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MicroGrids comprise low voltage distribution systems with distributed energy
sources, storage devices and controllable loads, operated connected to the main
power network or autonomously, in a controlled coordinated way. In case of Mi-
croGrids autonomous operation, management of instantaneous active power bal-
ance imposes unique challenges. Traditionally, power grids are supplied by
sources having rotating masses and these are regarded as essential for the inherent
stability of the system. In contrast, MicroGrids are dominated by inverter inter-
faced sources that are inertia-less, but do offer the possibility of a more flexible
operation. When a forced or scheduled islanding takes place in a MicroGrid, it
must have the ability to operate stably and autonomously, requiring the use of
suitable control strategies. The MicroGrid power sources can also be exploited in
order to locally promote a service restoration strategy following a general black-
out. A sequence of actions for the black start procedure is also presented and it is
expected to be an advantage in terms of reliability as a result from the presence of
very large amounts of dispersed generation in distribution grids.

1.1. Introduction

Recent technological developments are contributing to the maturity of some
Distributed Generation (DG) technologies suitable to be connected to Low Volt-
age (LV) distribution grids. The interconnection of small modular generation sys-
tems (such as photovoltaic panels, fuel cells, microturbines or small wind genera-
tors) and energy storage devices to LV distribution grids will lead to the
development of a new electrical LV grid usually referred as the MicroGrid (MG).



These type of generation units — the MicroSources (MS) — are small units of less
than 100 kW (electric power), most of them with power electronic interfaces, us-
ing either renewable energy sources or fossil fuels within a high efficiency local
co-generation mode. A MG can thus be an extremely flexible cell of the electrical
power system, being able to be operated interconnected to the main power system
or autonomously in case of emergency situations if endowed with proper control
and management systems [1-5]. A typical MG architecture is presented in Fig. 1.
Regarding MG operation, two distinct operation modes can be defined [1]:

e Normal Interconnected Mode: the MG is connected to the upstream MV net-
work, either being totally or partially supplied by it (depending on the dispatch-
ing procedures used to operate the MS) or injecting some amount of power into
the main system (in case the relation between the MS production level and the
total MG consumption allows this type of operation).

e Emergency Mode: following a failure in the upstream MV network, or due to
some planned actions (for example, in order to perform maintenance actions)
the MG can have the ability to smoothly move to islanded operation or to lo-
cally exploit a service restoration procedure in the advent of a general blackout.
In both cases, the MG operates autonomously, in a similar way to the electric
power systems of the physical islands.
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Fig. 1. MG architecture, comprising MS, energy storage devices and a hierarchical control and
management system



1.1.1.  An overview of MG operation

In order to achieve the desired flexibility, the MG system in centrally con-
trolled and managed by a device, named as MicroGrid Central Controller
(MGCQC), installed in the LV side of the MV/LV distribution transformer (as de-
picted in Fig. 1), which communicates with controllers located in a second hierar-
chical level. The second hierarchical control level comprises MS and storage de-
vices being locally controlled by a Microsource Controller (MC) and the electrical
loads or group of loads being controlled by a Load Controller (LC) [1, 6]. The
proper operation and control of the entire system requires communication and in-
teraction between the referred hierarchical control levels as follows:

e the LC and MC, on one hand, as interfaces to control loads (load curtailment in
emergency situations and application of demand side management policies),
and control MS active and reactive power production levels;

e the MGCC, on the other hand, as the central controller responsible for an ade-
quate technical and economic management of the MG according to pre-defined
criteria, by providing set-points to MC and LC.

It is also expected the MGCC to be able to communicate with the Distribution
Management System (DMS), located upstream in the distribution network, con-
tributing to improve the management and operation of the MV distribution system
through contractual agreements that can be established between the MG and the
Distribution Network Operator. In order to enable this scenario, the conventional
approaches to DMS need to be enhanced with new features related to MG con-
nected on the feeders. The issues of autonomous and non-autonomous operation of
the MG and the related exchange of information are examples of new important
issues to be tackled in the near future.

The MC can be housed within the power electronic interface of the MS. It is
supposed to respond in milliseconds, using local information and the requests is-
sued by the MGCC to control the MS. The MC will have autonomy to perform lo-
cal optimization of the MS active and reactive power production, when connected
to the power grid, and fast load-tracking following an islanding situation. LC also
need to be installed at the controllable loads to provide load control capabilities
following demands from the MGCC, under a Demand Side Management policy,
or in order to implement load shedding functionalities during emergency situa-
tions. By exploiting the architecture presented in Fig. 1, the required operation and
control functionalities that assure a stable operation in the first moments subse-
quent to transients are implemented based only on information available locally at
the MC and LC terminals. Operational strategies intended for global MG optimi-
zation will run periodically (few minutes) in the MGCC and the resulting dispatch
(voltage set-points, active and reactive power set-points, loads to be shed or de-
ferred in time, etc.) will be communicated to local controllers (MC and LC) in a
second stage corresponding to a larger time frame.



The MGCC heads the technical and economic management of the MG. During
the Normal Interconnected Mode, the MGCC collects information from the MC
and LC in order to perform a number of functionalities. A key functionality to be
installed in the MGCC is forecasting of local loads and generation. The MGCC
will be responsible for providing system load forecasts (electric and possibly
heat). It will also forecast in a simpler manner power production capabilities (ex-
ploiting information coming from wind speed, solar insulation levels, etc.) and it
will use electricity and gas costs information and grid needs, together with secu-
rity concerns and Demand Side Management requests, to determine the amount of
power that the MG should absorb from the distribution system, optimizing the lo-
cal production capabilities. The defined optimized operating scenario is achieved
by controlling the MS and controllable loads in the MG in terms of sending con-
trol signals to the field [6].

In the Emergency Mode, an immediate change in the output power control of
the MS is required, as they change from a dispatched power mode to one control-
ling frequency and voltage of the islanded section of the network. Under this oper-
ating scenario, the MGCC performs an equivalent action to the secondary control
loops existing in the conventional power systems: after the initial reaction of the
MC and LC, which should ensure MG survival following islanding, the MGCC
performs the technical and economical optimization of the islanded system. It is
also important to the MGCC to have accurate knowledge of the type of loads in
the MG in order to adopt the most convenient interruption strategies under emer-
gency conditions. Being an autonomous entity, the MG can also perform local
Black Start (BS) functions under certain conditions. If a system disturbance pro-
vokes a general blackout such that the MG was not able to separate and continue
in islanding mode, and if the MV system is unable to restore operation in a speci-
fied time, a first step in system recovery will be a local BS. The strategy to be fol-
lowed will involve the MGCC, the MC and the LC using predefined rules to be
embedded in the MGCC software. Such operational functionalities ensure an im-
port advantage of the MG in terms of improved reliability and continuity of ser-
vice [2].

1.2. MicroGrids Dynamic Modelling

The development of the MG concept previously described is based on a hierar-
chical distributed control architecture, where during some emergency situations an
autonomous control should be able to run the system. Conceptually speaking,
three operating conditions can be distinguished:

e (Grid-connected mode;
¢ Islanding mode;
e Local Black Start.



In order to analyse the referred operating conditions, it is necessary to address
particular issues related to MS modelling and control. The models need to de-
scribe the dynamic behaviour of MS and their corresponding power electronic in-
terfaces. This is an important requirement, since most of the MS technologies that
can be installed in a MG are not suitable for direct connection to the electrical
network due to the characteristics of the energy they produce. Therefore, power
electronic interfaces (DC/AC or AC/DC/AC) are required and need to be ade-
quately modelled. Aiming to consider the full modelling of each MS and the cor-
responding power electronic interface, Fig. 2 shows the basic configuration of
these types of systems. The blocks represented in the figure are:

e The MS (fuel cell, microturbine, etc);

e A DC-link (DC capacitor C), which connects the MS to the DC-AC inverter
(grid-side inverter);

e A low-pass LC filter, which rejects the inverter generated high frequency har-
monics;

e A coupling inductance.
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Fig. 2. Block diagram of an inverter interfaced MS

In the following sub-sections it is presented a brief overview of the dynamic
models that are required in order to perform the analysis of different MS types.
These models describe MS and storage devices response and they will be used in
order to evaluate MG operation during islanding conditions. Later, the dynamic
models for the power electronic interfaces used to connect the MS to the LV grids
will be also discussed.

1.2.1. Fuel cells

Fuel cells are electrochemical devices that convert the chemical energy con-
tained in a wide variety of fuels directly into electric energy. The basic element of
a fuel cell is a unit cell, as shown in Fig. 3. [7, 8]. Each basic fuel cell unit consists
of a cathode (positively charged electrode), an anode (negatively charged elec-
trode) and an electrolyte layer. The anode provides an interface between the fuel



and the electrolyte, catalyses the fuel reaction, and provides a path through which
free electrons are conduct to the load via the external circuit. The overall fuel cell
reactions occur in two steps: the oxidation reaction at the anode and the reduction
reaction at the cathode. The oxidation reaction is the dissociation of hydrogen at-
oms into protons and electrons. The reduction reaction occurs when the oxygen
atoms dissociate and bond with the protons coming through the membrane and the
electrons from the external circuit, forming water.
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Fig. 3. Schematic diagram of a basic fuel cell unit

There are five basic types of fuel cells, each having different electrolytes which
define the basic cell type, and a characteristic operating temperature [7-9]. Two of
these fuel cell types, Polymer Electrolyte Membrane Fuel Cell (PEMFC) and
Phosphoric Acid Fuel Cell (PAFC) have acidic electrolytes and rely on the trans-
port of H' ions. Therefore, they are classified as proton-conducting fuel cells. Di-
rect Methanol Fuel Cells (DMFC) make also part of this group, since it is basi-
cally a PEMFC in which methanol or another alcohol is directly used. Two others
types, Alkaline Fuel Cell (AFC) and Molten Carbonate Fuel Cell (MCFC) have
basic electrolytes that rely on the transport of OH™ and COs> ions, respectively.
The fifth type, Solid Oxide Fuel Cell (SOFC) is based on a solid-state ceramic
electrolyte in which oxygen ions (O%) are the conductive transport ion. The later
three types are classified as anion conducting fuel cells. Additional information on
each type of fuel cell can be found in [7].

1.2.1.1. Solid oxide fuel cell modelling

A SOFC was chosen to be included in the MG system, since it is particular in-
teresting for stationary power generation due to its high temperature operation
characteristics, making it suitable for combined heat and power applications. Nev-



ertheless, being a high temperature fuel cell, the SOFC system present some major
drawbacks. Due to the high-temperature operation, it requires a significant time to
reach the operating temperature ant to respond to changes in the output power.
Also, its start-up time is in the order of 30 to 50 minutes. Packing of the entire sys-
tem (fuel cell stack, power electronic equipment, etc.) is also quite demanding due
to the different range of temperatures of the different components[10].

The SOFC model described in this section is based in the works reported in
[11-15] and is it based on the following assumptions:

e The gases are ideal,;

e The stack is fed with hydrogen and air;

e The channels that transport gases along the electrodes have a fixed volume, but
their lengths are small. Thus, it is possible to consider one single pressure value
in their interior;

e The exhaust of each channel is via a single orifice. The ratio of pressures be-
tween the interior and exterior of the channel is large enough to consider that
the orifice is choked;

e The temperature is stable at all times;

e The only source of losses is ohmic, as the working conditions of interest are not
close to the upper and lower extremes of the cell current;

e The Nernst equation can be applied.

Assuming that the SOFC system is supplied with hydrogen in the anode and
oxygen in the cathode, the reactions that take place are described by the following
chemical equations [11-15]:

Anode: H, + OC — H,0 + 2¢~

1 _
Cathode: E 0, +2 — O

In order to calculate the open circuit voltage £ (in V) of a stack with N, cells
connected in series, the Nernst equation is used:

P, 4/ Po,

E = No| Ep + LI
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where E, is the voltage associated with reaction free energy of the cell (V), R is
the universal gas constant (8314.51 J.kmol.K™"), T'is the channel temperature, as-
sumed to be constant (K), F is the Faraday constant (96.487x106 C. kmol™) and

sz , pc,2 , szo are the partial pressures of hydrogen, oxygen and water vapour,

respectively (atm). Applying Ohm’s law, the stack output voltage can be com-
puted as:
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where r is the SOFC resistance used to represent the ohmic losses in the stack ()
and / is the current flowing out of the stack (A).

In order to compute the stack voltage, the pressure of the gases inside the stack
must be derived. The individual gases (hydrogen, oxygen and water vapour) flow-
ing in the stack will be considered separately, and the perfect gas equation is ap-
plied to them:

PiVen =MRT (3)

where p; are the pressures of each chemical species in the cell (atm), V., is the
volume of the channel (anode or cathode), in litres, and #; is the number of moles
of the specie i present in the channel. As the cell temperature is assumed to be
constant, by differentiating both sides of (3), it is possible to derive a relation be-
tween the time derivative of the partial pressures and the time derivative of n;,
which denotes the species molar flow (kmol.s™):

dp; RT dn; RT

dt Vg, dt Vg,
Regarding hydrogen, it flows through the stack anode with volume V,, and
there are three contributions to its molar flow: the input flow (q:_?2 ), the output

out

flow (qH2 ) and the input flow that takes part in the stack reactions (q,r_|2 ). Thus,

the hydrogen pressure can be obtained by the following equation:

dpy, RT "
TZ=\E(Q:-TZ -a%, —di,) (5)

The hydrogen molar flow that reacts can be calculated as:
—=2K,I ©)

being K, a constant defined for modelling purposes (kmol.s'.A™). The molar flow
of any gas through a valve can be considered proportional to its partial pressure
inside the channel. Therefore, the following equation stands:

4.2k )
p

™M



where K, is the channel valve constant ((kmol.kg)"?.atm.s™), M is the gas mo-

lecular mass (kg.kmol™) and K is the valve molar constant (kmol.(atm.s) ™).
Using (7) to calculate the hydrogen output flow and substituting in (5), the dif-
ferential equation for the hydrogen dynamics is obtained:

dpy, RT
TZ=E(QLT2 - Ky, Pn, —2K, 1) (®)

Taking the Laplace transform of both sides of (8) and isolating the hydrogen
partial pressure, yields the following expression:

}{(H in
Py, = L—1(qlh —2K, 1) ©)

I+7y,s

an

Ky, RT

being 7, = , expressed in seconds, the time constant associated with the

hydrogen flow dynamics.

Considering this general procedure for deriving the equation describing hydro-
gen dynamics in the fuel cell, a similar procedure can be used for the other chemi-
cal species (oxygen and water vapour). According to the electrochemical relation-

ships, the molar flow of oxygen that reacts is q62 =K, I . Therefore, the dynamic

behaviour related to the oxygen flow is described by:

p =%<°2 (a8 —K,1) (10)
% lvrgs 2 T
V, . . . .
where 75, = ®__ expressed in seconds, the time constant associated with the

Ko, RT
2
oxygen flow dynamics.
According to the chemical reactions taking place in the SOFC, water is a reac-

tion product in the stack anode. Therefore, for the water vapour, (5) can be rewrit-
ten as:

dPuo _ RT
dt v,

an

(dh,0 —Ario (11)
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The molar flow of water vapour resulting from the chemical reactions (q,r420 ) is

Ohi,0 = A, = 2K, . The dynamics related to the water vapour flow can be de-

scribed by:
dpy,o RT, out
at :V_(qHZO ~0H,0) (12)
an
being 7, o = —2—, expressed in seconds, the time constant associated with
H20 K, oRT
H,0

the water vapour flow.

The previous equations are related to the dynamics of the chemical species in
the SOFC. However, due to safety reasons associated with the physical integrity of
the cell under certain conditions, some considerations need to be made in relation
to the electric current resulting from the chemical reactions. In order to do this, it
is necessary to define the fuel utilization parameter Uy it is the ratio of the fuel
flow that reacts in the stack and the input fuel flow,

- S 2] 1)

an, On, 0w,
The typical value of the fuel utilization is in the range of 80% to 90%. The under-
used condition (U; < 80%) would lead to a fast voltage increase, since the current
will be below a minimum value. The overused condition (U; > 90%) will cause
permanent damage to the cell due to fuel starvation. Therefore, for a certain hy-
drogen molar flow, the current demanded to the fuel cell must be restricted to the
following range:

0.8q}]
2K

09 in
<%,
2K

<l

(14)

r r
The optimal fuel utilization factor (U,,,) is assumed to be 85%, allowing the con-
trol of the input fuel flow by measuring the output current, so that:

; 2K, 1
af, =t (14)
? Uopt

According to the chemical reactions taking place in the fuel cell, the
stoichiometric ratio of hydrogen to oxygen is 2:1. However, oxygen is always
taken in excess in order to allow a more complete reaction between hydrogen and
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oxygen. In order to keep fuel cell pressure difference between the hydrogen and
oxygen passing through the anode and cathode compartments bellow 4 kPa under
normal operating conditions, the ratio of hydrogen to oxygen is controlled by an

air compressor to be r.0=1.145.
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Fig. 4. SOFC dynamic model
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All the reactions occurring in the fuel cell stack has some inherent time delays.
The chemical response in the fuel cell processor is usually slow and it is associ-
ated with the time to change the chemical reaction parameters after a change in the
flow of reactants. This dynamic response function is modelled as a first order
transfer function with a time delay 7 The electrical response time delay in the
fuel cells is generally short and mainly associated with the speed at which the
chemical reaction is capable of restoring the charge that has been drained by the
load. This dynamic response is also modelled as a first order transfer function,
with a time delay 7. Following the previous explanations, Fig. 4 shows the block
diagram of the SOFC dynamic model.

1.2.2. Microturbines

Microturbines are small gas turbines with electrical power output of approxi-
mately 30 kW to 400 kW, burning gaseous or liquid fuels [11, 16-20]. Single
Shaft Microturbines (SSMT) is the most common configuration: it consists on the
compressor, the expansion turbine and the electrical generator sharing a common
shaft rotating at very high speeds, as depicted in Fig. 5. The typical SSMT rotation
speeds is variable (in the range of 50000 rpm to 120000 rpm) in order to accom-
modate varying load profiles, while maintaining high efficiencies and optimum
long term reliability [16]. The electrical generator is usually a variable speed Per-
manent Magnet Synchronous Generator (PMSG) that produces high-frequency
AC power, being converter to line frequency AC power through a power elec-
tronic stage. When the SSMT is started-up, the electrical generator acts as a motor,
turning the turbine-compressor shaft until sufficient speed is achieved to start and
sustain the combustion process. If the system is operated independently from the
electrical grid, energy storage units such as batteries are required to power the
generator during the start-up process, which provides an interesting functionality
regarding its application in a BS procedure.

Microturbines are recognized to play an increasing importance for small scale
power generation applications, but little work on its modelling and simulation is
reported in the literature. More specifically, modelling of microturbine dynamic
behaviour has a major interest in terms of the slow dynamics, namely its response
to load changes and the ability to perform frequency regulation. Therefore, based
on the models reported in [11, 16, 17, 20] some assumptions are due in order to
derive a model able to conveniently represent microturbine dynamics. As a first
consideration, the SSMT engine, while small in size, is assumed to be similar to
conventional combustion gas turbines. Additionally, evaluating the integration of
microturbines in an electric network from a dynamic point of view requires a
model able to represent the electric and mechanic behaviour. The use of hot ex-
haust gases in the recuperator is not considered in the adopted model since this is
only a device used to increase microturbine global efficiency. Also, the large time
constants associated to the recuperator has little influence regarding the time scale
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used for dynamic simulations. It is also frequent to find temperature, speed and
acceleration control systems in microturbines. These kinds of control systems are
very important during start-up or loss of power conditions, but have very little in-
fluence during normal operating conditions. Thus, they can be neglected when the
main interest is focused on the evaluation of microturbine slow dynamics. Based
on these assumptions, the model should reflect the dynamics of the blocs repre-
sented in Fig. 6: microturbine control and mechanical system, electrical generator
and the power electronic interface to connect the microturbine to the electric
power grid.
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recovery g Recuperator < | |
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Fig. 5. Single shaft microturbine system
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Fig. 6. Block diagram of the SSMT control system

1.2.2.1. SSMT active power control

In order to control the power output of the SSMT, a power set-point should be
provided to the control system. A simple control of the turbine mechanical power
can be performed through a Proportional-Integral (PI) control function [11]. The
input of the controller is the error 4P between the power set-point P,.rand the ef-
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fective power output P. The output of the controller P;, is then applied to the mi-
croturbine engine, as shown in Fig. 7.

P

ref

P

+

Fig. 7. SSMT active power control

1.2.2.2. SSMT engine

The SSMT engine comprises an air compressor, a combustion chamber, a recu-
perator and a power turbine driving the electrical generator. This arrangement is
quite similar to combustion gas turbines [17]. Therefore, the mechanical part of
the SSMT (SSMT engine) can be modelled by the conventional model commonly
use to represent the dynamics of simple cycle single shaft gas turbines, usually
known as the GAST (GAS Turbine) model, without the droop control, as in Fig. 8
[11]. The parameters in the microturbine engine model are 7; and T, representing
the fuel system time constant, 7 is the load limit time constant, V,,, and V,,;, are
the maximum and minimum fuel valve positions, %, is the temperature control loop
gain and L, is the load limit (time constants in seconds and the other parameters
are in per unit).

Low Value
Gate

1+T,s

1+T;s

Fig. 8. Dynamic model of the SSMT engine
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1.2.2.3. Permanent magnet synchronous generator

The electrical generator is assumed to be a PMSG with a non-salient rotor. The
machine electrical equations can be written in the rotor d-¢g reference in frame as
follows [19]:

. . di
Vg = Ry — polyi, + Ly d—‘t’

: : di
Vq = Ryig + polyiy + 1 d—:+ pod,, (15)

3 . .
T, :E p[(Dmlq +(Ly - Lq)ldlq]

where L; and L, are the d and ¢ axis inductances (H), R, is the stator resistance
(Q), iy and i, are the d and q axis currents (A), v, and v, are the d and q axis termi-
nal voltages (V), is the angular velocity of the rotor (rad.s™), ®,, is the flux in-
ducted by the permanent magnets (Wb), p is the number of pole pairs and 7, is the
electromagnetic torque (N.m). The mechanical equation needs to take into account
the combined inertia and load viscous friction of the PMSG, the power turbine and
compressor that are mounted in the same shaft:

T,-T, :J%—i}+ Fo (16)

where T, is the mechanical torque provided to the PMSG by the SSMT engine, J
is the combined inertia of the PMSG, shaft, turbine and compressor (kg.m?) and F
is the combined friction factor in the same components (N.m.s.rad™).

1.2.2.4. PMSG side converter

The variable frequency AC power produced in the PMSG must be rectified and
inverted in order to be injected into the AC grid. The machine side converter is re-
sponsible for controlling the PMSG operation in terms of rotation speed and
power factor [21]. A block diagram of the machine side converter and its control
structure is shown in Fig. 9. The microturbine shaft speed is controlled through a
pre-defined characteristic curve ( versus P) in order to operate the microturbine
at optimal efficiency for each value of the output power [19]. The microturbine
speed error is used to compute the i, reference current, which is supplied to a PI
controller in order to regulate the direct axis voltage v, and thus the microturbine
angular velocity. The quadrature axis voltage v, can be regulated in order to assure
a unit power factor for the PMSG.
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Fig. 9. Block diagram of the PMSG side converter control

1.2.3. Micro-wind turbines

The horizontal wind turbines is the one of the most commonly used configura-
tions in small scale applications. It generally consists of a rotor where the turbine
is solidly fixed, an electrical generator, a mainframe and a tail. The turbine usually
consists of two or three blades. The electrical generator is specifically designed for
the wind turbine. PMSG are the most used generators for this kind of application
since they do not require brushes as in direct current machines and in some con-
ventional synchronous generators with separate excitation systems. In most small
and micro- wind turbine designs, the rotor is connected directly to the shaft of the
PMSG, thus creating variable frequency and voltage AC power, according to the
wind speed. The output power is then rectified to DC to either charge batteries or
feed a grid-synchronous inverter. In the designs with a direct coupling between the
turbine and the generator, high reliability and lower cost is achieved since the de-
sign eliminates the additional maintenance of gears and the relatively low reliabil-
ity indexes of these devices [6].

According to these general considerations, modelling of micro-wind generators
follows the same approach used when presenting the description SSMT model-
ling, especially in that concerns the PMSG and the PMSG side converter. The me-
chanical power extracted by the wind turbine from the wind kinetic energy, is
given by [22]:

Pm=%pxcp 2 x AxV3 (17)
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where P, is the turbine mechanical power (W), C,(4) is a dimensionless perform-
ance coefficient of the turbine, 1 is the tip speed ratio (rad), p is the air density
(kg.m™), 4 is the area swept by the rotor (m?*) and ¥ is the wind speed (m.s™).

Independently from the type of wind turbine, its efficiency can be calculated by
the quotient between the mechanical power P, delivered by the turbine and the
power effectively available due to the wind flow. This coefficient is usually de-
fined as C,(4). The parameter A is defined as:

otR
A=— 18
v (18)

where |, is the angular velocity of the turbine (rad.s™) and R is the turbine radius
(m).

Regarding micro-wind turbine operation, it is controlled in order to extract the
maximum amount of power from the available wind through the use of a maxi-
mum power extraction curve that can be derived from the turbine characteristics.
This curve is used in the PSMG side converter in order to control its rotational
speed, as in the SSMT case.

1.2.4. Photovoltaic panels

There are several models reported in the literature with different complexity
levels that can be used to describe the behaviour of a Photovoltaic (PV) cell. The
most widely used models are the ones based on lumped circuits, such as single and
double diode models [23]. Within this class of mathematical models, the single di-
ode model is one of the most widely used for representing PV systems.

Due to the particular voltage-current characteristic of the PV cells, it is neces-
sary to use control schemes for extracting the maximum energy of the panel.
Therefore, a PV system contains a module responsible for achieving an operation
point corresponding to the condition of maximum energy extraction. This module
is denominated as Maximum Power Point Tracker (MPPT), and it is represented
in Fig. 10. Basically, the PV system consists in the PV array, which is connected
to the MPPT (a DC/DC converter controlled through proper algorithms) and the
DC/AC converter for connecting the PV system to the grid.

T DC —V,
PV array MPPT —>V,
T ACl—> v

P= Pmax

Fig. 10. Basic configuration of a PV system



18

Several MPPT algorithms have been reported in the literature [24], differing
among them in many aspects such as the complexity of the algorithm, required
sensors, convergence speed and requirement of periodic tuning of the controllers.
Within the scope of this chapter, the performance of the MPPT algorithm is not a
key issue since MG dynamic studies are usually performed over a short period of
time during which the solar radiation can be considered constant. Therefore, a
simpler algorithm based on the following assumptions can be used [25]:

e All the cells of the PV module are identical and they work with the same irradi-
ance level and at the same temperature;

e The PV module and the MPPT system has no losses;

e The PV module is always working on its maximum power point for a given ir-
radiance and ambient temperature conditions;

e [f the irradiance and/or ambient temperature conditions change, the model in-
stantaneously changes its maximum power point;

e The temperature of the solar cells depends exclusively on the irradiance and
ambient temperature.

Under these assumptions the module maximum output power Py, (in W) can
be estimated using the ambient temperature and the solar irradiance as inputs [25]:

M _ Ga [,M
Max Gap [PMax,o +HPyay ™ ~TM 0 } (18)

where G, is the solar irradiance (W.m’2), G, 1s the solar irradiance at Standard
Test Conditions (1000 W.m'2), PMM,OM is the PV module maximum power at Stan-
dard Test Conditions (W), fp,. is the maximum power variation with the tem-
perature (W.°C™), T}, is the module temperature (°C) and T}, is the module tem-
perature at Standard Test Conditions (25 °C). In practice, the operating conditions
of PV systems differ from the Standard Test Conditions. Then, under arbitrary op-
erating conditions (irradiance G, and ambient temperature 7,), the working tem-
perature of the PV module T}, is given by:

NOCT -20
TM =Ta+GaT (18)

where NOTC is the Normal Operating Temperature of the Cell, which is defined
as the cell temperature under a solar irradiance of 800 W.m™, an ambient tempera-
ture of 20 °C and a wind speed lower than 1 m.s”'. These conditions are usually re-
ferred as the Normal Test Conditions. The maximum power of a PV array with N
modules is therefore given by:
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1.2.5. Power electronic interfaces connected to the grid

The characteristics of the energy produced in several MS require the use of
power conditioning units in order to interface them with the LV grid. It is also im-
portant to note that MG are inverted dominated grids. It will not be common to
find fully controllable synchronous generators in a MG, which are normally re-
sponsible for voltage and frequency control in conventional power systems.
Therefore, understanding inverter controls is a key issue to ensure stable MG op-
eration in the presence of arbitrary varying conditions (load or generation varia-
tions). In a MG, the massive integration of power electronic converters poses dis-
tinguishing characteristics in comparison to conventional power systems. Table 1
illustrates the key differences between synchronous machines and power elec-
tronic interfaces [26].

The inverter control strategies for power export to an AC system can be gener-
ally divided in two types [27]:

e PQ inverter control: the inverter is used to supply a given active and reactive
power set-point. In this case, the inverter operates in a grid-connected mode
[26, 28], being the power injected into an energized network. The inverter is
not able to form the grid itself by imposing a voltage waveform with suitable
amplitude and frequency.

e Joltage Source Inverter control: the inverter is controlled to supply the load
with pre-defined values for voltage and frequency. Depending on the load, the
Voltage Source Inverter (VSI) real and reactive power output is defined. In this
case, the inverter is responsible to establish the voltage wave form with suitable
amplitude and frequency [26, 28]. The inverters themselves produce an AC
voltage; therefore it is possible to control voltage and frequency in the AC sys-
tem by means of inverter control.

Due to the fast response of power electronic converters, they can be modelled
from the network point of view by a controllable AC voltage source. The magni-
tude and the phase angle of this voltage source are to be controlled according to
the referred inverter control strategies. It is also important to highlight that, when
analysing the dynamic behaviour of the MG, inverters are modelled based only on
their control functions, so that, fast switching transients, harmonics and inverter
losses are neglected. This a general procedure adopted by several authors when
dealing with power electronic interfaces in dynamic stability studies [1-4, 29, 30].
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Table 1. Comparison between synchronous machines and inverters general characteristics

Synchronous Machines

Power Electronic Interfaces

Voltage source operation with controlled mag-
nitude through the use of excitation systems.

Ensuring a sine wave voltage output is ac-
counted during the machine de-
sign/construction phase.

High short-circuit current due to low internal
impedances.

Current rating defined by the winding insula-
tion temperature rise. The thermal time con-
stant of the winding and surrounding material
is large and a useful short term over-rating is
available. Large thermal time constants allow
large fault currents for several main cycles.

Real power exchange is dictated by the torque
applied to the shaft. Power sharing is based on
the use of control systems as a function of sys-
tem frequency.

Voltage source (although current source ver-
sions are known) with nearly independent con-
trol of the magnitude in each phase.

Sine-wave can be achieved through the use a
suitable modulator and reference waveform, but
any shape can be achieved as desired.

Potential short-circuit current is high but pro-
tection against it must be provided in the form
of current limiting functions.

Current rating defined by the temperature rise
of the semiconductors, which have very low
thermal time constants. Large currents cause
semiconductor failure in less than 1 ms. The
cooling system has also low thermal time con-
stants, limiting the over-rating capabilities. In-
verter over-rating is necessary to accommodate
over-currents.

Real power exchange is dictated by the refer-
ences applied to the control system, subjected
to the DC-link capacity to sink the requested
power.

1.2.5.1. PQ inverter control

The PQ inverter is operated under a grid-connected mode and it should inject a
given active and reactive power into the network, according to a set-point. In addi-
tion to active and reactive power flow control, this inverter is also responsible for
the control of the DC-link voltage of the cascading DC/AC/DC system [21, 31].
Therefore, the magnitude and phase angle of the inverter voltage should be con-
trolled in order to maintain the DC-link voltage at a specified reference and the re-
active power output at the desired set-point. Neglecting losses, the power balance
in the capacitor of the DC-link (P¢) is the difference between the power received
from the MS (P,s) and the inverter output power (P;,,), as shown in Fig. 11:

Pus P,

inv

Microsource

.

-

Fig. 11. DC-link capacitor power balance
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Fe =Pus =R (20)
The power flow in the DC-link capacitor can also be written as:
Fe =Vbe % Ipc 21

where Vpc is the DC-link voltage and I is the capacitor current. The DC-link
voltage can be computed as:

1
Ve = c Il pcdt (22)

where C is the value of the capacitance in the DC-link. Combining (21) and (22)
and taking the Laplace transform, the DC-link dynamics can be modelled as de-
picted in Fig. 12.

Fig. 12. DC-link dynamic model

< anhc

Fig. 13. Three-phase PQ inverter control

As previously mentioned, the control logic for the PQ inverter is associated to
the control of the DC voltage in the DC-link capacitor. Under such approach, the
DC voltage error is used in order to generate the i, current reference. The error
that is generated between the reference value of reactive power and the actual in-
jected power or between the reference voltage and the measured terminal voltage
are used in order to generate the i, current reference. Afterwards, the inner current
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control loop based on a proportional-integral controller is used in order to generate
the converter output voltages [7], as depicted in Fig. 13.

1.2.5.2. Voltage source inverter control

The VSI is used in order to interface a storage device (such a flywheel or a bat-
tery) with the AC grid. By making use of the energy stored in such devices, the
VSI is able to emulate the behaviour of a synchronous machine, thus controlling
voltage and frequency on the AC system [1, 2, 28, 32]. In conventional power sys-
tems, synchronous generators share any load increase by decreasing the frequency
according to their governor droop characteristic. This principle can be imple-
mented in inverters by decreasing the reference frequency when there in an in-
crease in the load. Also, reactive power is shared by introducing a droop charac-
teristic in the voltage magnitude. Therefore, the VSI acts as a voltage source, with
the magnitude and frequency of the output voltage controlled through droops, as
described in the following equations:

o =0y —KpxP

V =V, —ko xQ (23)

where P and Q are the inverter active and reactive power outputs, kp and & are the
droop slopes (positive quantities) and , and V¥ are the idle values of the angular
frequency and voltage (values of the inverter angular frequency and terminal volt-
age at no load conditions). When a VSI is interconnected with a stiff AC system,
characterized by an angular frequency gz and terminal voltage Vg, the voltage
and frequency references are externally imposed [32]. In this case, the desired
output powers P; and Q; can be obtained in the VSI output by adjusting the idle
values of the angular frequency ; and voltage V), as follows (illustration in Fig.
14Fig. 14. Frequency versus active power droop

):

@1 = Ogrig +Kp X Py

(24)
Vo1 =Vgrig +kg xQq
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Fig. 14. Frequency versus active power droop

If a cluster of VSI operates in a standalone AC system, frequency variation
leads automatically to power sharing, such that for a system with » VSI the fol-
lowing equality stands:

AP = ZH:AF} (25)
i=1

being 4P the total power variation and 4P; the power variation in the i-th VSI. The
frequency variation can be computed as:

Aw:woi_kPiXPi_[wOi_kPiX(F>i+APi )]: Kpj x AR, (26)

Similar considerations can be made for the voltage/reactive power VSI control
mode based on droops [28, 29]. However, as voltage has local characteristics,
network cable impedances do not allow a precise sharing of reactive power among
VSL

In this chapter, a three-phase balanced model of a VSI implementing the de-
scribed droop concepts is described. The model is derived from a single-phase
version presented in [32, 33]. The general block diagram of the control scheme is
presented in Fig. 15. The VSI terminal voltage and current are measured in order
to compute active and reactive powers. This measuring stage introduces a delay
for decoupling purposes. The active power determines the frequency of the output
voltage by the active power/frequency droop kp. Similarly, the reactive power de-
termines the magnitude of the output voltage by the reactive power/voltage droop
ko. The output voltages are the reference signals that that are used in a second con-
trol stage responsible for inverter voltage and current regulation.
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Fig. 15. VSI control model

1.2.5.3. Inverter modelling during short-circuits

Conventional power plants comprising synchronous generators directly con-
nected to the grid provide large short-circuit currents, which are very helpful for
fast and efficient fault detection and elimination. However, in a MG, where gen-
eration units are mainly connected to the grid through power electronic interfaces,
it is difficult to obtain high fault currents. Solid state switching devices used in in-
verters are selected based on voltage, current carrying capability (under certain
cooling conditions and for a defined switching frequency) and safe operating ar-
eas. The islanded system can ride through short-circuits if there is sufficient over-
sizing of power electronic interfaces in order to provide adequate short-circuit cur-
rents. At the same time, a novel protection scheme for the MG must be developed
using different types of relays and breakers instead of conventional fuses [34]. Re-
sulting from this explanation, the following considerations can be made [1]:
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e The VSI need to be up-rated in order to provide a significant contribution to
short-circuit currents (ranging from 3 to 5 p.u.): therefore, VSI will be capable
of providing fault currents during MG islanding operating conditions.

e PQ inverters provide only a small amount of short-circuit current (1.2 to 1.5

p-u.).

As described in the previous sections, the use of inner current control loops
both for PQ controlled inverters and for VSI allows a simple and efficient control
over the output inverter current during short-circuit conditions. Such limiting
functionality can be performed through a limitation of the output of the PI control-
lers used on those current control loops.

1.3. MicroGrids Emergency Control Strategies

The successful design and operation of a MG requires solving a number of de-
manding technical issues related to system functions and controls. The presence of
power electronic interfaces in fuel cells, photovoltaic panels, microturbines and
storage devices is the distinguishing characteristics of a MG when compared with
conventional systems using synchronous generators. The dynamic behaviour of a
system like the MG, with very low global inertia, is also quite different from the
one observed in conventional power systems. Conventional power systems have
the possibility of storing energy in the rotating masses of synchronous generators,
thus providing the required energy balance in the moments subsequent to a load
connection. In case of MG islanded operation, load-tracking problems arise since
microturbines and fuel cells have slow response to control signals (large time con-
stants associated to these MS) and are inertia-less.

A system with clusters of MS designed to operate in islanded mode requires
some form of energy buffering in order to ensure initial energy balance. The active
power shortage caused in a MG when moving to islanding operation or resulting
from load or power variations during the islanding operation mode must be com-
pensated by energy storage devices. Additionally, the slow response of controlla-
ble MS to the control signals is a specific issue contributing to the need of provid-
ing some form of energy storage with fast response in terms of power injection
capabilities in order to enable MG operation under islanded conditions. The neces-
sary energy storage can be provided by batteries or supercapacitors connected on
the DC bus of each MS or through the direct connection of independent storage
devices to the LV grid (batteries; flywheels, supercapacitors) [1, 29, 30].

MG islanding may result from an intentional disconnection from the MV grid
(for example, due to maintenance needs) or from a forced disconnection (due to a
fault in the upstream MV network). Concerning an intentional disconnection,
some control actions can be performed in order to balance load and generation in
the MG and smooth the islanding transient. Following a disturbance in the up-
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stream MV network, MG separation must occur as fast as possible. Depending on
the fault and on the load and generation profile in the MG, the switching transient
will have different impacts on MG dynamics.

When the MG transfers to islanded operation, an immediate change in the out-
put power control of the MS is required, as they change from a dispatched power
mode to one controlling frequency in the islanded section of the grid. The control
strategy to be adopted has to combine the frequency control strategy with the stor-
age devices response and load shedding possibilities, in a cooperative way to en-
sure successful overall operation, although acting independently at the MC and LC
level [1]. As it will not be common to find fully controllable synchronous genera-
tors in a MG, inverter control is the main concern in MG operation.

If a system disturbance provokes a general blackout such that the MG is not
able to separate and continue operation in islanding mode, and if the MV system is
unable to restore operation in a predefined time, a first step in system recovery
will be a local BS. The strategy to be followed involves the MGCC and the local
controllers (LC and MC), using predefined rules to be embedded in the MGCC
software. Such an approach will enable fast restoration times to final consumers,
thus improving reliability and reduce customer interruption times [2].

Another special feature of the MGCC concerns grid re-connection during BS,
helping in this way the upstream DMS that is managing the MV distribution net-
work. During faults on the main grid, the MG may be disconnected from the up-
stream MV network and will continue to operate with as much connected MS as
possible. During grid reconnection, the issue of out-of-phase reclosing needs to be
carefully considered. The development of local controllers in close coordination
with the MGCC functions needs to be evaluated from the dynamic operation point
of view. The strategies to be followed in order to deal with these two types of
problems (MG black start and grid re-connection) will be embedded in the MG lo-
cal controllers as a set of rules activated by the environmental conditions (charac-
terized by the electrical variables voltage and frequency) and following orders
from the MGCC.

1.3.1. MicroGrid control for islanding operation

If a cluster of MS is operated within a MG and the main power supply (the MV
network) is available, all the inverters can be operated in the PQ mode because the
voltage and frequency references are defined by the main system. In this case, a
sudden disconnection of the main power supply would lead to the loss of the MG,
since there would be no possibility for load/generation balancing, and therefore for
frequency and voltage control. However, by using a VSI to provide a reference for
voltage and frequency, it is thus possible to operate the MG in islanded mode and
a smooth moving to islanded operation can be performed without changing the
control mode of any inverter. This is possible since the VSI is able to operate in
parallel with other voltage sources (for instance, the upstream MV network during
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MG normal operating conditions, or with other VSI during MG islanded opera-
tion) [1]. According to the VSI model previously described, it can react to network
disturbances based only on information available at its terminals. This working
principle of a VSI provides a primary voltage and frequency regulation functional-
ity in the islanded MG. For example, considering a single VSI operating in an
islanded grid, any power variation 4P and 4Q causes frequency and voltage varia-
tions that can be determined by:

Aw = iy —Kp xP = @y —kp x(P +4P)]=kp x AP

(27)
N :vo—kaQ—[v0 —ka(QMQ)]:kQXAQ

After identifying the key issue for MG islanded operation, two main MG con-
trol strategies are possible: Single Master Operation (SMO) or Multi Master Op-
eration (MMO) [1]. In both cases, a convenient secondary load-frequency control
during islanded operation must be considered to be installed in controllable MS, as
it will be descried later.
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Fig. 16. Single Master Operation control scheme

1.3.1.1. Single master operation

The operation of a MG with several PQ controlled inverters and a single VSI
can be defined as a SMO control strategy, and it is represented in Fig. 16. In this
case, the VSI provides the voltage and frequency reference for the operation of the
PQ controlled inverters when the MG is isolated from the main power supply.

The VSI is responsible for fast load-tracking during transients (natural variation
of load and consumption, as well as during the islanding transient). Using the
communication capabilities of the MG, the MGCC receives information from MG
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local controllers and it is responsible for updating each PQ inverter set-point in
order to achieve an optimal operation scenario regarding voltage levels, reactive
power flows and active power dispatch. MGCC is also responsible for load control
actions and for the definition of VSI droop settings.

1.3.1.2. Multi master operation

The operation of an isolated network with several VSI, as shown is Fig. 17, is
similar to a conventional power system with synchronous generators controlling
active power/frequency and reactive power/voltage. These functions are usually
performed by conventional voltage and speed governors, which are now replaced
by the droop characteristics: the frequency/active power and voltage/reactive
power droops.

Considering the interconnected operation mode, the frequency of the LV grid is
set by the external grid. Each inverter is operating with a pre-defined fre-
quency/active power characteristic droop. The idle frequency f, of each VSI can
be modified in order to define the desired value of the active power injected by the
VSI. As the grid frequency fluctuations of the interconnected system are very
small, the idle frequency can be used in order to dispatch generation [32]. This
function can be performed by the MGCC, and requires a periodic actualization of
several parameters in accordance with the operational criteria used in the MGCC
algorithms.

If a fault causes the transition from the interconnected to the islanded mode, it
is not necessary to change the control strategies of each MS. When the main
power supply is disconnected, the overall system moves to a new operation point
(in voltage and frequency), depending on the local load. Then, a secondary control
strategy can be made to act on the inverter in order to restore the nominal value of
the frequency.

1.3.2. Emergency strategies

In case of a fault in the upstream MV network or in other special operating
conditions it is necessary to exploit the possibility of moving the MG into an
islanding operating mode. This control approach constitutes a solution opposed to
the current practice of not allowing distribution grids with embedded generation to
be operated isolated from the main power system. The islanding procedure is
therefore regarded as possible operation state and it requires a careful planning of
the system conditions in respect to load, MS production levels, existence of faults,
etc. In order to ensure system survival following islanding it is necessary to ex-
ploit controllable MS, storage devices and load shedding mechanisms in a coop-
erative way, as described next.
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Fig. 17. Multi Master Operation control scheme

1.3.2.1. Frequency control

In terms of standalone AC system operation, the VSI control principle makes
possible reacting to system disturbances (for example load or generation changes)
based only on information available at its terminals (voltage and current meas-
urements, according to its control model shown in Fig. 15). In this way, the opera-
tion of a MG does not rely on fast communications among MS controllers and the
MGCC, which could be impractical. Running in a larger time frame, a secondary
control approach can be used to improve system performance, namely restoring
nominal frequency values during islanding operation.

Equation (27) shows that the VSI active power output is proportional to the
MG frequency deviation. In the moments subsequent to MG islanding or due to
loads or power variations during MG islanding operation, the first devices reacting
to the new system conditions are the VSI coupled to storage devices [1]. Acting as
a voltage source, power imbalance following a disturbance demands larger cur-
rents from the VSI, therefore increasing its measured output power. As a conse-
quence of the increase in the VSI output power, the MG frequency decreases in
accordance to the active power/frequency droop, as illustrated in Fig. 18. Let’s
consider in a first place a SMO strategy. When the MG is interconnected with the
upstream MV network the storage device is injecting an active power Py. In the
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moments subsequent to MG islanding, the frequency drifts towards a new value

; and the power injected by the VSI increases to P;. The difference between the
power injected after islanding P; and the power injected previous to islanding P,
is AP = P; - P, and corresponds to the amount of power absorbed from the up-
stream MV network during the interconnected operation mode. In other words, 4P
is the power imbalance between MG local load and generation following island-
ing.
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Fig. 18. VSI frequency decrease due to active power increase

In case of a MMO strategy (n VSI operating in parallel in a standalone AC sys-
tem), a power variation 4P in the system is shared among the VSI, according to
(25). Previous to MG islanding, all the VSI are operating at the same frequency,
which is equal to the grid frequency. Combining all the droop characteristics of
the VSI inverters, the steady state power variation in each VSI and system fre-
quency in the moments subsequent to the disturbance can be computed using the
following matrix equation:

(1 kpy O 0 - 0] [o | |%rid
1 0 kPZ 0 O Apl wgrid
1 0 0 k -+ 0 AP, Wy
P3 . i % 2 — grid (28)
APB .
0 0 0 ken | | © | | @gig
0 1 1 1 - 1] [AR] | yp |

where s the post-disturbance MG angular frequency and  u= ¢ -kp X P; is
the pre-disturbance MG angular frequency. Using (28) it is possible to compute
MG frequency deviation 4 = - ,,;; and the power sharing among the VSI fol-
lowing a generation or load variations 4P during islanding conditions.
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In both cases, it is possible to conclude that the VSI action following distur-
bances during islanding operation can be regarded as a primary frequency control,
similarly to what happens in synchronous generators assigned to primary fre-
quency control in conventional power systems.

In addition to this primary frequency control functionality, controllable loads
plays an important role under some MG operating conditions, namely those con-
cerning the imbalance between load and generation (load larger than generation).
In order to deal with this problem, a load shedding mechanism can be imple-
mented in a MG as an emergency functionality to aid frequency restoration to its
nominal value after MG islanding [1]. Load shedding is used as a remedy against
large frequency excursions. Basically, the dynamic behaviour of the system is im-
proved if some percentage of the load is temporarily lost, allowing the generators
with frequency regulation functions to react to the frequency deviation. The bene-
fits derived from such a scheme are well known, particularly in what concerns a
rapid reaction following a large frequency deviation, leading to a faster stabiliza-
tion of the system and to the frequency restoration to its nominal value. Following
MG recovery after islanding, some loads that were disconnected by load shedding
relays can be reconnected again. In order to avoid large frequency deviations dur-
ing the load reconnection, it is necessary to implement adequate load reconnection
mechanisms (for example, load reconnection based in small steps) in order to
avoid large frequency deviations during this stage. All this functionalities can be
easily implemented in LC.

These considerations show that during MG islanding operation the frequency
drifts from the nominal value following power or load variations. During this tran-
sient condition, power balance in the MG is assured by energy storage devices.
However, if the MG frequency stabilizes in a value different from the nominal
one, (due to the use of only proportional droop controls) storage devices would
keep on injecting or absorbing active power whenever the frequency deviation dif-
fers from zero. This situation is illustrated in Fig. 19, where it is shown VSI power
injection as a function of MG frequency deviation. The figure illustrates that
power injection is proportional to MG frequency deviation (within the power rat-
ings of the storage device). This should be only admissible during transient situa-
tions, where storage devices are responsible for ensuring the energy balance be-
tween load and generation within the MG. However, storage devices (batteries,
flywheels or supercapacitors with high capabilities for injecting power during
small time intervals) have a finite storage capacity and can be loaded mainly by
absorbing power from the LV grid. Therefore, they should inject power into the
MG only during transient situations in order to not run out of energy. Conse-
quently, the development of a control procedure to correct permanent frequency
deviations during any islanded operating conditions should then be considered as
one of the key objectives for any control strategy.
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Fig. 19. Steady state active power characteristic of a VSI coupled to a storage device

In order to promote adequate secondary control aiming to restore frequency to
the nominal value after a disturbance, two main strategies can be followed: local
secondary control, by using a PI controller at each controllable MS (Fig. 20), or
centralized secondary control mastered by specific algorithms to be embedded in
the MGCC software modules [1]. In this chapter, a simple approach is described,
based on a local secondary control strategy. In both cases, target values for active
power outputs of the primary energy sources are defined based on the frequency
deviation error. For SMO, the target value is directly an active power set-point
sent to the prime mover of a controllable MS, while for MMO, the target value
can be both an active power set-point for a controllable MS connected to a PQ in-
verter or a new value for the idle frequency of a VSI connected to a MS with stor-
age devices in the DC-link.

f rer = 50 Hz

PI » MC Microsource

Active
power set
fue point

\ A

Fig. 20. Local secondary load-frequency control for controllable MS

1.3.3.  Exploiting low voltage MicroGrids for service restoration

Although DG has been increasing significantly in the recent years, there is little
work on the identification of its contribution for power systems restoration. Con-
ventional restoration procedures focus on the restoration of bulk power transmis-
sion systems and its loads. The current practice for DG integration in electrical
power systems is based on the principle that DG should not jeopardize the power
system to which it is connected and it should be quickly disconnected following
any disturbance. Additionally, it is only reconnected when distribution circuits are
energized and its voltage and frequency profiles are stable.



33

Power system conventional restoration procedures are usually developed before
any emergency situation occurs, adopting heuristic approaches, which reflect hu-
man operators experience to deal with the problem. Furthermore, the size and spe-
cific characteristics of actual power systems precludes the definition of an univer-
sal methodology [35]. The restoration plan is defined step by step, based on pre-
defined guidelines and operating procedures, sometimes exploiting decision sup-
port tools, which are an extremely valuable resource to assist system operators
[36]. The restoration procedure is focused on the plant preparation for restart, net-
work energization and system rebuilding. Depending on system characteristics, a
choice must be made between a strategy of energizing the bulk network before
synchronizing most of the generators or a strategy of restoring islands that will be
synchronized later [37].

In order to exploit the new possibilities offered by the increasing amounts of
DG units connected to electrical power systems, new approaches are required in
order to make possible DG participation in several system services, such as power
system restoration. In this scenario, it would be possible to develop a new restora-
tion process that will run simultaneously in the transmission and distribution sys-
tem. Such a strategy will exploit the conventional power system restoration strat-
egy in the upstream transmission level, while the energization of some islands by
means of DG units will allow expanding service restoration at the downstream dis-
tribution level based on the availability of DG units with BS capability. Contrary
to what are the current restoration strategies followed by the utilities, (wait several
hours for the restoration at the transmission level before restoring service in the
distribution level and allow DG connection), DG could allow the formation of
several distribution network cells through the exploitation of DG black start capa-
bilities. The coordination between the upstream and downstream restoration will
allow a better service continuity, increasing the amount of restored load and short-
ening the electric power system restoration times [2, 38].

Concerning the MG concept, the reduction of LV consumers interruption time
can be performed by allowing MG islanded operation until MV network is avail-
able and by exploiting MG generation and control capabilities to provide fast BS
at the LV level. If a system disturbance provokes a general or local blackout, such
that the MG is not able to successfully separate and continue to operate in islanded
mode, and if the MV network is unable to restore operation within a pre-defined
time, a first step in system recovery will be a local BS in the LV grid. This first
step will be afterwards followed by the MG synchronization with MV grid. Based
on the MG control strategies previously described and making use of the MG
communication infrastructures, special issues for MG service restoration are iden-
tified in order to totally automate MG restoration procedure. Within a MG, local
self-healing techniques can be derived, since MG can be used for service restora-
tion in their area of influence. The entire power system restoration procedure can
then exploit a simultaneous bidirectional approach: a conventional top down strat-
egy, starting from large plant restart and transmission energization, and simultane-
ously a bottom-up strategy, starting from the distribution side and exploiting DG
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units and microgeneration capabilities. Synchronization among these areas follows
afterwards. This approach helps to reduce restoration times and to reduce the un-
served electric energy during major failures [2].

During conventional power system restoration, a set of critical issues should be
addressed carefully: reactive power balance, switching transient voltages, load and
generation balance and coordination, sequencing of generating units start-up and
definition of the relays settings [39]. In case of a MG, the restoration procedure is
much simpler due to the reduced number of controllable variables (switches, MS
and loads). On the other hand, it is important to stress it will not be expectable to
find conventional synchronous machines in a MG, which are liable for voltage and
frequency control in conventional power systems. As previously referred, most of
the MS currently available are not suitable for direct connection to the LV grid,
requiring power electronic interfaces. Another special issue related to MS opera-
tion concerns its slow response to the control signals in order to change the output
power. The absence of synchronous machines connected to the LV grid requires
that power balance during transients should be provided by energy storage de-
vices. Furthermore the controllability characteristics of the power electronic inter-
faces used in MS contributes to the definition of very specific restoration strate-
gies.

1.3.3.1. MicroGrid black start

Based on the MG control strategies previously discussed and making use of the
MG communication infrastructures, this section tackles the description of special
issues for MG service restoration in order to totally automate the entire procedure.
The MG black start will be centrally guided by the MGCC software. Under this
philosophy, the BS software module is responsible for controlling a set of rules
and conditions to be checked during the restoration stage, which should be identi-
fied in advance. These rules and conditions define a sequence of control actions to
be carried out during the restoration procedure. The main steps to be considered
include building the LV network, connecting MS, controlling voltage and fre-
quency, connecting controllable loads and MG synchronization with the upstream
MYV network when it becomes available [2].

The MG restoration procedure will be triggered if a general or local blackout
occurs or if major injuries affecting the MV network do not allow feeding the MG
from the MV side after a pre-defined time interval. The MGCC should also re-
ceive information from the DMS about the service restoration status at the MV
level in order to help deciding to launch the local BS procedure. The flow chart
shown in Fig. 21 delineates the procedure followed by the MGCC to detect the
occurrence of a blackout and decide when to trigger the MG black start procedure.
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Fig. 21. Flow chart defining the conditions to trigger MG black start procedure

1.3.3.2. General requirements for MicroGrid black start

MG local controllers and the MG communication infrastructure are of utmost
importance for the success of the restoration procedure. Thus, small auxiliary
power units are required to power the communication network elements and local
controllers (LC and MC). Another basic requirement is the availability of MS with
BS capability, which involves an autonomous power supply to launch this kind of
generation. Regarding SSMT technology previously described, it presents the ca-
pability of autonomous black start without being connected to the grid, if a battery
pack is installed in the unit. MS restart procedure is carried out previously to
building the LV network so it is not reflected in the L'V network. Beyond this es-
sential condition, it is also required availability for:

e Updated information, obtained before disturbance, about the status of
load/generation in the MG and about availability of MS to restart. During nor-
mal operation, the MGCC periodically receives information from the LC and
MC about consumption levels and power generation, storing this information in
a database. It also stores information about technical characteristics of the dif-
ferent MS in operation, such as active and reactive power limits. This informa-
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tion will be used to restore the critical loads of the consumption scenario before
blackout occurrence.

e Preparing network for re-energization. MG loads and generators must be dis-
connected from the LV grid after system collapse. Also, the MV/LV distribu-
tion transformer should be disconnected from the LV and MV networks.

During the BS procedure development, MS with BS capability are the SSMT
and the MG energy storage units. At least during the first stages of this sequence,
a multi master control approach needs to be adopted, since several VSI can oper-
ate in parallel and therefore will increase system robustness. Later, this strategy
can be turned into a SMO in the final stages of the BS procedure.

1.3.3.3. Sequence of actions for MicroGrid black start

After a general blackout, the MGCC will perform service restoration in the LV
area based on the information stored in a database about the last MG load sce-
nario, as described before, by performing the following sequence of actions [2]:

o Sectionalizing the MG around each MS with BS capability in order to allow it
to feed its own (protected) loads. These actions lead to an initial creation of
small islands inside the MG, which will be all synchronized later. In this case,
each MS with BS capability is running and feeding a load, which helps to stabi-
lize its operation.

e Building the LV network. The MG main storage device is used for energising
an initial part of the LV network, followed by switching on all the remaining
LV switches not connected to loads or MS. An additional issue during LV en-
ergization is related to MG neutral earthing, since the TN-C-S system is sug-
gested to be adopted [34]. MG neutral earthing should be created at the MG
storage unit.

o Small islands synchronization. MS already in standalone operation mode
should then be synchronized with the LV network. The synchronization condi-
tions (phase sequence, frequency and voltage differences) should be verified by
local MC, after the procedure is enabled by the MGCC, in order to avoid large
transient currents which may compromise inverters operation.

e Connection of controllable loads to the LV network is performed if the MS
running in the LV network has the capability to supply these loads. The amount
of power to be connected should take into account the available storage capac-
ity in order to avoid large frequency and voltage deviations during load connec-
tion. Motor load starting is a critical issue due to the large current absorbed in
the first moments.

o Connection of non-controllable MS or MS without BS capability, such as PV
and micro wind generators. At this stage, the system MS are sufficiently loaded
in order to smooth voltage and frequency variations due to power fluctuations
in non-controllable MS, so they can now be connected. LV network paths can
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also be created so that MS without BS capability can absorb power from the
grid in order to restart.

e Load increase. In order to feed as much load as possible, depending on genera-
tion capability, other loads can then be connected. Motor load start-up is a criti-
cal issue due to the large current absorbed in the first moments. Large motor
loads must be connected when the main MS are feeding the LV grid in order to
increase the short-circuit power.

e Changing the control mode of MS inverters. The MG main storage inverter is
controlled as a VSI, providing system voltage and frequency references. Then
the MS with BS capability inverters operated as VSI may be changed to PQ
control.

e MG synchronization with the MV network when it becomes available. The syn-
chronization conditions should be verified again, after the order is given by the
MGCC. This means the distribution transformer should be previously ener-
gized from the MV side, being the synchronization then performed through LV
switches.

During MG restoration stages, special attention should be given to frequency.
The frequency control principles previously described should be used in order to
guarantee stable operating conditions.

1.4. Application Example

In the previous sections were described MS modelling details and the control
strategies to be adopted in a MG when the system becomes isolated or it has to
deal with a BS situation. The main objective of this section is to illustrate the per-
formance of the control strategies previously described through the analysis of an
application example. Therefore, a simulation platform was developed under the
MatLab®/Simulink® environment, where MS models and MG control strategies
for islanding operation were implemented.

1.4.1. Moving to islanding operation

The single line diagram of the LV test system used in this example is shown in
Fig. 22. This LV test system is composed by a MV/LV distribution transformer
and two LV distribution feeders. A LV distribution feeder is used to supply an in-
dustrial consumer, which has connected two 30 kW SSMT (SSMT 1 and SSMT
2). The industrial consumer load is composed by a mix of induction motor loads
and constant impedance loads. The other LV feeder is used to supply a residential
area with two apartment buildings and a group of residences. Within the residen-
tial area there are several microgeneration technologies connected to the grid. It
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was also assumed that some residential loads are to be modeled as induction motor
loads. The MG main storage device (a flywheel, battery or supercapacitor) is con-
nected through a LV cable to bus 1 and it is indented to allow MG running into is-
landing operation. The MG separation device is assumed to be the LV breaker lo-
cated in the LV side of distribution transformer. The MG peak load is around 170
kVA, while the total MS installed capacity is 155 kW (storage device is not consi-
dered since it only injects energy in the grid during transient situations). As the to-
tal MS capacity is not able to cover the MG peak load, MG islanding can only
take place if it assumed the possibility of disconnecting some loads in the mo-
ments subsequent to MG islanding.
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Fig. 22. MG test systems for studding MG islanding operation

Disconnection from the upstream MV network and load-following in islanded
operation was simulated in order to illustrate the dynamic behaviour of the MG
and the effectiveness of the control functionalities. MG islanding can occur in two
different situations: scheduled islanding and forced islanding (resulting from faults
in the upstream MV grid). For illustration purposes, results from forced islanding
due to faults in the MV grid are presented next. In this scenario the SOFC and the
SSMT are supposed to be the controllable MS used for the secondary load-
frequency control.

In other to illustrate the performance of the MG emergency control strategies,
two operating scenarios were defined: Table 2 summarizes each scenario regard-
ing MG power generation and the decomposition of MG load in terms of constant
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impedance load and induction motor loads. A single master operation strategy is
considered in this example (a single VSI is connected to the MG, as it is shown in
Fig. 22). The simulation results shown in Fig. 23 and Fig. 24 show the MG dy-
namic behavior after a three-phase fault occurring in the MV network at t = 10 s,
which is followed by MG islanding in 100 ms (MG islanding takes place at t =
10.1 s).

Table 2. Characterization of MG operating scenarios

Constant Impedance Induction Motor MS Generation
Scenario Loads Loads
P (kW) Q (kvar) P (kW) Q (kvar) P (kW) Q (kvar)
112.2 383 249 16.1 138.2 54.7
2 80.1 27.2 24.9 16.3 105.6 43.4

Following MG islanding, the frequency drifts from the nominal value due to
the load and generation unbalance. The results show that the MG main storage de-
vice is responsible for the balance of local load and generation in the moments
subsequent to the islanding; at the same time, controllable MS participate in fre-
quency restoration using the PI control strategy previously described and its power
output increases according to their dynamic time constants. The large time con-
stants of the MS lead to a relatively slow process for restoring frequency to its
nominal value. Following the power increase in the controllable MS, storage de-
vices progressively reduce its power output while MG frequency is increasing to-
wards the nominal value. The storage device is responsible for matching local load
and generation during this process. Its contribution in terms of active power in-
jected in the MG and its evolution according to the MG frequency is also shown in
Fig. 23.

MG frequency in the moments subsequent to islanding has a long period with a
quite pronounced deviation from the nominal value. Load shedding mechanisms
can be used as an emergency action against large frequency excursions. Basically,
the dynamic behavior of the system is improved if some percentage of the load is
temporarily disconnected. The implementation of automatic and local load shed-
ding mechanisms is based on four load disconnection steps that can be indepen-
dently parameterized (each load disconnection step corresponds to a certain devia-
tion in the system frequency). Table 3 shows the settings adopted for the load
shedding mechanisms installed in controllable loads (load shedding is applied in
constant impedance loads connected to buses 2 and 7).
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(dash line)

Table 3. Settings for load shedding mechanisms in controllable loads

Frequency deviation (Hz) Load shedding (%)

0.25 30
0.50 30
0.75 20
1.00 20

The combined effect of primary frequency control, secondary load-frequency
control and load shedding mechanisms is shown in the next figures. Due to the
large initial frequency deviation following MG islanding, an amount of load is au-
tomatically shed through the activation of under frequency load shedding relays
installed in LC. As it can be observed in Fig. 24Fig. , the introduction of load
shedding mechanisms significantly reduces frequency deviations following MG
islanding in comparison with the case where the load shedding mechanisms are
not considered. The amount of load that was automatically shed in buses 2 and 7 is
around 46+j17 kVA in scenario 1 and /7+;7 kVA in scenario 2.
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Following MG islanding, the natural load and generation variations need to be
accommodated in order to ensure stable operation. Concerning scenario 2 pre-
viously described, the effects of load step connection were evaluated during MG
islanding operation. Firstly, the loads that were disconnected due to the action of
under frequency load shedding relays assumed to be installed in LC can be recon-
nected. Depending on the amount of load that was disconnected, a procedure
based on a smooth step load connection should be used in order to avoid large fre-
quency deviation that might compromise load reconnection. Load that was shed
following MG islanding was reconnected in two steps at t = 160 s and t = 190 s, as
can be observed in Fig. 25. Later, at t = 250 s, a 25+j6 kVA load was connected
and disconnected at t = 400 s. As can be observed from the obtained results, the
MG primary and secondary frequency control strategies ensure a stable operation
in load following conditions.
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Fig. 25: MG frequency and controllable MS active power during islanding operation (load fol-
lowing)

1.4.2. MicroGrid black start

The LV voltage test system used in order to evaluate the performance of the
MG restoration plan is shown in Fig. 26. The modifications introduced compara-
tively to the test system shown in Fig. 22 results from the types of MS used for
this case, since SOFC are not suitable for a fast start-up following shut down.
Therefore, the SOFC was substituted by a SSMT. Without loose of generalization,
SSMT 1 and SSMT 2 in Fig. 22 were combined in an equivalent microturbine,
with rated capacity of 60 kW.

In order to illustrate the MG service restoration procedure, it is assumed that all
microturbines restarted successfully following the general blackout. The initial
steps of the restoration procedure consist on the connection of the SSMT protected
loads, as shown in Fig. 27 att=5s,t=10s and t = 15 s. Following the load con-
nection to each SSMT operating autonomously, the frequency drifts according to
the droop characteristic used in each VSI. Frequency deviation after load recon-
nection is a critical issue in this procedure, thus requiring a special attention. In
order to maintain MG frequency within thigh limits (+0.2 Hz), a local secondary
control is used to restore MG frequency to nominal value. This secondary control
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is used to define the values of the VSI idle angular frequency as a function of fre-

quency deviation.
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Fig. 26. MG test systems for studding MG restoration procedure

Following the energization the LV network and the connection of SSMT pro-
tected loads, the restoration procedure consists on the following sequence of ac-

tions:

[ ]

[ ]

[ ]

[ ]

[ ]

e Connecting PV 1 (t=1305);
e Connecting PV 2 (t=140s);
[ ]

[ ]

[ ]

Synchronizing the SSMT 1 with the LV network (t =32.3 s);
Synchronizing the SSMT 2 with the LV network (t = 57.0 s);
Synchronizing the SSMT 3 with the LV network (t = 86.5 s);
Connecting controllable loads (t = 100 s);

Connecting wind generator (t = 119.7 s);

Motor loads start-up (t= 170 s and t =175 s);
Changing the control mode of the SSMT (t=190s,t=195 s and t = 200 s);
Synchronizing the MG with the MV network (t = 250.2 s).

During the reintegration phase (synchronization of several controllable MS to
the LV grid), a careful verification of the necessary synchronization conditions is
required, involving correction in the voltage magnitude and phase angle (frequen-
cy) of each VSI to be synchronized with the LV network. The procedure is
enabled centrally by the MGCC, but the synchronization conditions are checked
locally by each MC. For example, when synchronizing the SSMT 1 with the LV
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network, the procedure is enabled at t=25s; at the same time, a slight frequency
variation is made upon the SSMT 1 inverter so that a small phase error can be
achieve between the SSMT 1 and MG voltages in order to synchronize them with
negligible impact in the network (Fig. 27). The voltage magnitude is also cor-
rected so that it matches the grid voltage, as it can be observed from Fig. 28 at
about t=30s. As MG loads are modelled as constant impedances, voltage cor-
rection causes a small power increase that can be observed in Fig. 27 and Fig. 28
around t = 30 s. For synchronizing SSMT 2 and SSMT 3 with the LV grid a simi-
lar procedure is followed.
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Fig. 27. MS frequencies and active power during the first steps of the black start procedure

The MG long term dynamic behavior was studied using a voltage droop control
scheme in all MS with BS capability. Only small adjustments on the idle voltage
of inverters are performed in order to minimize the errors in the voltage magnitude
before the synchronization. The results obtained demonstrate that the used voltage
regulation principle ensures MG stability and no reactive power oscillations
among MS are observed (Fig. 28).

The effect of small motor loads start-up can be observed in Fig. 29 and Fig. 30
around t =170 s and t = 175 s. Although starting up from the stall position, the ef-
fect on the system is not a critical issue because motors are starting up under a
multi master operation scheme, as it can be observed in Fig. 29 when analyzing
node voltage drop.
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After restoring the full operation of the MG, the control scheme of the SSMT
inverters is changed from VSI to PQ control, which is the normal operation mode
whenever an external source is used to define MG frequency and voltage. It is
possible to observe in Fig. 29 and Fig. 30 that changing the control mode has no
significant impact in the MG since the power levels in the MS are maintained
(changing the control mode of the several SSMT occurs at t =190 s, t = 195 s and
t=200 s).
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Fig. 28. MS voltages and reactive power during the first steps of the black start procedure

When the MV network becomes available, synchronization with the upstream
MYV grid needs to be performed. Therefore, the MGCC requires the VSI of the
MG main energy storage device to change slightly its frequency and voltage in or-
der to check the synchronization conditions. Fig. 31 shows a detail of the impact
of the synchronization procedure in terms of current, active and reactive power
flowing in the LV side of the distribution transformer. As the majority of the MG
loads is modelled as constant impedances, voltage correction (increase) prior to
synchronization provokes an increase in the active power consumption within the
islanded MG. After synchronization this power surplus is supplied by the MV
network (Fig. 31), since the MG main storage droop imposes a zero power output
after synchronization.
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1.1.Final Remarks

Following the increasing penetration of DG in MV networks, the dissemination
of different microgeneration technologies such as microturbines, fuel cells, photo-
voltaic PV panels and micro wind generators, is expected to become one possible
approach to face the continuous electricity demand growth. The massive integra-
tion of DG units under this approach may cause more problems than those it may
solve. Therefore, it is imperative to define new DG integration strategies, through
which a system perspective is used in order to exploit the potential benefits DG
may provide. Additionally, in the recent times the trend is not to consider DG
alone, but in a wider context, which includes the use of energy storage devices and
responsive and/or controllable loads. The electrical distribution network of the fu-
ture will involve more than just massive integration of DG units into the grids. It
will require the adoption of more ambitious concepts related to active manage-
ment of the distribution grids, where loads, storage devices and DG can be used
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together to improve the overall system efficiency, the quality of electricity supply
and the overall operating conditions, leading to a fully active distribution network.

420 T T T T T T T T T T T T
410 g O D 1
2 400
o : H
S
= 300 i E
> .
380k —— MG main storage
----- SSMT 1
370 L L L L L L L L L L SSMT 2
90 100 110 120 130 140 150 160 170 180 190 200 210 220
30 T T T T T T T T T T T T
< 25 E
S
'Y
< 20F g
2
o 151 -
o
o
= 10 -
% 1\
& 51 i
0 [ [ [ [ [ [ [ [ { | ——MG main storage
90 100 110 120 130 140 150 160 170 180 190 200 210 220
20
T T T T T T T T T SSMT 1
5 """ SSMT 2
< 15 e GSMT 3
3 10} 5 ’ i ]
a H
i L
2 f"'_é‘—“, i ——— | A ) e
S 5 |2 [ S H i
O b
o
0 I I I I I I L L L L L L
90 100 110 120 130 140 150 160 170 180 190 200 210 220

Time (s)
Fig. 30. MS terminal voltages and reactive power output

The cost effective integration of DG into electrical distribution systems de-
pends greatly from the deployment of active management strategies in the plan-
ning and operation activities, deeply contrasting with the current connect and for-
get policies. The intensive use of active management techniques enable the
Distribution Network Operators to maximize the use of the existing circuits by
taking full advantage of a significant number of control variables, which are not
monitorable nor controllable in their current operation and planning philosophies.
Under such scenario, it will be possible to implement several functionalities such
as active load management, DG active and reactive power dispatch, control of
transformer taps, voltage regulation and system reconfiguration in an integrated
manner. The key issues for a costly and effectively DG integration in distribution
networks requires a massive adoption of new operation and management philoso-
phies aiming to exploit all the available resources.
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bution transformer

The MG concept consists on the aggregation of loads and MS operating in a
single system with appropriate management and control functionalities. Such that
both power and heat can be provided to local consumers, allowing in this way a
very complete MS integration strategy. In fact, the MG concept leads to the devel-
opment of an active cell of the distribution network, which has the ability of
autonomous operation. Such operation mode that can be exploited in a MG can be
considered as a radical change in the current practice followed by distribution
network operators, which do not allow islanded operation of parts or sections of
the distribution network.
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