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Abstract —A laboratory based microgrid test facility is de-
scribed which uses emulation systems to represent a variety
of renewable generation and load types. The emulation sys-
tems use real time data from a small housing estate and a
9kW wind turbine to provide a safe, versatile and realistic
testbed for the development of energy management tech-
niques for small communities. The paper describes the facil-
ity and also two control techniques for energy and power
quality management within an energy community.
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|. INTRODUCTION

Renewable energy has seen growth for decades alt-
hough more significantly in recent years [1-4] and with
its increase in deployment at household level, the tradi-
tional “centralized” approach to electricity distribution is
challenged. Additionally, electrification of heat and
transport is expected to increase in the near future which
will result in significant increase in electricity demand.
The expected demand growth will exceed the distribution
network asset thermal and electrical capacities.

Microgrids [5] have a certain synergy with renewable
energy systems (RES), due to the flexible installation
options such as wind, solar, geothermal or biomass. A
microgrid may offer benefits of a more secure supply or
improved protection as well as less dependence on cen-
trally generated energy which is often from fossil fuels
[6, 7]. An aternative view is to consider “energy com-
munities’ - group of users such as a street, village, shop-
ping mall or physical microgrid — where the community
works together to manage energy consumption to achieve
some benefit e.g. minimization of energy cost, reduction
of peak current, maximization of local RES etc.

This paper introduces work undertaken to develop en-
ergy management for “communities’. The first section
briefly introduces a specific energy community which
will be the basis for testing the management algorithms
developed. The second section then describes a laborato-
ry test facility developed to emulate this community (al-
lowing safer initial deployment of equipment and new
algorithms) as well as being scalable to represent other
types of energy community for hardware in the loop test-
ing of new equipment and algorithms. The paper then
goes on to describe the development and initial testing of
algorithms for energy management and power quality
enhancement within the microgrid facility.

Il. THE CREATIVE ENERGY HOMES

The Creative Energy Homes (CEH) are a group of sev-
en houses built specifically to research innovative state-
of-the-art energy efficient homes though modern methods

of construction, energy efficient design and the use of
RES. [8]. The houses contain instrumentation for moni-
toring and controlling electrical power usage and are oc-
cupied. Each house has a single phase supply and these
are roughly balanced across a three phase supply which
can be provided directly from the supply utility, or froma
local 50kW generator which can be controlled to emulate
frequency changes. These houses can be used as a test
facility for new energy management strategies, for exam-
ple demand side management, incorporation of energy
storage etc. However, before deployment of any equip-
ment within the CEH environment, it must be tested in a
realistic laboratory environment which is described in the
next section.

I11. TEST FACILITY OVERVIEW

A 300kW microgrid test facility is being developed at
the University of Nottingham to research and develop
management and control strategies for microgrids, as well
as providing a test facility for equipment developed for
such environments A key requirement of the test facility
is to emulate a wide range of envisaged microgrid
equipment, including renewable energy sources, energy
storage devices and loads, for example electric vehicles,
such that a microgrid’s behaviour can truly be created in
real-time for the testing of proposed management algo-
rithms and equipment.

The microgrid test facility comprises two, three phase
distribution systems as shown in Fig. 1. The first is a
300kVA 50Hz 415V distribution system connected di-
rectly to the supply utility, which acts as the energy
source and energy dump. The second is a variable fre-
guency variable voltage distribution system (microgrid)
which can either be fed from a motor generator system
(with the motor driven through a variable speed drive), or
can be supplied by emulated renewable energy systems
(ERES).

The microgrid test facility will use real-time emulation
of awind turbine together with real time emulation of the
CEH The total electrical power fed to the housesis moni-
tored at the distribution point, and can be communicated
viaa LAN or GPRS based communication system to the
microgrid laboratory. The proposed test system is illus-
trated in Fig. 2. It shows the wind turbine communicating
to the wind turbine emulator in the microgrid test facility.
It also shows the data acquisition system at the Creative
Energy Homes communicating with the microgrid test
facility.
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Fig. 1. Representation of the microgrid test facility.
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Fig. 2. Experimental Emulation of Energy Community

IV.EMULATION SYSTEMS

Each ERES is actually a four quadrant power €electron-
ic converter connected between the supply utility and the
microgrid as shown in Fig. 3. The utility connection is
created by an off-the-shelf commercia “active front end”,
and requires only startup and shutdown signals. It auto-
matically looks after power flow control based on the
power it receives/supplies through its DC link. The mi-
crogrid connection on the other hand is a bespoke power
converter connected at the DC link: it is programmed to
act either as a current source or a voltage source, depend-

ing on its overall emulation characteristics. Commands
for the real and reactive currents are obtained from a
higher level controller running the emulation control.

For some emulated systems (for example a fuel cell)
this control will be in the form of a pre-programmed al-
gorithm derived from literature or from laboratory work.
Alternatively the emulator can use data from the wind
turbine or CEH community and can be applied in either
of two ways. It can use the real-time data as a direct du-
plication of the installed systems creating a true represen-
tation of actua conditions. The second approach uses
models and algorithms devel oped with simulations, in the
case of the wind turbine with wind speed and direction
data, to alow the power size to scale in a more sophisti-
cated manner than alinear scaling of power data.

The ultimate aim is to continually telemeter measure-
ments from the wind generator site to the microgrid test
facility (using web based or GPRS communications) such
that the wind emulator can be controlled continualy in
real time according to contemporaneous data from the
real instalation. This will be extremely useful for re-
searching microgrid control algorithms that use, for ex-
ample real-time web based weather forecasting or other
available real-time data as part of their management strat-
eqgy.

A 9kW wind turbine has been deployed at arural loca
tion to provide data for a realistic wind turbine emulation
system. The generator comprises horizontal axis 3 blade
turbine with the rotational energy passed through a gear-
box onto a cage induction machine generator. The drive
system, two commercial power converters operating in
back-to-back configuration, delivers the power from the
variable speed generator to the grid, and incorporates
filtering and protection to achieve G83 compliance. To
maximize the energy capture the wind turbine has two
degrees of control — generator speed control and active
yaw control [9]. The control and data capture is imple-
mented on a National Instruments CompactRIO. This is
an expensive and complex processor but provides for
flexibility and expansion if required. Fig. 4 shows a rep-
resentation of wind turbine operational data received over
aduration of three hours during testing.
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Fig. 3. Representation of emulation system connections



Operational data during approximately 3 hours of testing
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Fig. 4. Datafrom experimental operation of wind turbine.

V ENERGY M ANAGEMENT IN THE CEH COMMUNITY

This section describes an approach to electrical energy
management within the Creative Energy Homes commu-
nity. The approach considers supplies and loads - Dis-
tributed Energy Resources (DER) — as different forms of
dispatchable resources. For example the operation of e-
ements such as combined heat and power (CHP), energy
storage and loads with a thermal or electrical storage el-
ement can be moved forward in time. Load DERs com-
monly gain their dispatchability from their ther-
mal/electrical storage element. Examples of such load
DERs include thermal storage of a refrigerator and the
battery of an electric vehicle.

It is envisaged that the incorporation of a suitable de-
gree of intelligence for active management of DERs at
different levels in the distribution network (such as the
hierarchical structure presented in [10] and illustrated in
Fig. 5) would facilitate the mass electrification of heat
and transport; and the integration of stochastic renewable
based generation units, without the need for major net-
work asset replacement.
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Fig. 5. Representation of loads

By applying the appropriate optimization technique at
every level of the hierarchical structure, multiple objec-
tives can be achieved at every level, which is expected to
lead to both local and global optima across the entire dis-
tribution network (i.e. at the community cell and the
DNO levels respectively). The optimization objectives at
each level are different from other levels and include
maximized use of renewable based generation, mini-
mized network conduction losses and optimal operation
of network assets, while al consumer needs are accom-
modated for. Forecasted renewable generation and fore-
casted demand are matched at the intermediate level of

the cluster of community cells and the top DNO level,
whereas a deterministic optimization agorithm needs to
determine operation of every participatory DER in real
time in order to achieve a local objective function at the
lowest level of community cell with an inherently unpre-
dictable demand.

A deterministic optimization algorithm was designed
and presented in detail in [10] which switches the re-
quired number of available DERs (i.e. seven refrigerators
in this case) on and off in order to minimize the Commu-
nity Power Flow (CPF) above a variable threshold
(CPF,). It was proposed that CPFpr was received from
one higher level within the hierarchical structure (i.e.
cluster of community cells level), and is effectively the
output of a probabilistic optimization algorithm at that
level, which forms the connection between the communi-
ty cell and the cluster of community cellslevels.

CPF is quantified as the summation of the instantane-
ous demand, modeled using the bottom up approach pre-
sented in [11]. The distributed generation modeled in-
cluding PV, a wind turbine, a uCHP using the equation
and method presented in [12-14] and a community bat-
tery energy storage model presented in [15].

The following objective function and constraints have
been defined for the deterministic optimization algorithm
which runs at real time and determines the number of
required devices for dispatch (NRD).

NRD

Min Y (CPFpr —(NAD X Pg)) (1)
dZ:l PT

NAD is the number of available devices and Py is the
instantaneous power consumption of every participatory
device d. The optimization algorithm runs at rea time
and is constrained by the minimum operating temperature
of every participatory refrigerator.

A generation curtailment function (in the form of a
search loop) is also incorporated as part of the DER op-
timal dispatch algorithm. The generation curtailment ob-
jective function is shown in “(2)”

NAG

maxZ(CPF—(NAG x P)) (2)

This function is initiated when CPF is negative (i.e.
grid export operation) and less than CPF+. In other words
the instantaneous ideal grid export capacity is quantified
by CPF; and any power greater than CPF+ is curtailed.
NAG is the number of available generation units and Py
the unit’s instantaneous power generation for every par-
ticipatory generation unit.

A.  Smulation results

As illustrated in Fig. 6 by using the CPF; received
from the intermediate level cluster of community cells,
resources are less frequently dispatched throughout the
day. This in turn ensures that more resource thermal ca-
pacity is available for dispatch during the peak hours of
the day (i.e. 2.9 x 10%st0 3.6 x 10*sand 7.5 x 10*st0 8.5 x
10%s) which results in more CPF reduction during these
periods. This aso results in less interruption for the con-
sumer as the temperature of their refrigerator is regulated
with their conventional thermostat function.
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Fig. 6. CPF graph with optimal cold load dispatch with curve CPF threshold

The generation curtailment function is utilized during
the mid-day peak generation hours between 4 and
5.6*10%. The original value of CPF is negative and less
than CPF; and curtailment of two generation units (PV
units of 2160W and 3120W generation capacity each)
brings CPF closer and above the optimum solution of
CPF.

By utilizing CPF; signal in the local deterministic
community optimization, a connection between different
levels of the hierarchical system is established which
ensures the effectiveness of the proposed hierarchical
structure at reaching a quasi-optimal solution.

V1. COMPENSATION OF M ICROGRID UNBALANCE

Due to the uneven distribution of loads across the 3
phases of a microgrid and their continuously varying de-
mands, including single-phase micro-generation units, the
Microgrid can operate under highly unbalanced condi-
tions. Unbalanced loading leads to the flow of excessive
neutral line currents, resulting in overloading of distribu-
tion feeders and transformers and can cause common
mode noise which makes sensitive electronic equipment
prone to malfunction [16]. Also, because the power sys-
tem isinherently asymmetrical and the distribution feeder
impedances are not equal across the 3 phases, voltage
unbalance occurs. This will reduce the capacity of trans-
formers, generate uncharacteristic harmonics and cause
nuisance tripping of power electronic converters[17].

It is clear that unbalanced loading will cause technical
problems to power system equipments but will also affect
the safe and stable operation of the Microgrid. It is pro-
posed that an unbalance compensating unit be connected
in shunt at the point of common coupling (PCC), so that
the Microgrid behaves as a model citizen from the view-
point of the main grid. The Microgrid Unbalance Com-
pensator (MUC) will detect and compensate the undesir-
able power components, improving balance and power
quality of the Microgrid and will also limit its disturbance
on the main grid.

A.  MUC Structure

The main components of the MUC are the PWM Volt-
age Source Converter (VSC), the PWM current control-
ler, DC voltage regulator and the compensation reference

current generator. Fig. 7 shows the schematic of the
MUC.

A 3-phase four-leg IGBT-based VSC will be employed
which will have the neutral line connected to the fourth
leg. This configuration will allow the MUC to compen-
sate the neutral current. The high-order harmonics at the
switching frequency generated by the VV SC can be filtered
out by the passive filter shown in Fig. 7. The PWM cur-
rent controller will force the output currents of the VSC
to follow the reference currents hence the V SC connected
through a coupling inductor will behave as a controlled
current source. The role of the compensation reference
current generator is to determine the current components
needing to be compensated by the MUC. An additional
component, P, determined from the DC voltage regula-
tor will also be an input to the reference current genera-
tor. P, represents the additional power required from
the main supply to compensate the losses in the VSC.
The DC voltage regulator controls the voltage across the
capacitor, Voc, to be regulated around a fixed reference
value.

@ o

3-phase Grid 7,

gl
|

DC Voltage —‘7 zp‘;ﬂ F‘ﬁ: ]PFg {su

l?”” e —/ L

B .
i in
PWM -

i, — G o
Reference i Current I
Controller ;=

T =
mae
CR

i = Gurrent

i on

A

Fig. 7. Schematic of the Microgrid Unbalance Compensator

B. Compensation reference current generator

The compensation reference current generator is based
on Instantaneous p-q Theory, which was first proposed in
1984 [18]. This utilizes an algebraic transformation
known as the Clarke transformation. The 3-phase voltag-
es and currents in the a-b-c coordinates are transformed
into the a0 coordinates by “(3)” where k represents ei-
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Then the instantaneous real power p, the imaginary
power q and the zero-sequence power p, are calculated in
the a0 coordinates by “(4)” [19].

Do Vo 0 0 iO

[ P ] =10 vg vp||ig

q 0 wvp -y |ig

The three newly defined instantaneous powers can be
separated into their average and oscillating components.

e Instantaneous zero-sequence power: po, = Py + Do
e |nstantaneous imaginary power: q=q+ §
e Instantaneous real power: p=p+7p

It should be noted that the instantaneous zero-sequence
power can only exist if the three-phase voltages and cur-
rents are both unbalanced. The compensation reference
current generator is able to selectively choose the unde-
sirable instantaneous power components supplied by the
source and calculate their respective currents. These cur-
rents in the of0 reference frame are then transformed
back to the a-b-c coordinates and sent to the current con-
troller as reference currents, iz, , iy, , andig.. The refer-
ence current for the fourth leg of the VSC, if,, isthe nega-
tive sum of the 3-phase reference currents as “(5)”.

in=—(Gatipticd ()

There are two main strategies for compensating the
unbalance in a Microgrid. The first is the “constant
source instantaneous power strategy”, where the neutral
current is compensated while ensuring constant active
power is provided to the source even under unbalanced
source voltage conditions. This strategy aims to provide
optimal power flow to the source. The instantaneous
power components that need compensating arep, q
and p,. The compensation of the neutral current is
achieved by compensating the zero sequence current i,.
The calculation of the compensating currents in the a0
reference frameis given by “(6)”.
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The second is the “sinusoidal source currents strategy”,
which compensates the neutral current while ensuring
sinusoidal and balanced currents are provide to the source
even under unbalanced source voltage conditions. The
sinusoidal source currents strategy utilizes a positive se-
guence detector to detect the fundamental positive se-
quence voltage components (v}, and v ), which replac-
es the original phase voltages as inputs to the reference
current generator. The positive sequence detector allows
the MUC to compensate all the components that differ
from the fundamental positive-sequence current, leaving
the main grid to supply this component only. Equation
(7) shows the calculation of the reference currents[20].
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Simulations of the two strategies were carried out in
the Matlab/Simulink environment using the SimPow-
erSystem toolbox. The 3 phase system voltages and the
load currents are unbalanced as can be seen from Fig. 8.
The PWM VSC is modeled as an ideal controlled current
source with power losses neglected.

The resulting unbalanced three phase source voltages
(Vsq» Vspy Use) and the load currents (i, ip, i) are
shown in Fig. 8 (a) and (b), respectively. Fig. 8(b) also
shows the neutral current, i;, flowing due to the unbal-
anced loads. Under the “constant source instantaneous
power strategy”, the simulation results show that the
MUC is capable of compensating all the undesirable
power components in the Microgrid, thus providing con-
stant power flow to the main grid as well as compensat-
ing the imaginary power, as shown in Fig. 9(c). It aso
effectively compensates the neutral current but the result-
ing compensated source currents are no longer sinusoidal
and unbalanced. Fig. 10, (e) and (f) show the simulation
results when applying the “sinusoidal source currents
strategy”. As the results show the compensated source
currents are indeed sinusoidal and balanced and the neu-
tral current is also effectively compensated, as shown in
Fig. 10 (f). However, the active power flow is oscillatory
and there remains a flow of imaginary power. The selec-
tion of the reference current generator strategy will de-
pend on the compensation objective of the MUC.
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VIl. CONCLUSION

A 300kW microgrid test facility is being developed in
order to investigate management and control algorithms
and equipment designed to operate in microgrid scenari-
0s.

A wind turbine has been developed in order to capture
actual wind and power generation data and at the same
time data from a residential community is being collect-
ed.

Attached to the microgrid facility are emulator systems
which represent energy generation and loads. The emula-
tors use data taken in real-time from the wind turbine
and/or CEH residential community to duplicate actual
conditions. The emulators can however use modified data
e.g. through models, to scale generation

The microgrid is currently being used to investigate
community energy management algorithms such as the
use of dispatchable energy resources.

A microgrid unbalance compensator is also being de-
veloped to improve power quality at the point of connec-
tion to the energy community.
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