as follows. In Stage 1,
DC swarm microgrids are developed individually, enabling
peer-to-peer (P2P) energy exchange between so-called swarm
units. These swarm units are houses and business units that
already have existing standalone energy systems. The standalone
systems considered in this work are solar home systems (SHSs),
of which six million have been installed in Bangladesh alone [7].
In Stage 2, the swarm microgrid as a whole is interconnected
to neighboring swarm microgrids. In Stage 3, as a possible but
not necessary step, the integration with an AC main grid may
allow for energy purchases from the outside. A prerequisite for
this last stage is, of course, the eventual availability of the main
grid close to the DC swarm microgrid.

Swarm electrification has received considerable recognition
as an innovative solution for addressing the parallel challenges
of climate change mitigation and access to electricity [8]. For
access to electricity applications, demand typically grows in
a pattern of multiple tiers [9], [10]. To cater to this stepwise
demand development, swarm electrification is centered around
the principle of organic growth, allowing infrastructure to grow
with demand and thereby avoiding oversizing and saving costs.
Along the infrastructure growth path, the expansion steps are

incremental. Each incremental expansion step is associated with
comparatively low costs, contributing to the affordability of
swarm microgrids [2], [11].

While the conceptual and economic literature on swarm
electrification is extensive, the literature on the technology for
swarm electrification is scarce. A recent review paper on swarm
electrification emphasized the lack of technical definitions for
swarm microgrids [12]. In what follows, this shortcoming is
addressed by the presentation of a holistic design methodology
for swarm microgrids. The presented methodology significantly
extends the existing knowledge on microgrid planning [13], [14]
and directly supports previously identified key drivers of swarm
microgrid development [15]. Three of these previously identified
key drivers are directly related to the technology design, con-
cerning extendability, ease of use, and quality of service [15].
Accordingly, these three factors need to be addressed by the
technology design methodology and are discussed as follows.

Extendability has recently been recognized as a key promise
of DC microgrids, especially in the context of energy access ap-
plications [16]. To achieve extendability, various configurations
have been proposed. These configurations fall into the following
three categories. The first category comprises microgrids with
centralized storage and centralized generation [14], [17]. The
second category consists of microgrids with mainly centralized
generation but decentralized storage [16], [18]. The third cate-
gory, which includes swarm microgrids, corresponds to config-
urations with both decentralized generation and decentralized
storage [19], [20]. In addition to individual microgrids, multi-
microgrid topologies with interconnections between microgrids
have also been discussed [21], [22]. However, the literature still
lacks details on the development paths that allow for transitions
from one topology to another. More specifically, there is cur-
rently no methodology that encompasses the development and
extension prospects of swarm microgrids to ensure readiness for
future expansion steps.

Ease of use requires a technology that adheres to a range of
requirements [15], [23]. As minimum criteria, the technology
must be robust and safe to use [12]. Regarding robustness,
factors that cause instability have been identified [24], [25] and
suitable mitigation strategies validated [3], [26], [27]. Concern-
ing the deployment of safe-to-use technology at hard-to-reach
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sites, various low-voltage DC microgrid solutions have been
discussed [28], [29]. These solutions differ in terms of grounding
and the degree of system reliability achieved through zonal pro-
tection [30], [31], [32]. For applications in the energy access con-
text, extra-low voltage (ELV) systems have been proposed [16],
[33] with voltage levels that are safe to touch [34], [35]. However,
the literature still lacks a safety design methodology for swarm
microgrids that users are able to easily operate and maintain by
themselves.

Quality of service is related to the reliability of power and
requires a suitable power supply strategy [15]. Power generation
should rely only on renewable energy technologies. However,
these power sources have variable output. Therefore, the mi-
crogrid needs to integrate storage capacity [4], [36]. One core
attribute of swarm electrification is the integration of the SHSs’
generation and storage capacity into the swarm microgrid [2].
Initial practical validations of the integration of the generation
and storage capacity of SHSs into DC microgrids have been
evaluated in the literature [33], [37]. These validations have been
limited in that the number of participating units has been fewer
than ten [37] or in that they have focused on a theoretical assess-
ment of how to reach the full sharing potential [33]. However,
the literature still lacks an assessment of practical large-scale im-
plementation of renewable-energy-powered swarm microgrids,
in particular in regards to the quality of service provided.

This article addresses the highlighted gaps in the literature by
making the following two key contributions: first, the presenta-
tion of the so-called “Quint-S” methodology, a fully integrated
microgrid design methodology for swarm electrification; sec-
ond, the validation of this methodology, by means of laboratory
experiments as well as large-scale field implementation of a
scalable, sustainable, self-serviceable, safe, and stable microgrid
solution for the electrification of remote locations in the Global
South.

The proposed methodology is defined by three-plus-two
governing principles, categorized into two sets. The first set
specifies the design features of scalability, sustainability, and
self-serviceability. The combination of these design features
offers a structured and staged swarm electrification that sup-
ports climate goals and allows for users to perform operations
and installations, even if professional assistance is unavailable.
The second set covers the technical foundations of safety and
stability, which cannot be compromised and serve as constraints
to be respected while striving to meet the objectives defined by
the design features.

Overall, this article introduces and describes the first com-
prehensive technical methodology for designing DC microgrids
using modular building blocks that lend themselves to bottom-up
swarm electrification in the Global South. At the heart of this
novel framework is the rigorous enforcement of the newly pro-
posed “Quint-S” methodology, which enables technical system
integration thanks to the five presented hallmarks of scalability,
sustainability, self-serviceability, safety, and stability. Without
neglecting the holistic perspective, this article focuses on how
the inclusion of renewable sources and power hardware, protec-
tion, and information and communication technology is essential

for achieving sustainability, safety, and self-serviceability at
widely different scales of propagation. The pioneering claims
made are validated by laboratory experiments, real-world field
implementation, and true operating experience in Bangladesh.
The successful implementations in Bangladesh are universally
achieved at 100% renewable energy, thus meeting standards of
far-reaching climate objectives already today.

The rest of this article is organized as follows. Key per-
formance requirements (KPRs) for all three stages of swarm
electrification are discussed in Section II. The design features of
scalability, sustainability, and self-serviceability are introduced
in Section III. The design foundations of safety and stability are
discussed in Section IV. The implementation process flow for
the proposed methodology is provided in Section V. Validations,
including the real-world application of the proposed microgrid
design methodology in Bangladesh, are presented in Section VI.
Conclusions are drawn in Section VII.

II. KEY PERFORMANCE REQUIREMENTS

In this section, KPRs and associated specifications are derived
for all stages of the swarm electrification pathway, which is
laid out in Section I and illustrated in Fig. 1. These KPRs
form the basis for and serve as specifications of the designs
presented in the subsequent sections. A summary of the KPRs is
provided in Table I. For each stage, the KPRs cover system-wide
specifications as well as related and distinct specifications for
interfaces and interlinks.

A. Stage 1: Individual DC Swarm Microgrid Development

As shown in Fig. 1, a DC swarm microgrid consists of swarm
units and bidirectional links between these swarm units. On
this basis, the DC swarm microgrid must support P2P energy
exchange between the swarm units. Swarm microgrids are ex-
pected to be used in geographical locations where dedicated
service personnel are not readily available. Therefore, the tech-
nology has to be modular, transportable, and be able to be carried,
installed, and operated by the users themselves. No dedicated
service personnel should be needed.

In accordance with the overarching system specifications, the
requirements set for the interface of a swarm unit are threefold.
First, the technology is to integrate with the existing energy
assets. These existing resources are SHSs, each one consisting
of solar photovoltaics (PV), batteries, and loads. Second, the
interface of the swarm unit is to enable bidirectional power flows
between an SHS and other swarm units. Third, the technology is
to facilitate meshed network configurations. A so-called swarm
building block (SBB), as defined in Fig. 2 of Section III, is
implemented to realize these interface specifications.

For Stage 1, interlinks are specified as follows. The energy
to be supplied by an interlink needs to cater to a swarm unit
drawing 200 Wh per day, denoted as a nodal energy exchange of
|En| = 200 Wh per day. The value of 200 Wh per day is derived
from the load requirements as per the World Bank’s ESMAP
energy access level two [9]. A minimum distance of 100 m is to
be bridged.
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TABLE I
KPRS OF SWARM ELECTRIFICATION

As for the following stages, a voltage drop of no more than
10% must be maintained. To limit the cost of cabling and reduce
the risk of cable theft, cables with a cross section of 2.5 mm2

are used. Wherever required, DC–DC converter efficiency is
approximated with ηDC-DC = 0.98 [38].

B. Stage 2: DC Swarm Microgrid Connection

As shown in Fig. 1, the DC swarm microgrid connection is
an extension of Stage 1. The DC swarm microgrid connection
is specified to support energy balancing between two swarm
microgrids. The connection consists of two inter-microgrid
interfaces (IMIs) and a cable between them. The installation
requirements are similar to those of Stage 1, but now users
performing the installation are assumed to have received basic
training. As provided in Table I, the interface specifications now
extend to the microgrid connection. Accordingly, links need to
cover longer distances and daily energy demands according to
the World Bank’s ESMAP energy access level three [9].

C. Stage 3: AC–DC Network Integration

As shown in Fig. 1, the AC–DC network integration is a
further possibility for extension. The main objective in this stage
is to change the role of a swarm microgrid to that of an active
resource from the perspective of the AC main grid. The installa-
tion requirements are different from those in the previous stages
because qualified technicians are required to establish the con-
nection to the AC main grid. Extended interface specifications
address the potential connection to the AC grid, as described in
Table I. Interlinks need to cater to the World Bank’s ESMAP
energy access level five [9].

III. DESIGN FEATURES FOR SCALABILITY, SUSTAINABILITY,
AND SELF-SERVICEABILITY

The KPRs of Table I can be met by the integrated set of de-
sign features of scalability, sustainability, and self-serviceability.
This set of design features accompanies the entire multistage

swarm electrification process depicted in Fig. 1. As follows, the
three design features are discussed in reverse order.

Self-serviceability refers to the ability of users to perform
the actions required to ensure continuous operation without de-
pending on service personnel. This design feature is particularly
important considering that swarm microgrids may be located in
hard-to-reach sites and may also be used by mobile populations
who regularly move to different locations. The infrastructure
needs to be deployable and serviceable by the users themselves.

Self-serviceability must be supported through a power and
control layer and an information and communication technol-
ogy (ICT) layer. The power and control layer facilitates the
required power flows in the bidirectional links shown in Fig. 1
The ICT layer ensures that the digital systems within a swarm
microgrid can facilitate P2P energy sharing and enforce the
respective business models. While the swarm microgrid must
be self-serviceable onsite, a remotely located organization can
support the community through the ICT infrastructure, too.

As core requirements, the ICT infrastructure needs to provide
remote monitoring and remote troubleshooting capabilities. In
addition, billing capabilities are required for the P2P energy ex-
change in Stage 1. Remote monitoring refers to the ability to as-
sess the performance of the swarm microgrid and its integration
with other networks remotely. Remote troubleshooting refers to
the ability of the support organization to provide real-time up-
dates to the provisioned technology and guide users interacting
with the hardware on-site. Billing in energy access applications
is commonly implemented with a prepaid billing scheme. As
such, the ICT infrastructure needs to provide capabilities for
top-up and cash-out of the individual SBBs’ prepaid balances.

While the requirements in terms of self-serviceability are
mandatory in Stage 1, a high level of self-serviceability is still
very desirable in Stages 2 and 3. The corresponding provisions
to attain self-serviceability are integrated with the following
two “S” design features and the two “S” technical foundations
presented in Section IV.

Sustainability of swarm electrification is addressed by ensur-
ing that the generation portfolio relies only on renewable ener-
gies. This is essential to support climate change mitigation and
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Fig. 2. Detailed modular architecture design for a swarm unit, including the
existing solar home system (SHS) and the swarm building block (SBB) with
power electronic (PE) circuit.

to minimize the local fuel import dependency of communities
using swarm microgrids.

The remainder of this section focuses on scalability. To re-
alize scalability, modular architectures are used to support the
stagewise advancement of swarm electrification. The realization
of the specification of the daily energy transfer capacity takes
advantage of the availability of distributed storage and goes
beyond the mere consideration of constraints set by the carrying
capability of the lines. In the following, the modular architecture
and storage–line–storage interlinks are elaborated for all three
stages.

A. Stage 1: Individual DC Swarm Microgrid Development

As early as in the first stage, the DC swarm microgrid develop-
ment itself is modular and uses storage–line–storage interlinks
to attain scalability. It so supports KPR I of Table I.

1) Modular Architecture of the Power and Control Layer:
As shown in Fig. 1, the swarm microgrid architecture consists
of connected swarm units. To ensure that the swarm microgrid
becomes modular and even transportable, the presented design
makes use of distributed SBBs, as depicted in Fig. 2. An SBB
is installed at every swarm unit of the microgrid.

As shown in Table I, a swarm unit adopts multiple roles. It
integrates with existing energy assets, it enables bidirectional
power flows between the SHS and other swarm units, and it
provides the ability to form a meshed network configuration. To
ensure integration with existing energy assets of the SHS, each
SBB directly interfaces with the battery of the SHS, as shown
in Fig. 2.

To enable bidirectional power flows to and from the SHS, the
SBB includes five components between the SBB’s swarm node
and the SHS battery, as depicted in Fig. 2. First, a bidirectional
meter is required for billing. Second, this meter interfaces the
SBB ICT modules shown in Fig. 3. Third, a nodal switch is
required to enable or disable power flows between the SHS and
the SBB. Fourth, a DC–DC converter may be used to control the
node voltage independently of the battery voltage. Instead of
the DC–DC converter, alternative power electronic (PE) circuits
can be used. As a minimum requirement, such a circuit needs to
provide the capability to control the direction of the power flow.

Fig. 3. Architecture of the ICT layer, including local and remote ICT facilities.

Details of such alternative circuits are discussed in Appendix D.
Fifth, the three last-mentioned components are connected to the
SBB controller, which enables automated operation of an SBB.

The SBB’s cable ports serve as the connection points for
interconnections with other swarm units. As depicted in Fig. 2,
these cable ports are joined at the swarm node. Each line in the
microgrid is connected between two SBBs via cable ports. Ring
network configurations can be established with two cable ports
per SBB. Meshed network configurations require more than two
cable ports per SBB.

2) Modular Architecture of the ICT Layer: The minimum
requirements for the ICT layer, as defined in the introduction of
Section III, are remote monitoring, remote troubleshooting, and
balance-update facilities for prepaid billing. To address the re-
quirements, a fundamental ICT architecture, as shown in Fig. 3,
is derived as follows. The architecture facilitates management
of the P2P energy exchange by a support organization and spans
both local and remote ICT facilities.

Locally, most ICT facilities reside within the SBBs. Each SBB
needs to incorporate the following five modules, as shown in the
bottom section of Fig. 3. First, a user interface module permits
visualization of the prepaid metering balance and enables user
interaction with the SBB. Second, a data storage module acts
as a data buffer prior to data upload to the cloud for remote
monitoring and remote troubleshooting. Third, a metering mod-
ule digitizes quantities of energy exchanged as measured by the
bidirectional DC meter depicted in Fig. 2. Fourth, a tariffing
module applies the prevailing tariff on a particular exchanged
energy quantity and updates the balance of the SBB. The tariffing
module also includes a local ledger that records exchanged
energy quantities. Fifth, a communication module provides a
connection to a local area network (LAN) connection. This LAN
can also be utilized by local ICT facilities of later stages, namely
the IMI ICT for Stage 2 and the AC grid interface ICT for Stage 3.
The LAN is connected to the cloud through a gateway with the
mobile telecommunication network.

With the five modules of the SBB ICT, P2P energy exchange
can be undertaken anytime, even if the connection to remote ICT
facilities is temporarily unavailable. When exchanging energy
with other swarm units, the SBB updates the balance in real
time, applying the prevailing tariff. In parallel, the SBB records
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data for later monitoring activities. This data is then sent to the
remote ICT facilities when a connection is available. Relevant
data record standardization formats, specifically designed for
scenarios with high volatility in the availability of the mobile
telecommunication network, are discussed in [39]. Data mon-
itoring and changes to the P2P energy exchange tariff scheme
are undertaken centrally by means of the remote ICT facilities.

Remote ICT facilities include three core services. First, the
support organization’s call center interacts with users to provide
data-backed remote troubleshooting. Second, the P2P support
cloud is the central point of device communication with all
SBBs, enabling remote monitoring as well as updates to tar-
iff schemes and device configurations. Third, external service
providers are included in the ICT infrastructure. For example,
mobile money service providers typically have local vendors,
which are integrated into the ICT infrastructure for seamless
top-up and cash-out services.

3) Storage–Line–Storage Interlinks: The maximum power
Pline,max transferable over a line connecting two swarm units in a
swarm microgrid of Fig. 1 is constrained by the supply voltage
Vs, the maximum voltage drop ΔVmax along the line, and the
line resistance Rline as follows:

Pline,max = (Vs −ΔVmax) · ΔVmax

Rline
. (1)

Disregarding the storage at sending and receiving swarm
units and considering that both power generation from PV and
load power are generally intermittent, the power flow on the
line is also intermittent. The intermittency also influences the
energy Eline that is transferred over the line. This energy may be
expressed by Pline,max multiplied by Tline as follows:

Eline = Pline,max · Tline , (2)

whereTline denotes the time interval during which the line would
need to be operated at maximum power to yield Eline. For a
reference period Tref, with Tline ≤ Tref, the interval Tline can be
related to a capacity factor Fcap,line [40] as follows:

Fcap,line =
Tline

Tref
. (3)

Combining (2) and (3) yields

Eline = Pline,max · Fcap,line · Tref . (4)

However, in terms of the coordination of the energy transfer
between swarm units, the battery, as a key component of the
swarm unit, is important, too. With storage being present on
both ends of the line, an interlink can be regarded as a storage–
line–storage subsystem. Because of this storage, the concurrent
availability of both nodes for sending and receiving power flows
on the line is increased. The capacity factor thus increases to
Fcap,link ≥ Fcap,line. Therefore, the energy transfer capacity Elink

for such an interlink is formulated as

Elink = Pline,max · Fcap,link · Tref . (5)

An important factor that influences the capacity factor Fcap,link is
the storage size available to facilitate load leveling [41]. For the
SHS in a swarm microgrid, the storage capacity is a multiple of

TABLE II
ENERGY TRANSFER CAPACITY OVER TREF = 24 H WITH k ∈ {1, 2, 3}

the daily load requirement [42]. Against this background, high
values of Fcap,link, up to Fcap,link = 1, are feasible.

With Tref = 24 h, the resulting daily energy transfer capacity
Elink,k of an interlink k in a swarm microgrid is provided in
Table II. In addition, the total nodal energy transfer capacity
|En,max|, when using all three interlinks k ∈ {1, 2, 3} of a swarm
unit, is given. The energy transfer requirement for Stage 1 of
200 Wh per day, as formulated in Section II and presented in
Table I, is met even at a very low supply voltage such as 12 V.

B. Stage 2: DC Swarm Microgrid Connection

In the second stage, the DC swarm microgrid connection of
two swarm microgrids is realized to support KPR II of Table I. As
depicted in Fig. 1, a DC swarm microgrid connection facilitates
energy transfer between two swarm microgrids by using two
IMIs and a cable between them. This energy transfer occurs
at higher voltage levels compared with those applied within
the swarm microgrids. Details on the modular architecture for
Stage 2 are provided in Appendix A.

As also shown in Fig. 1, an IMI-connected swarm unit has
three links to transfer energy to other swarm units of the same
microgrid. To transfer the required 1000 Wh per day, as specified
in Table I, each of the three links must be able to transfer at
least 340 Wh per day. This corresponds to 1000/3 Wh plus a
margin to cover the conversion losses within the SBB. As shown
in Table II, this can be accomplished when the supply voltage
selected for the swarm microgrid is at least 24 V.

C. Stage 3: AC–DC Network Integration

The connection of the AC grid to a swarm microgrid may
be realized in a third stage, fulfilling KPR III of Table I. The
AC grid interface of Fig. 1 enables power flows between the AC
grid and the connected swarm microgrid. Details on the modular
architecture for Stage 3 are discussed in Appendix B.

To transfer the required 8400 Wh per day, as mandated in
Table I, all of the other three available links originating from the
swarm unit connected to the AC grid interface in Fig. 1 must be
able to transfer at least 2800 Wh per day. As shown in Table II,
this can be accomplished when the supply voltage selected for
the swarm microgrid is at least 48 V.

IV. DESIGN FOUNDATIONS FOR SAFETY AND STABILITY

Building on the design features in Section III, the design
foundations of safety and stability for all three stages of swarm
electrification are presented in this section. Stability is a key re-
quirement for the operation of microgrids in general. To achieve
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TABLE III
DETAILED PROVISIONS TO ENSURE SAFETY IN ALL THREE STAGES OF SWARM ELECTRIFICATION AND RELEVANT STANDARDS

stability in the context of swarm electrification, decentralized
and robust control schemes are of interest. Control schemes
that address such aspects are described in the literature [3], [4],
[43]. Therefore, this section focuses on safety, the second design
foundation.

The safety design process encompasses the following steps:
(a) Evaluation of the unique needs arising in the swarm

electrification context. As detailed in Table I, the needs
that arise in the swarm electrification context are unique
because the operation and maintenance of swarm mi-
crogrids cannot depend on dedicated service personnel
due to the often-remote locations of the installation sites.
Furthermore, a swarm microgrid is a transportable infras-
tructure that can be expanded and relocated quickly.

(b) Specification and development of main protective mea-
sures of the safety design to address the identified needs:
The following three main guiding principles for protective
measures to ensure microgrid safety are proposed in ac-
cordance with the identified needs. First, every part of the
infrastructure accessible during usage is implemented as
a safety extra-low-voltage (SELV) system [34]. Second,
for integrating supply from networks with voltage above
the extra-low voltage, the design makes use of power

conversion technology with double or reinforced insu-
lation and built-in safety provisions [34]. Third, the tech-
nology is highly modular and utilizes zonal protection to
isolate faults.

(c) Verification of the key provisions made to fulfill re-
quirements in accordance with relevant safety standards:
Beyond being tailored to the particular requirements of
swarm electrification, it is important that the safety design
also complies with given standards. For verification, rel-
evant requirements are derived from the IEC 60364 and
VDE 0100 standard series.

An overview of complete set of relevant standards and detailed
provisions undertaken for all stages are provided in Table III.
In the following, the key safety provisions for all stages are
discussed.

A. Stage 1: Individual DC Swarm Microgrid Development

In the first stage, the DC swarm microgrid development KPR I
of Table I is to be fulfilled. The first key need to be addressed is
the mitigation of the considerable risk of electric shock, as the
technology must be usable and serviceable even by untrained
users. Conventionally, the most common method for protection
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against electric shock is to use insulation as basic protection
and automatic disconnection of the supply as fault protection.
However, such automatic disconnection of the supply requires
grounding [34] and continuous quality monitoring of the ground-
ing system [35]. Because the system must be installable and
serviceable by users, protection measures that require such
continuous quality monitoring of a grounding system are not
applicable here. For this reason, the main protective measure
of using SELV as the system voltage is applied here to ensure
safety, as discussed under item (b) above. An installation with
SELV does not require grounding.

The second key need is to avoid the spread of short-circuit
faults through the network. Due to the meshed network configu-
ration of the swarm microgrid, such faults could quickly spread
through a large portion of the network. To address this need,
the main protective measure of applying zonal protection, as
described under item (b) above, is utilized. The cable ports of
each SBB, as shown in Fig. 2, are equipped with individual cable
overcurrent protection devices, such as fuses. With this measure,
faults are isolated before they can spread to other parts of the
network.

B. Stage 2: DC Swarm Microgrid Connection

In the second stage, the DC swarm microgrid connection, the
KPR II of Table I is addressed. The first key need in this stage
is to achieve longer transfer distances without compromising
safety. This need is addressed by following the guiding princi-
ple of using conversion technology with double or reinforced
insulation, as described under item (b) above. Such insulation
allows for the cable between two IMIs to be operated at a voltage
higher than SELV while maintaining safety for users in the
swarm microgrids, which are implemented with SELV. The DC
swarm microgrid connection does not contain any loads, but
instead consists only of two IMIs and a cable between them, all
of which can be secured with double or reinforced insulation.

The second key need is to avoid the spread of fault currents.
Again, a zonal protection scheme is used, as mentioned un-
der (b) above. Accordingly, the power electronic converter’s
built-in overcurrent protection is used to prevent the spread of
fault currents from the DC swarm microgrid connection to the
swarm microgrid or vice versa.

C. Stage 3: AC–DC Network Integration

The third stage, AC–DC network integration, is aimed at
fulfilling KPR III of Table I. To ensure safety in this stage, the
potentially dangerous AC supply must be separated from the
SELV system that users can access. Therefore, the first key need
for the integration of the AC grid with the swarm microgrid is the
safe conversion between AC power and SELV DC power. This
need is addressed with the main protective measure of using
conversion technology with double or reinforced insulation, as
described under item (b) above. Accordingly, double or rein-
forced insulation is a mandatory requirement for the AC–DC
converter.

The second key need that must be met in this stage is to avoid
the spread of fault currents. This is accomplished by means of

a zonal protection scheme, as described under item (b) above,
in which the power electronic converter’s built-in overcurrent
protection is used to prevent the spread of fault currents from
the AC grid to the swarm microgrid or vice versa.

V. FLOWCHART OF THE “QUINT-S” METHODOLOGY

While the “Quint-S” methodology is holistic thanks to its five
“S” governing principles for design and technical foundation,
its successful application also relies on an orderly implemen-
tation through a structured process. For this purpose, a pro-
cess flowchart was developed to support swarm electrification
based on the “Quint-S” methodology. It is different from typical
linear processes of microgrid realization where a microgrid
planning stage is followed by an implementation stage. Instead,
the realization process for swarm microgrids is iterative with
incremental changes undertaken after deployment. Thus, before
a first deployment and thereafter, aspects of design and technical
foundations are covered throughout swarm microgrid develop-
ment. The process flowchart for swarm microgrid deployment
is provided in Fig. 4. The flowchart is structured, from left
to right, along the five governing principles of the developed
methodology. The flowchart is decomposed into three parts, each
covering one stage and described as follows.

A. Stage 1: Individual DC Swarm Microgrid Development

Typically, there are already individual standalone energy sys-
tems in the form of SHSs available at the start of Stage 1. Each
of these SHSs has battery storage and solar PV. As demand
grows, a swarm microgrid becomes an attractive alternative to
standalone solutions. The SHS users and other members of the
community then jointly agree on the requirements for the swarm
microgrid development; the definition of KPR I of Table I acts
as a guideline. Based on the required energy transfer demand
En, the microgrid supply voltage VS is selected as per Table II.
The SBBs are implemented following the architecture depicted
in Fig. 2, including the ICT facilities of Fig. 3. If this is the initial
deployment of SBBs or if a change in the SBB design requires
an update of the installed SBBs, the technical foundations of
stability and safety need to be addressed before deployment.

Stability requires a control scheme that makes use of the de-
centralized storage capacity integrated into the swarm microgrid.
Such a control scheme was described and validated in [3]. The
control parameters are selected to ensure robustness across a
wide operating envelope. In addition, stability is proven in a
laboratory environment prior to deployment.

Safety is addressed by the measures discussed in Section IV.
For the SBBs in Stage 1, this requires SELV to be used and zonal
protection to be implemented by respective overcurrent protec-
tion devices in the cable ports of the SBB. All safety provisions
provided in Table III are undertaken prior to deployment.

Following the self-serviceability principle, the SBBs can now
be installed by users themselves. The deployed ICT infrastruc-
ture allows for remote monitoring and provides a means to guide
the community regarding future extensions.

The microgrid is scaled by adding further swarm units and can
also include the integration of other grids. Should the community
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Fig. 4. Implementation process flow of the “Quint-S” technology design methodology for swarm microgrids.
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decide to undertake such integration, the process continues with
Stage 2. Otherwise, the process stays within Stage 1, and the
next step falls under the governing principle of sustainability.

The tariffs for the P2P energy exchange are changed remotely
whenever incentives need to be changed. The tariff scheme is
set to encourage investments in electricity generation capacity
from renewable sources. In addition, the intermittency of renew-
able energies is addressed by having sufficient energy storage
capacity available in the swarm microgrid. Therefore, respective
investments into storage capacity are incentivized. Details on a
tariff scheme design that supports investments while respecting
sustainability criteria were discussed in [15].

B. Stage 2: DC Swarm Microgrid Connection

With regard to further scaling of the infrastructure, the com-
munity may decide to undertake a DC swarm microgrid connec-
tion that fulfills KPR II of Table I. The IMIs are implemented in
accordance with the architecture provided in Fig. 16.

The control scheme for this Stage 2 must ensure stability for
the entire system, spanning across the two connected swarm
microgrids. To this end, the control scheme design can make use
of the storage capacity directly connected to an IMI, as shown
in Fig. 16. Laboratory validation then confirms the stability of
the control scheme.

To ensure safety, double or reinforced insulation needs to be
used to prevent dangerous voltages on the SELV side. All safety
provisions as per Table III must be provided.

Self-serviceability is supported via ICT in that remote updates
of the SBBs already installed can be undertaken. For example,
this support can be used to update reference parameters of the
power electronic circuit of the SBB. The installation of the DC
swarm microgrid connection can be undertaken by trained users.

After Stage 2 deployment, the community is asked whether
the swarm microgrid should be connected to an AC grid if there
is one available in the vicinity. If the community wants such a
connection to the AC grid that fulfills KPR III of Table I, the
process continues with Stage 3; otherwise, the process returns
to Stage 1.

C. Stage 3: AC–DC Network Integration

In Stage 3, the optional AC–DC network integration, the
process steps are analogous to those of Stage 2. The interface
is to be implemented according to the architecture presented in
Fig. 17.

The control scheme for this stage must ensure that no stability-
compromising behavior is exhibited in any parts of the entire
system created by the AC–DC network integration. This system
includes the DC network connected to the DC side of the AC
grid interface and the AC network connected to the AC side of
the AC grid interface. Also, the grid code of the AC grid has
to be followed. Laboratory validation confirms stability before
deployment.

With regard to safety, double or reinforced insulation must be
used. Further, all provisions according to Table III have to be
undertaken.

As discussed for Stage 2, the firmware of the SBBs in the
swarm microgrid can be updated remotely. In contrast to instal-
lation works undertaken in previous stages, the installation of
the AC grid interface must be done by a trained electrician.

While this Stage 3 is optional, it also presents a unique
opportunity for enhancing sustainability beyond the location of
the swarm microgrid by exporting electricity generated from
renewable sources into an AC grid. The process then returns to
Stage 1.

VI. VALIDATION BY FIELD IMPLEMENTATION AND

LABORATORY EXPERIMENTATION

In this section, real-world evidence of the practicality of the
proposed methodology is presented, assessing the implemen-
tation of swarm microgrids in Bangladesh. These microgrids
have been implemented following the “Quint-S” methodology
process defined in Section V, in accordance with the design
features presented in Section III and the design foundations of
Section IV. With the support of the United Nations and other
organizations, over 100 installations have been made [8], [44].

The DC swarm microgrid installation sites are located
throughout the country. Many of these installations originate
from marketplaces. Typical examples that reflect the three “S”
design features are shown in Fig. 5. Self-serviceability on-site
is also supported by a remotely located organization, relying
on the ICT infrastructure to provide remote services. To this
end, the communication tower shown in Fig. 5(a) provides
swarm units with an access point for a wireless local area
communication network and a gateway to connect to remote
ICT facilities. Adaptations to a swarm microgrid being made on
the roof of a warehouse are shown in Fig. 5(b), demonstrating
self-serviceability regarding extension of power capabilities.
In Fig. 5(c), several shops with roof-mounted solar panels are
shown, illustrating sustainability by usage of 100% renewable
energy. Fig. 5(d) stands for scalability: Using a donkey cart,
additional swarm microgrid components are transported to a
site for modular expansion of the swarm microgrid.

The following validation by field implementation makes use
of remote monitoring data from installed swarm microgrids. The
capability for remote monitoring is enabled by the deployed ICT
infrastructure. The ICT infrastructure is implemented following
the architecture design presented in Section III-A2. Details on
particular realization aspects are shown in Fig. 6 and described
as follows.

The ICT infrastructure relies on LANs using Wi-Fi technol-
ogy. Key advantages of Wi-Fi technology are its wide availability
and low cost. A disadvantage of Wi-Fi technology is the com-
paratively low range. This disadvantage can be overcome using
repeaters, as shown in Fig. 6. A communication tower hosts
a mobile telecommunication network gateway and a wireless
LAN router to establish a wireless LAN, Wireless LAN-1. If the
range of this Wireless LAN-1 is insufficient, a Wireless LAN
Repeater-1 is used to establish a second LAN, Wireless LAN-2.
All communication devices are powered from a swarm unit in
their proximity, the respective user is compensated for the energy
usage. For temporary situations, such as during installation and



328 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN INDUSTRIAL ELECTRONICS, VOL. 5, NO. 2, APRIL 2024

Fig. 5. Examples of practical realizations of the three design features as observed in various swarm microgrids in Bangladesh. (a) Self-serviceability:
Communication tower containing a wireless local area network router. (b) Self-serviceability: Adaptations being made to a swarm microgrid in operation.
(c) Sustainability: Several shops with solar panels, illustrating the usage of 100% renewable energy. (d) Scalability: Additional components being brought to a site
for modular expansion of the swarm microgrid.

Fig. 6. Practical realization of the ICT infrastructure.

troubleshooting, a smartphone can also establish a wireless LAN
hotspot, as illustrated on the left side of Fig. 6.

P2P energy exchanges are not restricted to the SBBs within
one wireless LAN. Instead, all swarm units of one swarm mi-
crogrid can engage in P2P energy exchange. For clarification,
exemplary P2P energy exchanges between SBBs connected
to different LANs but within the same swarm microgrid are
illustrated in Fig. 6. The ICT infrastructure also includes external
services, for example to facilitate prepaid balance top-up and
cash-out through local service points. In addition, the call center
may reach users on their phones to assist with troubleshooting.

The following subsections discuss the detailed validation,
covering: 1) DC swarm microgrids in normal operation by
assessing a specific swarm microgrid case study; and 2) DC
swarm microgrids under contingency by assessing fault case
scenarios in a laboratory environment.

A. DC Swarm Microgrid in Normal Operation

In this section, a practical example of a swarm microgrid
deployment in Stage 1 as described in Table I and realized

Fig. 7. Topology overview of a swarm microgrid installation.

following the process of Fig. 4 is discussed. First, an overview of
the site and the dataset is provided. Subsequently, the real-world
implementations of the five “S” governing principles developed
in this article are discussed.

1) Overview: This validation consists of the analysis of one
particular real-world swarm microgrid over one month. The
installation is located at a marketplace in northern Bangladesh
on a so-called “chor,” a river island. The assessment period is the
month of September 2021. In Fig. 7, the ring-like topology with
43 swarm units and 43 cables is shown. The cable lengths, which
are not represented to scale, range between 1 m and 30 m. The
swarm microgrid voltage implemented is 12 V nominal, and no
DC–DC converters are used in the SBBs of the deployed swarm
units.

The users are mainly small business owners that operate at the
market site. The market site has seen an early adoption of SHSs.
The oldest system still in use was installed in the year 2000.
Details of the individual SHS resources installed are provided
in Table IV. For each swarm unit, the swarm unit identifier (ID),
the installed solar PV generation capacity, the installed battery
storage capacity, and the total load per swarm unit are provided.
For each unit, additional data regarding the energy exchange
performance for September 2021, such as the amount of energy
drawn from the swarm microgrid, are provided.

The solar power generation capacity varies between 20 W
and 480 W per swarm unit; some swarm units do not have any
generation capacity. The battery capacity varies between 360 Wh
and 5640 Wh; some units do not have any storage capacity.
Still, the average storage capacity across all 43 swarm units is
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TABLE IV
SWARM UNITS OF THE CASE STUDY SWARM MICROGRID: INSTALLED

GENERATION AND STORAGE CAPACITY, CONNECTED LOAD, AND ENERGY

EXCHANGE PERFORMANCE IN SEPTEMBER 2021

1171 Wh per swarm unit. The total connected load per swarm
unit varies between 8 W and 275 W, and some units do not have
any connected load but instead specialize in selling energy to
others.

Most swarm units actively pursued in peer-to-peer energy
exchange. In the assessment period, 15 swarm units participated
in peer-to-peer exchange by supplying energy, and 26 swarm
units participated in peer-to-peer exchange by drawing energy.
The amount of energy drawn per swarm unit in the assessed
month ranges between 1 Wh and 12 kWh. A monthly energy
draw of 12 kWh translates to a daily average of 402 Wh, which
is below the energy exchange potential of 627 Wh described in
Table II. Most units drew less than the reference value of 200 Wh
per day defined as the KPR for Stage 1 in Table I. Moreover,
some units did not draw any power at all. This may be due to a

Fig. 8. Hourly average nodal power Pn,avg,j of all swarm units j for the 72-h
time period from September 28 to September 30, 2021.

preference to only feed power into the network, or the fact that
the corresponding loads may not have been in use during the
assessment period.

Because the site is in a remote location with intermittent data
connectivity, not all data points could be collected for all units.
For the following energy exchange analysis, data points are
aggregated to hourly averages. For every swarm unit, a total
of 720 hourly averages are expected for the assessment period
of 30 days. On average, 72% of these data are available.

A detailed example of the available data is shown in Fig. 8,
covering a 3 day time frame from September 28, 2021 to
September 30, 2021. The figure shows a stacked graph with all
values of Pn,avg,j , the hourly average of the nodal power of each
swarm unit j. As indicated in Fig. 2, positive values of Pn,avg,j

represent power supplied to other swarm units; negative values
represent power drawn from other swarm units. In Fig. 8, the
hourly average of the total power supplied by all swarm units
corresponds to the positive stack, and the hourly average of the
total power drawn by all swarm units corresponds to the negative
stack. Except for some instances with missing data points,
the waveforms of the total power drawn and the total power
supplied are very similar in shape and magnitude. The largest
power draw occurs in the evenings, in the last quarter of each
24 h interval. In the 72-h time period shown in Fig. 8, a total of
6.0 kWh were supplied to the network, whereas 5.6 kWh were
drawn from the network, indicating a distribution loss of 7%.

The highest individual power throughput in Fig. 8 was
achieved by swarm unit ID 14 in hour 60 when drawing an hourly
average of 63.1 W. The highest power supply was achieved
by swarm unit ID 30 in hour 61 when supplying an hourly
average of 59.8 W. It is critical that power supply occurs at
minimal SBB internal losses. Of concern are losses in the power
electronic circuity in the SBB, as shown in Fig. 2. To this end,
the hourly average power losses in the power electronic circuit,
Ploss,PE,avg,j , for all SBBs supplying power in the assessed 72-h
time period are provided in Fig. 9. The analysis shows that
the power losses are small, with Ploss,PE,avg,j < 2.1W in the
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Fig. 9. Power losses of power electronic circuitry versus nodal power, opera-
tional data from September 28 to September 30, 2021.

power range Pn,avg,j < 60 W. Still, these losses could be further
reduced. Improvement options are discussed in Appendix D.

The remainder of this section analyzes the microgrid perfor-
mance over the entire month of September 2021. The analysis
is structured along the five “S” governing principles developed
in this article. Accordingly, the three design features and then
the two design foundations are discussed.

2) Self-Serviceability, Sustainability, and Scalability: Self-
serviceability was ensured by deploying a technology that can
be easily used and adapted. For assessing the ease of adaptation,
the installation and modification record is reviewed. The swarm
microgrid installation was initiated in March 2019. By the end
of 2021, a total of 63 additions and modifications to the topology
had been undertaken. Of these, 50% were implemented in the
first year of operation, 46% in the second year, and 4% in the third
year. Changes were made to the microgrid while the microgrid
was in operation, demonstrating a high ease of adaptation.

As a second aspect relating to self-serviceability, the ease
of use is examined. This is done by determining whether the
technology can satisfy users’ preferences with respect to energy
exchange. These preferences are assessed by analyzing each
swarm unit’s energy exchange performance. In particular, the
proportion of each swarm unit to total energy supply and to total
energy draw are examined. These data are provided in the sixth
and seventh columns of Table IV. The top five swarm units in
terms of energy supply and energy draw are marked in Fig. 7
and highlighted in bold font in Table IV. In terms of the energy
supplied, the top five swarm units contributed a total of 66% of
all supplied energy. In terms of the energy drawn, the situation
is more heterogeneous. The top five swarm units accounted for
only 54% of the energy drawn from the network. Four units, ID1,
ID2, ID3, and ID27, did not participate in the energy exchange
during the assessed period. Only two units, ID9 and ID36, both
supplied and drew energy during the assessment period. The
remaining 37 of the 43 total units showed clear preferences for
either only supplying or only drawing energy. The ease of use
of the deployed technology allowed for the users to realize these
clear preferences.

Sustainability is addressed by using only solar PV generation.
When relying on such intermittent power generation technology,
an important measure for ensuring a reliable supply is the
availability of energy storage capacity. Therefore, the battery
voltages for all swarm units that include batteries are assessed as

Fig. 10. Distribution of the battery voltages of all swarm units with battery
storage for the month of September 2021, aggregated by hour of the day.

follows. The deployed batteries use lead–acid chemistry. For this
chemistry, the healthy battery voltage range is between 10.5 V
and 14.5 V [42]. This analysis focuses on validating that the
battery voltages remained in this range during the assessment
period. This assessment was performed through statistical anal-
ysis of the battery voltage data using percentiles.

For the following percentile-based analyses, all available data
points of the assessment time period are analyzed using a set of
five specific parameters: The 10th percentile, q10, and the 90th
percentile, q90, are used as indicators for the value range of
the data points; the 25th percentile, q25, and the 75th percentile,
q75, describe the interquartile range representing 50% of the data
points; and finally, the 50th percentile q50, which is the median.

The statistical analysis of the battery voltages for all swarm
units with battery storage capacity are shown in Fig. 10, ag-
gregated by hour of day. The waveforms reflect the solar-
characteristic charging peak in the middle of the day and a
prominent discharging pattern in the evening hours. The me-
dian values, indicated by q50, are close to the nominal battery
voltage of 12 V. The majority of the data, as indicated by the
range between q25 and q75, falls within the healthy battery
voltage range. In addition, the 90th percentiles q90 also fall
within the healthy range. However, the 10th percentiles q10 fall
below the lower end of the healthy battery range during night
hours. This can be explained by the fact that some of the batteries
are very old and have been in operation for over 20 years. Still,
the 10th percentiles q10 remain within the healthy range during
the middle of the day, indicating a good battery maintenance
charge.

Scalability is achieved by deploying a technology that allows
for straightforward expansion. As discussed at the beginning of
this section, multiple additions and reconfigurations have been
made to the swarm microgrid. A key parameter for assessing
successful scalability is consistency in the quality of service
provided across all swarm units. In particular, the swarm node
voltages should be close to the 1.0 p.u. level. For swarm unit j,
the swarm node voltage vn,j is the voltage between the negative
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Fig. 11. Distribution of swarm node voltages for the month of September
2021, aggregated by day of the month.

Fig. 12. Distribution of energy exchange quantities over battery voltage at the
time of exchange.

and positive rails at the swarm node shown in Fig. 2. Swarm
node voltages should be within a 1.0±0.2 p.u. range. This range
definition relates to the healthy battery voltage range defined
above and discussed for Fig. 10. The distribution of the swarm
node voltages for all swarm units aggregated by day of month
is shown in Fig. 11. The daily median values are very close to
1.0 p.u. Furthermore, the majority of all swarm node voltages
fall within the 1.0±0.1 p.u. range. In addition, the values rarely
extend outside the 1.0±0.2 p.u. range. Overall, the analysis
shows a consistent service delivery across the swarm microgrid.

3) Stability and Safety: Stability is ensured by deploying a
technology that is robust across a wide operating envelope. This
wide operating envelope is defined by the large variations in the
battery voltages of the swarm units. Therefore, it is important to
verify that both power supply and power draw are possible across
a wide range of battery voltages. To this end, Fig. 12 presents
an assessment of the correlations between energy exchange and
the battery voltage at which the energy exchange took place.

Fig. 13. Circuitry for laboratory contingency testing of DC swarm microgrid
with Rline = 0.2 Ω.

Only swarm units with battery storage capacity, as indicated in
Table IV, are included in this assessment. In terms of energy sup-
plied, considerable contributions were made at battery voltages
of 11.0 V and above; most of the energy supplied was transferred
from swarm units with battery voltages above 12.0 V. In terms
of energy drawn, a wider range of battery voltages can be
observed. Still, most of the energy drawn by the swarm units was
transferred at battery voltages below 12.0 V. In summary, as these
data from September 2021 show, energy exchange is possible
across a wide range of battery voltages. Thus, stability issues
were not detected in practice. This observation is consistent
with the results of a scientific investigation that showed swarm
microgrids to be stable for up to at least 1000 participating swarm
units [3].

The final design objective, safety, was addressed by imple-
menting the safety measures detailed in Section IV. No safety-
compromising incidents have been reported. A more indepth
analysis of safety is presented in the following section.

B. DC Swarm Microgrid Under Contingency

An experimental validation in a laboratory environment was
undertaken for two key contingency cases. The first case is an
overvoltage event at a swarm unit, denoted as fault event I. The
second case is a short circuit on a line, denoted as fault event II.

The circuitry used for the contingency testing is shown in
Fig. 13. Details on the laboratory equipment used are provided
in Appendix C. The reader is reminded of the internal structure
of an SBB as indicated in Fig. 2. The system setup consists of
four swarm units. Swarm units 1 and 3 act as suppliers, and
swarm units 2 and 4 act as loads. Each swarm unit is equipped
with industrial electronics in the form of a transient voltage
suppression (TVS) diode at the swarm node. In addition, each
cable port includes a fuse. The fuse tripping ratings are chosen
as indicated in Fig. 13 to demonstrate the highest degree of
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Fig. 14. Swarm unit’s node voltages in laboratory contingency testing for fault
event I, an overvoltage event at swarm unit 1.

Fig. 15. Swarm units’ nodal currents in laboratory contingency testing for
fault event II, a short on the line between swarm units 1 and 2.

selectivity of zonal protection, with isolation of only the faulty
branch while maintaining supply to all load points. Fault event I,
an overvoltage on a node, is induced by connecting an AC supply
to one of the cable ports of swarm unit 1. Fault event II, an
overcurrent on a line, is induced by a short circuit on the line
between swarm units 1 and 2.

The results for fault event I are provided in Fig. 14. After
the contact to the AC supply is closed, the voltage at swarm
unit 1 rises quickly. This has a system-wide effect of voltage
increase. However, because of the TVS diode, this increase
remains safely within the SELV range. The fuse of the cable port
located between the TVS diode and the AC source, c.f. Fig. 13,
disconnects the supply at t = 7ms. After approximately 15 ms,
the swarm microgrid has fully recovered.

The results for fault event II, a short circuit on the line between
swarm unit 1 and swarm unit 2, are given in Fig. 15. After
introducing the short circuit on the line, the nodal currents of
both supplying nodes rise quickly, while swarm units 2 and 4
no longer receive sufficient power. The cable port fuse of swarm
unit 1 trips after 65 ms. It takes another 90 ms for the cable port of
swarm unit 2 to also trip, thus completing the zonal insulation
of the fault. After less than 160 ms, the swarm microgrid has
recovered and reached a new stable operating point.

VII. CONCLUSION

The novel “Quint-S” methodology for the technology de-
sign of peer-to-peer microgrids for swarm electrification was
developed, implemented, and evaluated. The methodology is
organized along a flowchart and follows the proposed three-
plus-two set of “S” governing principles. The design is governed
by the three “S” design features of sustainability, scalability,
and self-serviceability, while respecting the two technical “S”
foundations of safety and stability.

The first objective of sustainability is achieved by use of 100%
renewable energy. The second objective of scalability is achieved
through the design of a modular architecture in combination
with a staged development plan. The designed swarm building
blocks adopt the roles of seeds from which the growth within
the first stage is stimulated. The modular design of the swarm
building blocks readily allows for their interconnection as a
low-voltage DC swarm microgrid, which is the result of the
first development stage. The second stage builds on the first
stage by connecting microgrids to a multi-microgrid system, as
supported by the designed inter-microgrid interfaces. The third
and final stage optionally connects the multi-microgrid system to
the main AC grid, at a time when the two network systems reach
geographic proximity. The third design objective of reaching
self-serviceability is particularly important for the success of
swarm electrification in remote areas. Professional technicians
are required for installations only if a connection to AC grids is
intended.

Safety and stability are the two technical foundations under-
lying the above design objectives. Stability is maintained, while
safety relies on meeting standards of protection and further
developing them according to the needs of swarm electrifica-
tion. Dedicated laboratory experiments with overvoltage and
short-circuit events confirmed the role of industrial electronics
in meeting the safety expectations. The continuous operation of
numerous field installations of the proposed microgrids further
substantiates their ability to comply with the design foundations
of safety and stability.

Laboratory validations and a real-world implementation case
study confirmed that the combination of the principles of scal-
ability, sustainability, self-serviceability, safety, and stability
enables swarm electrification to serve as a practical, effective,
and climate-friendly option for offering energy access with peer-
to-peer energy exchange possibilities. Consequently, the com-
prehensive design methodology presented in this article offers a
valuable contribution to the understanding and implementation
of swarm microgrids.

APPENDIX

A) Modular Architecture for Stage 2

The integration of the IMI with the swarm microgrid is
achieved by connecting the IMI to the battery of a swarm unit,
as illustrated on the right side of Fig. 16. Bidirectional power
flows are enabled by five sets of components inside the IMI,
also shown in Fig. 16. First, a bidirectional meter records the
energy traded between the two IMIs. Second, through a DC–DC
conversion stage using step-up and step-down converters, the
required power flows can be realized at flexible voltage bands.
Third, a high-side switch and a low-side switch are required to
select between the buying and selling paths. Fourth, the above
components are connected to the DC link controller, which
enables the automation of the IMI. Fifth, the power and control
layer of the IMI is interfaced with its counterpart ICT layer. The
IMI ICT entails a subset of the modules contained in the SBB
ICT of Fig. 3. This subset comprises the user interface module,
the data storage module, and the communication module that
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Fig. 16. Detailed modular architecture design for a DC swarm microgrid
connection using inter-microgrid interfaces.

Fig. 17. Detailed modular architecture design for AC–DC network integration
using an AC grid interface.

connects to the LAN. These three modules enable the remote
monitoring and remote troubleshooting capabilities.

B) Modular Architecture for Stage 3

The integration of the AC grid interface with the swarm
microgrid is achieved by connecting to the battery of a dedicated
swarm unit without loads or solar PV, as shown in Fig. 17. This
battery is used to buffer an intermittent supply from the AC
grid. Power flows from the AC grid to the swarm microgrid
are enabled by the following five components, as illustrated in
Fig. 17. First, an AC meter provides the interface to the supply.
Second, an AC switch allows for the controlled connection and
disconnection of the AC grid from the swarm microgrid. Third,
an AC–DC converter is used to achieve voltage and current
conversion between the AC side and the DC swarm microgrid.
Fourth, the above components are connected to the AC link
controller, which allows for the automation of the AC grid
interface. Fifth, the power and control layer of the AC grid
interface is connected with its counterpart ICT layer. The AC
grid interface ICT comprises the same modules as the IMI ICT,
described above at the end of Appendix A.

C) Laboratory Equipment Details

For the experimental validation presented in Section VI-B,
the following equipment was used. Lead–acid batteries were
used to power swarm unit 1 and swarm unit 3. The constant
power loads on swarm unit 2 and swarm unit 4 consisted of
a boost converter with a constant voltage output supplying a

Fig. 18. Power electronic circuit alternatives to DC–DC converter in the SBB
of Fig. 2: (a) MOSFET-diode circuit, (b) MOSFET-only topology.

Fig. 19. Laboratory comparison of circuit alternatives, assessing power losses
in the power electronic circuits at different levels of nodal power supply.

10-Ω resistor. Data collection was undertaken using 50-MHz
scopes, model GDS-1054B. The short circuit for fault event II
was produced by an electronic load, model PeakTech P2275,
applying a 0.01-Ω fault path.

D) Alternative Power Electronic Circuits for SBBs

Alternative power electronic circuits may be used instead
of a DC–DC converter in the SBB of Fig. 2. As discussed in
Section III, such alternatives need to provide the capability to
control the power flow direction based on control signals from
the SBB controller of Fig. 2. Two circuits that can achieve this
capability are discussed, as follows.

The MOSFET-diode circuit of Fig. 18(a) was used in the
operational swarm microgrids assessed in Section VI. In this
circuit, there are two antiparallel paths, each consisting of a
controlled switch (S) and a diode (D). The MOSFET-only circuit
is shown in Fig. 18(b). Here, the diodes are omitted. Instead,
two back-to-back controlled switches are used. In this circuit,
the current is monitored, and the switches are opened when the
current flows in an undesired direction.

The power losses in the power electronic circuit Ploss,PE for
both topologies were compared in a laboratory environment
using the following components. D1 and D2 were implemented
as Schottky diodes with a typical forward voltage of 0.5 V.
Switches S1–S4 were implemented using MOSFETs with a
rated ON-state resistance of less than 5 mΩ.

The experimental results are shown in Fig. 19. Generally,
the losses in the power electronic circuits are low, for low
levels of nodal power supply Pn. For the MOSFET-diode circuit
Ploss,PE < 4W, whereas for a MOSFET-only circuit Ploss,PE <
2W for the assessed power range. Therefore, the MOSFET-only
circuit represents an attractive alternative to the MOSFET-diode
circuit.
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