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1. Introduction

This report has been produced with the intention of giving a guide to an approach to designing
isolated systems with a high penetration of renewable energy, and in particular, mini-girds running
on 100% renewable energy. In this instance, we refer to a mini-grid as an infrastructure that is
intended to supply electricity to a relatively small number of consumers using either exclusively
renewable energy or a high percentage of electricity produced from renewable resources. A
typical mini-grid constellation would be a combination of solar PV, wind turbines, batteries and a
distribution system to deliver the power to consumers. There is also the possibility that a diesel
generator could be a component.

This report is based upon research carried out in two projects: “Kenya Mini-Wind” and “Modular
Form of Rural Electrification”. In particular, the following two documents are used as reference
material: “Mini-grids as valuable parts of larger grids” (paper given at The 4™ International Hybrid
Power Systems Workshop, Crete, Greece, 22-23 May 2019) and “Modular Form of Electrification
in Rural Communities in South Africa” (Final project report 30 November 2011).

With the above in mind, it should be noted this report does not give a detail guide as to how to
design a mini-grid but overall principles and with particular reference as to how a mini-grid can be
designed with expansion in mind and eventual connection to the main grid, should this be
extended to the region of the mini-grid(s).

1.1 EUDP IEA Task 41: Distributed Wind

This work constitutes part of a work package deliverable 3.3 of the EDUP IEA Task 41 Distributed
Wind project. A summary of this project is given here:

The overall objective of this project is to identify and explore studies of particular Danish interest
of Distributed Wind (DW) for cost effective technology development and integration into a
continuously evolving energy system. This is done by collaborating and contributing to the IEA
Wind TPC Task 41 international activities on DW turbine technology development and
assessment in a series of dedicated work packages (WPs). IEA Wind TPC Task 41 is an
international network centred on international collaboration and coordination in the field of DW.
The purpose is to accelerate the development and deployment of DW technology as one of the
leading generation source in global renewable markets, the facilitation of easier and faster DW
integration into electrical grids, increasing thus the competitiveness of wind and accelerating the
replacement of fossils fuels. The IEA collaboration is enforced partly by exchange of information,
sharing of results, and conducting analyses and explorative studies in the form of reports and
publications and partly by implementing a strong cross IEA Wind TPC Tasks collaboration effort.
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2. Use of smart-grid concept in mini-grid
applications

2.1 Introduction

Societies around the world are realising about their dependence on fossil fuels and all the
consequences for sustaining the supply, environmental impacts and security of supply that this
brings. Introducing and increasing the amount of renewable energy into energy systems will
address some of these consequences. However, with electricity systems that were designed and
built up around a relatively small number of large fossil fuel fired power stations do not readily
accept large amounts of varying power.

With a vision of 100% independence of fossil fuels, electricity systems need to be re-thought so
that this becomes possible. Today the consumption manages how much electricity is produced.
In the intelligent energy system (Smart Grids) the production controls the consumption. When the
wind blows or the sun shines, consumption will be automatically adjusted, and consumption and
consumers will go from being passive participants to actively be players in the electricity system.
However, not in a way so that the individual must take a lot of complicated decisions, but through
a series of automated technologies that seamlessly in the background serves as a part of
everyday life.

Unlike today’'s systems where there is very little knowledge (yet alone control) of the details of
consumption, the Smart Grid has embedded intelligence such that consumption and production
details are known. This, however, brings about challenges of its own as it implies an explosion in
the amount of data available that, even with increasing computing power and faster
communications, would be impossible to handle centrally.

Thus emerges the crucial aspect of Smart Grids: distributed control, where data collection and
decision making processes are carried out locally with only the most important information being
aggregated for passing on and use by other entities within the grid. This opens up for the “plug
and play” nature of components no matter what their function is: consumption, storage or
generation of power.

A smart grid is an electricity network that uses digital and other advanced technologies to monitor
and manage the transport of electricity from all generation sources to meet the varying electricity
demands of end-users. Smart grids co-ordinate the needs and capabilities of all generators, grid
operators, end-users and electricity market stakeholders to operate all parts of the system as
efficiently as possible, minimising costs and environmental impacts while maximising system
reliability, resilience and stability. Smart grids are an evolving set of technologies that will be
deployed at different rates in a variety of settings around the world, depending on local
commercial attractiveness, compatibility with existing technologies, regulatory developments and
investment frameworks. Smart grid concepts can be applied to a range of commodity
infrastructures, including water, gas, electricity and hydrogen.
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2.2 How does this help with isolated systems?

The attractions of the smart grid approach in an isolated application are primarily the ability of the
smart grid to be able to handle changing situations without the need for a complete re-design and
all the costs that are associated with this. Thus, a geographically bounded system with some
consumers, generators and storage elements can be associated together as a “module” running
on smart grid principles.

The concept is that the module can be:

e Stand alone, supplying the needs of a village community from renewable energy and
thus providing rural areas with electricity without further straining the already strained
national grid.

e Interconnection, so that neighbouring communities can help each other (Figure 1).

e Connection to the national grid as and when it is rolled out to rural areas. Additionally it
does not necessarily require a full capacity grid connection as it is intelligent to be able
to connect to a weak grid and only draw power under conditions dictated by the grid.

e Finally, it opens up the prospect of communities earning an income from generating and
selling power.

However, the “modular” approach goes further than this as the components and even the control
aspects can be considered to be modular. One of the major technical challenges is, however, of
robustness. Once the concept has been proved, turning it into a demonstration and implementing
it on a real site will prove challenging.
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Figure 1 Concept of two modules joining together

2.3 Applying the module concept

Many communities around the world have no access to an electricity grid and solar/wind/battery
based mini-grids are being established in many of these areas. This development is further made
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possible by the decreasing costs of the equipment (this goes for PV, wind turbines, batteries,
power electronics and the invoicing systems) and the development of new business models with
digitized and mobile phone-based accounting systems. All of these systems have the potential to
be expanded over time along with the growth of demand, and it may be desirable in the future to
connect many of these systems to a larger grid, for example connected to neighbouring mini-
grids, connected to a larger isolated system, or connected to a national grid. For these systems
with a potential to become part of a larger system at a later stage, it is crucial that they are
designed to become a valuable part of the larger system, and that the larger systems are designed
to benefit from the mini-grids — otherwise some, if not all, of the investments may become
worthless.

2.4 Mini-grids based on solar, wind and battery storage

In populated areas without access to an electricity grid, people invest in individual solutions for
electricity generation, such as solar-home systems or small gasoline based generators. The
electricity generated in this manner is very expensive, and can only be justified for appliances
with little consumption and high value — like lighting and mobile phone charging.

In this report, we look at AC mini-grids — either single phase or 3-phase. However, the power
system may include a common DC-bus for some of the components (e.g. PV, wind turbine(s) and
battery) with a common DC/AC inverter between the DC-bus and the AC grid.

When establishing a mini-grid in an isolated area, the electricity demand will be very low in the
beginning, until the customers have invested in new electric appliances. It therefore makes
economic sense for the mini-grid investor to expand the capacity hand-in-hand with the increasing
demand. This requires, however, that the system is designed for this.

The basic principle is that power system should be able to deliver the peak power demand at any
point in time, as well as the maximum energy demand over a period — typically, a day.

The cheapest means of providing small-scale electricity generation is, in most cases, by solar
power. However, as the demand increases, a combination of solar power and wind power may
turn out to be the cheapest way of producing power. As the demand pattern in a PV (and wind)
based mini-grid may not follow the generation pattern, batteries are typically introduced to store
the excess generation for later use.

It is therefore strongly recommended to start with a small system that is designed to be expanded
along with the needs. The mini-grid concept and design presented here focusses on one that is
simple, robust, flexible, scalable and able to become a valuable part of a larger power system.
This mini-grid system can protect itself against overload and can easily be expanded with the
growth in demand by simple “plug-and-play” of more active power components. This requires a
simple and robust concept and design of the control and the protection scheme.

2.5 Batteries

The battery system is typically one of the more expensive components of a mini-grid system, not
just due to the initial capital cost but also because regular maintenance and replacement is
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necessary. Therefore, the value and cost of the energy provided is very dependent on the battery
system. In PV-based micro-systems all the generation is during the day-time, while most of the
demands are during night-time. The battery system is thus the only energy source during the
night-time. In mini-grids, some of the consumers may be critically dependent on the power supply
— for example business applications or health clinics. The battery system should ensure the
reliability of the power supply and in isolated systems, distributed battery systems can indeed
provide valuable, distributed grid stabilisation support.

Ensuring the high performance of the battery system over its lifetime is highly dependent on the
battery management system protecting the battery from being overloaded and balancing the
individual cells’ state-of-charge (SoC). The power system services, the power performance, the
voltage quality and the battery system energy efficiency are, in turn, highly dependent on the
DC/AC inverter.

2.6 Power electronics

Most of the active components in a mini-grid are equipped with power electronics, through which
they are connected to the grid system. Power electronics are developing all the time and
becoming cheaper, smaller, better (higher voltage, current, power, efficiency and shifting
frequency) and more reliable (self-protection). The challenge remains, however, that the power
transistors have a maximum operational voltage and current. If the maximum voltage is exceeded,
the transistor may be immediately damaged. The maximum current is dependent on the maximum
allowable temperature of the semi-conductor and, as its inherent thermal capacity is very low, just
a short overcurrent may damage the transistor. The lifetime and reliability of power electronics
are therefore critically dependent on the design of the built-in self-protection.

2.7 Power system services

The critical parameters in a single-phase AC grid are the voltage level, the power level, the
waveform and the frequency. In a 3-phase grid, the balance between the three phases is
additionally important. The active components in the system can, in different ways and
magnitudes, impact these system performance parameters.

The frequency is common for the entire system, and is controlled by the grid forming unit(s) in the
system. The frequency may be used to indicate and communicate to the active components,
critical balances between generation and consumption at system level, where a high frequency
indicates that the system has an excess of power generation available and where a low frequency
indicates that the actual consumption is close the maximum system capacity.

The voltage level will vary in the grid in both time and location, depending on the load flow:
typically with high voltages close to the generation units and low voltages close to the
consumption. Distributed active components (PV units and batteries) can, however, help in
stabilising the voltage in the entire grid.

In reality, the active components can only feed or absorb (AC) currents to/from the grid. The
phase-shift between the line voltage and the currents to/from the active components defines the
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ratio between active and reactive power. Reactive power control may at the same time regulate
the local voltage and reduce the currents in the power lines.

3. Mini-grid concepts
3.1 The DC bus concept

The simplest, but least scalable mini-grid concept is to connect all the active components to a
common, internal DC bus, which is connected directly to the battery. The AC grid is provided by
a common DC/AC grid forming inverter, connected to the DC bus. New components can easily
be connected to the common DC bus. The most critical design parameter is, however, the voltage
level of the DC-bus. The capacity of the system will sooner or later be limited by the voltage level
of the DC bus. A power flow of 5 kW at a voltage level of 50 Vdc corresponds to a current of 100
Adc (P = UxI). It is an obvious design choice to use the terminals of the batteries as the DC bus.
However, it may be difficult to connect further batteries in parallel, and therefore difficult to expand
the battery capacity.

It is therefore recommended that the design ensures that the voltage level of the DC bus can be
increased later on. One way of doing this is by connecting more battery cells in series. All the
components connected to the common DC bus must thus be designed to, and prepared for,
operating at the higher DC voltage levels. As bidirectional DC/DC converters become cheaper
and more efficient, the voltage level of the DC-bus may operate at a different voltage level from
that of the battery, offering further flexibility.

In a typical system, both the solar panels and the wind turbine are connected to the battery via
individual DC/DC battery charger units, and the AC grid is provided by a single DC/AC inverter,
connected to the battery (Figure 2). The DC/DC battery chargers limit the currents flowing to the
battery at a specified maximum, dependent on the battery voltage level. Likewise, the DC/AC
inverter limits the current from the battery to a specified minimum battery voltage — all of which
protects the battery from being over- or undercharged. In addition, the DC/DC battery chargers
provide the ‘maximum power tracking’ function at the input side, controlling and regulating the
input voltage for maximum power generation from the solar panels and the wind turbine,
respectively.

bc/ac]
4’{ 7KW | 30 Vac
50 Vide
PV be/oe M
5 kw | 5 kW 60A

PV | DC/DC

Bat
50
ik

Figure 2 Block diagram of a typical mini-grid power system (WT: wind
turbine; PV: solar panels; M: meters; C: customers).
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3.2 The AC-based grid concept

The more complicated, but more scalable concept is where the active power components are
connected to the AC grid. This requires that the grid forming unit(s) are sufficiently robust and that
all the active components connected at the AC side contribute to stabilising the grid, both in terms
of power balancing and voltage regulation. The active power components may be connected to a
common AC bus at a central ‘power plant’ or connected somewhere in the AC distribution grid. In
the latter case, the distribution grid must be sufficiently strong.

The simplest way to ensure that all the active components contribute to the proper operation of
the system is to let them react autonomously based on the frequency and the local voltage. A
relatively large variation of the frequency is generally acceptable in mini grid systems, in
comparison to national grid systems. The frequency can therefore be used to indicate a system
“need” for power regulation. In turn, the local voltage, where the active power component is
connected to the grid, can indicate the additional “need” for local voltage regulation. The local
voltage level can be regulated by regulation of both the active and reactive power.

This simple control concept requires that all the active power components that are connected to
the grid, as well as the entire power system, are designed for this operation. The active
components must be able to regulate their active and reactive power exchange with the grid, and
they should do this on the basis of both the frequency and the local voltage. How, how much and
how fast should be individually adjustable.

The impact of the reactive power on the local voltage is dynamic. It is therefore recommended to
develop and introduce an autonomous, built-in, ‘optimal reactive power (ORP)’ regulation function
in all the active power components. This function could, for example, work in a similar manner to
the maximum power point (MPP) tracking function, by constantly regulating the reactive power a
little up and down (a slightly randomised pattern is recommended to prevent instability), and then
regulate the average reactive power level according to the observed impact on the voltage level.

As all the active power components are expected to be connected to the grid via power
electronics, the short circuit current will be low. The grid should therefore be protected by active
relays rather than traditional fuses. The protection relays must react both to high current and to
low voltage.

The active power components must, in addition, be able to continue their normal operation after
a short grid voltage dip caused by a grid fault. In other words, they must have a voltage-ride-
through capability.

This autonomous and distributed control concept without a central control makes it simpler to
distribute the active components in the grid and to add new active components to the system
(plug-and-play). For example, battery systems can be distributed in the grid and contribute to both
the local and global power balancing but also to the local and global voltage regulations in the
grid.
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4. Part of a larger system

If properly designed, the AC mini-grid concept can, by simple adjustments, be connected to and
become a valuable part of a larger power system — either in a cluster of interconnected mini-grids
or as part of a larger power system, e.g. a national power system.

4.1 Mini-grid clusters

Interconnection of a number of mini-grids in a cluster may be relevant for and/or justified by:

e common investments in power generation facilities, typically a wind turbine / farm in a
good wind resource location somewhere in between the interconnected mini-grids;

e time-shifted high power loads distributed in the interconnected mini-grids, i.e. high
power services (typically productive uses) whose profiles are distributed in time and
between the mini-grids, like the different productive uses considered for the Ndeda
system: drinking water production, ice production and corn milling;

e increased reliability of the power supply — important for e.g. productive uses and health
clinics

Interconnection of mini-grids will typically be established by 3-phase medium voltage AC power
line connections (5-15 kV), depending on the distances and the power requirements. 3-phase AC
voltage step up/down transformers are very simple and robust. In the case of a mini-grid based
on single phase AC, it will require a 1-phase to 3-phase AC/AC converter.

Most of the high power applications, like electric motors, will require a 3-phase AC connection.
So, it may anyhow be necessary to establish a 3-phase AC grid in a mini-grid for supplying high
power applications.

It is therefore recommended, from the very beginning, to design a mini-grid system, so it can
easily handle 3-phase AC at a later stage. It is specifically recommended to establish the main
distribution lines in a mini-grid as 3-phase, 4-wire power lines. The distribution lines to most of the
customers can remain single-phase. As long as the system is purely single phase, the wires in
the 4-wires power cables can be fully utilised by operating the wires in parallel, two and two.

4.2 Part of a national system

Mini-grids established in areas that may be connected to a national grid in the future should be
designed for this possibility from the start. The national grid must, however, also be designed for
realising the benefits of connecting mini-grid systems. The principle is that the mini-grid designers
and the national grid designers should agree on the way the power system is controlled, protected
and metered, and how the two systems are interconnected. An example is shown in Figure 3
where excess energy can be sold to the grid as a source of revenue for the community. If so, the
mini-grids can be a relatively quick and feasible way to provide power grids in remote areas, not
yet connected to a national grid, but where the mini-grids can become part of a national power
system later on.

This is a bottom-up approach, where a national power system can be established by
interconnecting mini-grids that already established in villages, rather than the usual top-down
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approach, where a national power system is established by expanding a central system. If
properly designed, the distributed concept will be more efficient and more reliable than the
conventional centralised concept. Parts of the power system may even be able to operate in
isolated modes in case of grid faults.

We therefore recommend that, from the beginning, the main distribution lines in the mini-grid are
laid out to support a 3-phases power system. We recommend that the protection systems in both

power systems are based on active relays. Finally, we recommend that both systems are
designed for distributed control of both voltage and power balancing.

Possible diesel generator & storage

< W

Yy =

Control point: power can only flow to the grid.
Additional generation installed in the module is
able export power to earm revente ) b’{’[

Figure 3 Mini-grid connected to the main power grid. Example of where the 'control point' allows flow to the
grid only.

5. Conclusions

Defining a mini-grid power system as a village power supply system, this work has considered
only AC grids. In a mini-grid, the demand for power will increase over time along with the
customers’ investments in new appliances and business applications. If the mini-grid is well-
designed from the very beginning, the mini-grid can be easily expanded to serve the increasing
needs, and even become a valuable part of a larger power system — a cluster of mini-grids, an
isolated power system or a national power system.

Expansion of the system capacity on the AC side is more scalable and flexible than connecting
more capacity on the DC side of a common DC/AC grid forming inverter. However, the system
control becomes more complicated when more active components are connected to the AC grid
and thus all these components must be designed to contribute to the proper operation of the
power system.

If the system control is based only on the local voltage and the frequency, it is very simple to add
new active components, and the active components can even be distributed throughout the grid.
This control concept also makes it simple to interconnect more mini-grids and / or connect a mini-
grid to a larger power system, where the mini-grid(s) become valuable parts of the larger power
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system. The active components actual responses to the voltage and frequency may need to be
adjusted as the grid develops to ensure stability.

Power systems based on active components connected via power electronics have limited short
circuit capacities. The power systems protection schemes should therefore be based on active
relays, rather than fuses.

6. Design guidelines

In order to prepare a mini-grid for a simple progression over time from a small system to become
part of a larger power system, we therefore recommend to follow some essential design
principles:
e The mini-grid concept and design should be chosen so that it can be easily
expanded when needed.
e The system should be designed for expanding its capacity by connecting more
active components to the AC grid.
e All active components connected to the AC grid should be able to contribute
system services for the proper power system operation, and in addition be able to
react autonomously, solely based on the frequency and the local voltage.
e The autonomous active components should be distributed in the grid to minimise
the load flow and stabilise the voltages in all parts of the grid.
e The system should initially be a small system, but where the critical parts are
already designed for higher loads — e.g. the main power distribution lines.
e If the mini-grid includes DC busses, it is recommended that the DC busses are
designed in advance for increasing their power capacities and voltage levels.
e At least part of the mini-grid system and grid should be prepared for 3-phase AC
operation. This will enable it to be ready for high power applications and for
connecting the mini-grid to a larger grid.

The proposed design concept for mini-grids, following the these recommended design principles,
has the potential to form the basis for a new bottom-up approach in establishing national grids in
remote areas, not yet connected to a national grid. In this way, the national grid can be established
by interconnecting already established mini-grids in the remote villages.
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