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Abstract—  This paper introduces the project
Energy4Growing which aims to set up a hybrid micro-grid
to supply power to a school in rural Tanzania. It describes
the results of the early project actions which concerned: (i)
monitoring of the actual school power supply system; (ii)
first step development of a new model which addresses the
simulation of the electro-mechanical operation and
dynamic behavior within an off-grid power supply system
with respect to perturbation in the power injections and
consumptions. In particular it focuses on the new model
which has the capability to address: (i) V and F trends
analysis over medium term period by means of simplified
electrical models of power sources and power electronics,
(ii) the analysis of different control strategies and their
consequence on V and f trends, (iii) the effects of control
strategies on the energy performances of particular
components such as battery pack or dump loads. This new
approach is also applied by modelling the actual school
power supply system with MATLAB SimPowerSystem.

Keywords—off-grid system, renewable energy, rural
electrification, data meter, simulation.

I. INTRODUCTION

During the last decade a lot of efforts have been made
to promote access to electricity for those people living in
un-clectrified areas of Developing Countries (DCs).
Nevertheless, nowadays about 1.3 billion people still lack
access to electricity and about 82% of these live in rural
areas of DCs [1]. Moreover, when power supply is
available in these areas, reliability is often a serious issue
and long outages occur several days per month [2].
Especially in rural areas, low electrification rates and poor
reliability of the power supply is a burden in the process of
local development. Indeed this situation prevents
satisfying the energy needs of households, health and
education services, and of productive activities more
effectively and efficiently [3].
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Besides being a tool to fight poverty and a lever for
development, increasing electrification rates and
improving the power supply service could address a huge
potential market of new consumers. Nevertheless the
electrification process is proceeding slowly and according
to the IEA projections, in 2030, still about 1 billion people
in DCs will lack access to electricity [1]. The evident
economic constraints and the lack of appropriate and
replicable technical solutions are major reasons that
contribute to hindering the process of electrification. In
this regard, R&D activities in off-grid Renewable Energy
(RE) and hybrid power systems — which are often the most
appropriate option for rural electrification [4]-[7] — should
also focus on solutions that (i) can easily adapt to very
different implementation conditions and reduce capital
costs, and (ii) can have outputs for uses in the developed
world thus expanding market opportunities.

In this context, the project Energy4Growing (E4G),
promoted by a research group of the Politecnico di Milano,
aims at studying, developing and setting up an oft-grid
power system to supply electricity to the school of
Ngarenanyuki, a rural village in Northern Tanzania.
Specifically, the project investigates a hybrid micro-grid
architecture suitable to interface RE technologies and
energy needs in the most reliable way while exploiting
advanced regulations and control techniques. The hybrid
micro-grid will combine the power generation systems
already available in the school (i.e. a run-off-river micro-
hydropower (MHP) plant and a back-up petrol generator)
with new installations of PV panels and lead-acid battery
pack together with an Interface Converter.

This paper describes the results of the early project
actions which concerned (i) metering of the functioning of
the actual school power supply system, and (ii) the
development, and setting up of a new model for the
simulation of the functioning of off-grid power supply
systems. In particular, it focuses on describing the first



step development of the new model useful to simulate the
electro-mechanical operation and dynamic behavior within
an off-grid power supply system with respect to
perturbation in the power injections from generators and
loads. An example based on modeling with MATLAB
SimPowerSystem of the current configuration of the run-
off-river MHP plant and employing the metered data
exemplifies the setup and potential of this approach. Our
aim in developing this model is to contribute in improving
the process design of off-grid power supply systems in
order to facilitate the replicability of these interventions
for rural electrification actions.

II. THE ENERGY4GROWING PROJECT

In addition to R&D interests, the E4G project aims at
improving the power supply service of the secondary
school of the Ngarenanyuki village (Fig. 1). Here 460
students attend the school and 85% of them are resident in
the school facilities which include classrooms, offices,
dormitories, library, kitchen, teachers’ houses, etc. .

Fig. 1 Ngarenanyuki secondary school. Arusha, Tanzania

A. Present school power supply systems

The main power source of the school is a run-off-river
MHP plant based on a 3.2 kW Banki turbine coupled with
1-phase brushless synchronous generator (230 V, 50 Hz).
The turbine always works at full capacity according to the
stream flow and the frequency regulation is based on a 4
kW dump load which dissipates the excess power into the
air (Fig. 2). The water flow to the turbine is diverted from
a stream which is managed by local farmers. Therefore,
water availability is highly variable during the day and
according to the season. This requires having an operator
of the MHP plant who manually regulates the turbine
distributor in order to keep the water pressure at proper
level in the penstock.

Fig. 2 Banki turbine and generator — Dump loads

Owing to the unpredictability of the available water
supply and hence to the discontinuity of the power
produced via the MHP plant, the school also installed two
back-up systems:

e a battery pack of 8 x 100Ah/12V Chloride Exide
batteries that can be charged via the MHP plant thanks to a
2.4 kW charge inverter (Fig. 3);

e a5 kW petrol generator which is manually switched on
and off. Indeed, owing to the high running costs, it is used
when the MHP plant is off and the battery packs are
discharged and only for special reasons (i.e. use of
photocopy machine, school celebrations, etc.).
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Fig. 3 Battery pack and charge inverter coupled with the AC system

The power supply is managed in the control room by
means of a toggle switch that permits the choice of the
power source to be used, while a group of breakers permits
specific loads to be connected/disconnected (Fig. 4). At
the moment, the operation of the system is managed by an
operator who checks the proper working conditions of the
Banki turbine, selects the power source to be employed
and connects/disconnects the loads. Despite the operator
(not being available h24) and the school staff having
gained a fair practical experience as regards the system
functioning, the system management is far from being
effective and efficient, and hence several blackouts occur.

Fig. 4 Control panels of the main AC system: loads breakers (left),
master switch (center), toggle switch (right)

B. School loads and consumption

Currently the number and type of the electric devices
available in the school are determined by the limited
generators and storage capacities. In the same way, the
energy source availability, determined by the farmer water
use, strongly influences the consumption pattern day by
day and hour by hour. Therefore it is difficult to assess the



existing demand both in term of daily consumptions and
load profiles. Moreover this situation suggests that the
consumption pattern may increase dramatically following
changes in power generation capacities. Nevertheless
having information about the energy consumptions and
load profiles of the user is mandatory in order to perform
properly energy analyses as well as power stability
analyses of off-grid power supply systems. Therefore,
among the initial activities of the project, a detailed
analysis of the school loads was carried out. Two steps
compose this analysis: (i) data collection about the existing
loads and load profile estimate at office level; (ii) metering
of the main electrical quantities during system functioning.

TABLE 1: EXISTING LOADS IN THE SCHOOL ACCORDING TO THE
SURVEY CARRIED OUT BY SCHOOL STAFF

Location Appliance Unit W
1 Classrooms Light 40 9
2 Staff office Light 19 9
3 Staffoffice Photocopy machine 1 1500
4 Staff office Printer 1 150
5 Staff office Desktop 1 400
6  Staff office Laptop 2 80
7  School/staff houses TV 7 250
8  Staffhouse Light 35 9
9 Staff house Laptop 9 80
10 Library Light 9 9
11 Dormitories Light 71 9
12 Shop and canteen Light 3 9
13 Shop and canteen Fridge 1 80
14 Borehole Pump 1 700
15  Security lights Neon 43 40

S = N W A 1N X
L L !
(

123456 7 8 910111213141516 17 18 19 20 21 22 23 24
Expected_1 - 101.4 kWh/day hours
Estimated actual - 70.4 kWh/day

— Expected 2 - 22.8 kWh/day

Fig. 5 Load profile estimates for the actual consumption pattern

Concerning the first step, Table 1 shows the existing
loads in the school, while Fig. 5 shows the resulting load
profiles estimated at office level:

e the yellow profile refers to an estimate of the actual
load profile obtained by considering the existing loads and
by assuming appliances functioning data in accord with
the information provided by the school staff;

e the red profile refers to an estimate of the expected load
profile (ex-post the project intervention) in accord with the

information provided by the school staff which considers
the use of new further appliances (i.e. laptops, washing
machine, iron, etc.);

e the black solid line refers to an estimate of the expected
load profile (ex-post the project intervention) which has
been developed in order to properly match the daily
energy consumed with the available daily generation from
the MHP and PV plants. This analysis was carried out due
to the clear overestimate of the actual energy consumption
(i.e. yellow profile, ~ 70 kWh/day). The matching of the
generation profile and the load profile was accomplished
by an energy analysis made with the software HOMER
Energy [8], and specifically by reducing the functioning
data, and in some cases also the units, of the existing loads
in the school.

This first step in the school loads analysis allowed the
gathering of early information about the actual situation of
the power supply service and proper feedbacks to the
school staff to be provided as regards the expectations for
the project intervention. Moreover, it suggested the second
step in the school loads analysis should be carried out in
order to gather more detailed data to proceed properly in
the design process of the hybrid micro-grid.

For this second step a smart-meter apparatus was
installed on-site on the load side of the control panels to
measure and to store load data locally about: active and
reactive power flows, frequency, voltage and power factor.
The specific purposes of this activity are: (i) to understand
better the actual consumption pattern (i.e. daily
consumptions and load profiles), and (ii) to gather data in
order to allow the analysis of the dynamic behavior of the
actual power supply system, the Banki turbine-
synchronous generator and the dump loads in particular.

Here a number of early results are reported as regards
the on-site metering activity that is currently on-going and
which refers to about 100 days from June to September
2014 with 15 minutes average data storing. Fig. 6 shows
the discrete probability distribution of the daily
consumption. Fig. 7 reports an aggregate analysis of the
metered load profiles. Specifically, the red (green) solid
line represents the minimum (maximum) metered values
throughout length of the day, and the blue solid line
represents the average values of the metered ones
throughout length of the day. Fig. 8 shows the discrete
probability distribution of the measured system frequency.
Some remarks can be made describing these data:

e the daily energy consumptions range from a few kWh
to about 25 kWh: this suggests a high variability of the
water source availability on a daily basis;

e at each hour of the day the power loads ranges from 0
W to values above 1.5 kW. This suggests a highly
irregular water source availability on an hourly basis rather



than inconsistent consumption habits which, on the
contrary, tend to be regular;

e the frequency of the power supply proves to be quite
stable at 50 Hz. The right end of the probability
distribution (> 50Hz) is a consequence of the nominal
frequency of the petrol generator, while the left end of the
probability distribution (< 50Hz) is a consequence of the
transient dynamics of the system during turbine overload.
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III. ADDRESSING OFF-GRID POWER SUPPLY SYSTEM DESIGN
WITH ENERGY AND POWER STABILITY ANALYSES

With respect to the E4G project, there are two main
project purposes behind setting up the hybrid micro-grid:
(1) improving the power supply service of the school by
increasing the generating capacity and by adopting an
Energy Management System capable of effectively and
efficiently integrating the different power sources; (ii)
developing procedures and tools to be employed in the
process design of off-grid power supply systems in order
to facilitate the replicability of these interventions for rural
electrification actions. This paper focuses on the latter.

In this specific case, but generally when dealing with
off-grid systems combining different power sources and
power electronics interfaces, the design process of the
system is not straightforward. In this regard, some issues
can be highlighted considering the actual power supply
system of the school and the proposed micro-grid.

Currently, during the system functioning, the dump
loads keep the balance between the generation and the
consumption sides while assuring the stability at 50 Hz of
the power supply. On the other hand, the stability is
preserved to the detriment of dissipated energy on air by
the dump loads.

The proposed architecture of the hybrid micro-grid
provides for the parallel functioning of (i) the
turbine/synchronous generator/dump load group and (ii)
the PV/battery pack apparatus. This solution can limit the
dissipated energy; nevertheless, it brings about issues as
regards the control of the system stability as well as the
life-time performances of the battery pack.

Indeed the battery pack can be operated in order to
absorb part of the power on the dump load thus
minimizing the dissipated energy and increasing the
system efficiency. On the other hand this may increase the
charge/discharge cycles of the battery pack (probably with
shallower but more frequent cycles) thus decreasing its
lifetime. Therefore it is necessary to analyse the
functioning conditions of the battery pack, as regards the
energy flows, in order to optimize the system control
logics aiming at the longest life-time.

Nonetheless, the control logics that coordinate the
operations between the battery pack and the dump loads
can compromise the system stability. Indeed dealing with
the energy flows in order to optimize the battery
pack/dump loads functioning can come into conflict with
the energy flows control for the proper system frequency
regulation. Therefore it is necessary to analyse the control
logics with regard to the system components reaction
times, the rates of change in the power flows that can
occur during the system functioning, the system inertia,
etc.



In the scientific literature two main types of analyses
are typically carried out in order to address these issues:
energy analyses and power stability analyses:

e concerning energy analyses (e.g. [9]-[14]), the
objective is to identify the main component sizes (i.e. rate
power of generators and storage capacity) with an energy
planning and/or a techno-economic approach. These
analyses study the system performances throughout its
life-time considering the local conditions and constraints.
They are typically based on the steady-state solution of the
energy balance (i.e. Joule or Watt-hour) between energy
sources and consumer loads and considering the features
of the system components. Different accuracy in the
analyses mainly results from the length of the time-step
the balance is solved for the degree of detail in the
load/energy source data, in the mathematical modeling of
the system components, and from the approach employed
to look for the optimal solution. Usually time-step can
vary from day-to-day to one-minute and analyses are
performed throughout a year. A typical tool that embraces
the main features of the energy analyses is HOMER
Energy (e.g. [15]-[17]). Recently multi-objective
optimizations and multi-criteria decision making have
been increasingly employed in order to embrace also
environmental and social parameters in the planning
and/or feasibility analyses (e.g. [18]-[21]);

e concerning power stability analyses ([22]-[25]), the
main objective is to address the study of power system
stability employing electrical quantities (e.g. current and
voltage) and verifying the proper functioning of each
single component and the interactions among them. These
analyses are based on circuit models of the components
and on the solving of the related equations within the
continuous time-domain. They are typically carried out for
short intervals (from few to tens of seconds) in order to
study the developments of the monitored -electrical
quantities and to verify the proper system functioning
under particular circumstances. When the issue of the
power supply quality is addressed, voltage and frequency
(V and f) values are the key quantities analyzed.

In this framework, and given our experience with the
E4G project, it will be important to address some
important aspects of the design process of off-grid systems
that which are not appropriately addressed both by energy
and power stability analyses:

e concerning energy analyses: (i) even when electrical
quantities are employed in system components modelling,
systems are studied with steady-state numerical
simulations and hence trends of V' and f are never
analyzed, (ii) even when considered, dispatch strategies
focus on the energy balance without considering the
consequences they have on system control and hence on V'
and f. These aspects can affect the size as well as the life-
time of the components especially when systems include

rotating machines together with RE generators with power
converters and electrochemical storage;

e concerning power stability analyses, they do not
provide elements to optimize the sizes of the main
components as regards system life-time and they are too
heavy when addressing issues that occur over longer
periods (i.e. battery charge/discharge cycle, system control
strategies, etc.).

IV. NEW APPROACH FOR ELECTRO-MECHANICAL
OPERATION AND DYNAMIC BEHAVIOR ANALYSIS

In order to address the above mentioned issues, in this
paper a new approach to system modelling is introduced
that aims at providing analyses in order to balance the
limits and integrate the results of the already available
energy and power stability approaches. The approach
adopts classical mathematical models for generators and
load representation; nevertheless, the adoption of such
models for an off-grid power supply system design instead
of classical energy variable models is, in the authors’
opinion, an innovative content.

The objective of the new approach is to develop off-
grid power supply system simulation models capable of:

e working over medium term period (i.e. days) with
typical time-steps of power stability analyses;

e embracing simplified electrical models of power
sources and power electronics in order to address at least
and f'trends analysis;

e embracing simplified models of system control units in
order to address the analysis of different control strategies
and their consequence on } and ftrends;

e considering the effects of the previously-mentioned
aspects on the performances of particular components such
as battery pack or dump loads.

Actually, the goal could be summarized in the
development of a model library useful to simulate the
electro-mechanical operation and dynamic behavior within
an off-grid system (based on both static converter
interfaced and rotating machines), with respect to
perturbation in the power injections from load and
generators.

Hereafter we detail the description of the model
development for a synchronous generator then we briefly
introduce the loads model and the static machines model.

The dynamic behaviour of a 2-poles synchronous
generator can be exhaustively analysed by the 7™ order
model in the Park variables which is made up of the
following equations (with reference to Fig. 9):

Py =Vsin(0) =Ry + W@,
P9 = Vcos(9)-Riyw, ¢

(1
2)
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Fig. 9 Synchronous generator model w.r.t. Park transformation

In accord with the previously mentioned targeted
features of the new approach the 7" order model is
simplified by considering electro-magnetic dynamics
faster than mechanical ones, consequently electro-
magnetic variables are supposed with steady-state
behavior.

Consequently the differential equations (1) to (5)
become algebraic equations since the time derivative of
the magnetic flux (i.e. p-¢ ) are assumed non-existent.
Therefore the simplified electro-mechanical model of the
synchronous generator is based on equations (6) and (7)
(i.e. the swing equation) that account for the change in the
angular velocity ( p-m, ) of the generator given the engine
and load torques (C, — C,) and according to the system
inertia ( J ). Finally, according to the new approach the
synchronous generator can be modelled as an ideal voltage
source driven by the swing equation and hence accounting
for changes in power injections from load and engine that
results in change in angular velocity (i.e. system
frequency).

In modelling the loads and the static machines (i.e.
inverters) it is considered that the -electro-magnetic
dynamics are faster than the mechanical dynamics, and
hence the related variables evolve according to a steady-
state behavior. Consequently loads and inverters can be
modelled with ideal controlled sources as regards: the
resulting system frequency from the swing equation, and
algebraic equations as regards the power injections.

As already highlighted, this is a first step development
of the new model and it is the base for further on/going
refinements both in the energy-oriented and power
stability-oriented directions. Moreover, it is important to

highlight how these assumptions are consistent with the
information available in DCs, i.e. the adoption of more
detailed models does not lead to a more complete/reliable
analysis due to the lack of information about generators,
loads etc. Consequently, the approach proposed is
designed in order to fit with the DCs scenarios.

V. MODEL OF THE ACTUAL SCHOOL POWER SUPPLY
SYSTEM

The first implementation and early results of the new
approach is described in the following by an example
based on the modelling with MATLAB SimPowerSystem
of the current configuration of the run-off-river MHP plant
at Ngarenanyuki school. In particular, we deal with the
actual school power supply system configuration in order
to model and analyse the dump load functioning. Indeed,
this is the first step towards the analysis and optimization
of the interactions between dump loads and battery pack.
The model development was carried out by means of
collaboration between Politecnico di Milano and NTNU
and includes models of: (i) the synchronous generator, (ii)
the user loads and (iii) the dump loads (Fig. 10).

Synchronous Generator

User Load

%

Dump Loads

frequency

Fig. 10 SimPowerSystem building blocks for actual school power
system modelling

According to the previous descriptions, they are
modelled as follows:

e an ideal controlled voltage source represents the
synchronous generator. The input signal which drives the
generated voltage is given by eq. 8 where the angular
velocity w results from the swing equation (eq. 9):

V=230 -2 -sin(@-1) 8)
J'w'pw:Pgen _Pload_Pdump (9)
e an ideal controlled current source represents the user
loads. The input signal which drives the generated current
is given in eq. 10 where the RMS current value ( /. ) is
given by eq. 11 and the angular velocity w results from the
swing equation:
I1=1 - W/Z Sl}’l(a)f)
Pload = 230 ']load 'COS(@

(10)
(11)



o the dump loads dissipate the excess energy generated
by the turbine-generator group, which always works at full
load. Keeping the electrical load constant on the generator,
the angular velocity of the turbine-generator group (i.e. the
frequency) is also automatically kept constant. At the
school, a pair of 2kW dump loads is installed and each of
them has 15 regulating steps of 133W. Therefore, the
regulation curve can be approximately compared to a
straight line (Fig. 11). Moreover, as for the recovery time,
the dump loads regulator switches from 0 to 100% of the
regulated power in approximately 150ms (Fig. 12) [26]. A
up-controlled electronic board manages the dump loads by
means of a PID control. Hence the plant frequency
changes affect the feedback in function of the entity,
duration and speed.

Accordingly, in the SimPowerSystem model the dump
loads are constituted by a series of resistors that are
connected/disconnected to the systems by a PID controller
keeping the system frequency at 50Hz. As already
highlighted, the functioning modelling of the dump load is
the main achievement of this first step implementation of
the new approach with regard to the E4G project since it is
first step for to the implementation and analysis of the
dump load-battery pack coupling.

At the moment the model is capable of simulating the
dynamic behaviour as regards the power flows among the
system components, and to show the frequency trend
during the functioning as well.
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Fig. 11 Dump loads characteristic curve
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Fig. 12 Dump loads recovery time

We carried out an early validation of the model based
on the on-site metering of the functioning system: Fig. 13
shows the metered power flows with 1 minutes average
data storing for the synchronous generator, user loads and
dump loads, Fig. 14 we report the resulting model profiles
of the same power flows by considering as input data of
the model, the time series of the generator power injection
(Pgen) and the user loads (Pj,.q). These time series are the
input data for the ideal controlled source of the
SimPowerSystem building blocks that then provides the
profiles reported in Fig. 14 by simulating the electro-
mechanical behavior of the functioning system.
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Fig. 13 Metered power flows of October 22, 2014 for the actual
power supply system of the school
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Fig. 14 Power profiles resulting from the system functioning
simulation

The validation results highlight the proper operating of
the model as regards: (i) the synchronous generator and
user loads models that set appropriate voltage and current
in order to impose the input data of the power flows
profiles, and (ii) the dump load model that operates
correctly in order to absorb the difference between the
injected power by the generator and the required power by
the user loads.

Further simulations are performed in order to highlight
the capabilities of the model. Fig. 15 refers to a simulation
with a simple load profile with two power steps, while Fig.
16 refers to a more realistic generator and user load
profiles that have a number of power steps and ramps.
Considering the load profiles, the dump loads operate in
such a way as compensate for the excess energy.
Moreover, when positive (negative) power steps occur in
the user loads, the generator reacts providing (absorbing)



power thus decreasing (increasing) the frequency. This can
be recognized by means of the frequency trends that also
highlight the intervention of the dump loads according to
the PID control in order to restore the nominal frequency.

In our opinion the new approach for system simulation
has novel elements both with regard to energy analyses
and power stability analyses. Indeed, it computes power
flows within a medium time period allowing energy
analyses to be performed as regards system components
performances, efficiency, life-span  analysis, etc.
Moreover, thanks to the possibility of monitoring variables
that typically describe system dynamics (i.e. in this first-
step model implementation the system frequency), it
allows the system control logics to be analysed (i.e. in this
case the PID operation) and hence the consequences to be
studied both on the system stability and the energy
performances.
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Fig. 15 Model outputs for “steps load profile”: active power profiles
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VI. CONCLUSION

The paper is aimed at an introduction of the project
Energy4Growing that addresses the improvement of the
power supply service of the Ngarenanyuki secondary
school (Tanzania) with a hybrid micro-grid. Firstly the
results of the functioning metering of the actual school
power supply system (run-off-river MHP plant with
dump loads) are described, allowing to understand the
current school consumption pattern. Then a new

approach is introduced that addresses the simulation of
the electro-mechanical operation and dynamic behavior
within an off-grid power system with respect to
perturbation in the power injections from generators and
loads. The models development of the synchronous
generators, user loads and static converters is described,
and accordingly the model of the actual school power
system is set up in the MATLAB SimPowerSystem. In
particular the focus is on the setting up of the dump loads
model. The performed simulations highlight the
potentiality of the new approach in integrating the aspects
of energy stability analyses and power stability analyses
aimed at better supporting the design process of off-grid
power supply systems.
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