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Dynamic Modelling and Control Design of
Advanced Energy Storage for
Power System Applications

Marcelo Gustavo Molina
CONICET, Instituto de Energia Eléctrica, Universidad Nacional de San Juan
Argentina

1. Introduction

In general, a large percentage of the electric power produced is generated in huge
generation centres far from the consumption, and with centralized transmission and
distribution systems, where the weak point of this scheme is the efficiency with high energy
losses in the form of heat. This problem has been increased in the last years due to the
significant growth of electric energy demand and in the case of structures of weakly meshed
electrical grids, due to the high vulnerability in cases of faults that can originate frequently
severe transient and dynamic problems that lead to the reduction of the system security
(Dail et al., 2007). Many large blackouts that happened worldwide in the last decade are a
clear example of the consequences of this model of electric power. These problems, far from
finding effective solutions, are continuously increasing, even more impelled by energy
factors (oil crisis), ecological (climatic change) and by financial and regulatory restrictions of
wholesale markets, which causes the necessity of technological alternatives to assure, on one
hand the appropriate supply and quality of the electric power and on the other one, the
saving and the efficient use of the natural resources preserving the environment.

An alternative technological solution to this problem is using small generation units and
integrating them into the distribution network as near as possible of the consumption site,
making this way diminishing the dependence of the local electrical demand, of the energy
transmission power system. This solution is known as in-situ, distributed or dispersed
generation (DG) and represents a change in the paradigm of the traditional centralized
electric power generation (El-Khattam & Salama, 2004). In this way, the distribution grid
usually passive is transformed into active one, in the sense that decision making and control
is distributed and the power flows bidirectionally. Here it is consolidated the idea of using
clean non-conventional technologies of generation that use renewable energy sources (RESs)
that do not cause environmental pollution, such as wind, photovoltaic (PV), hydraulic,
biomass among others (Rahman, 2003).

At present, perhaps the most promising novel network structure that would allow obtaining
a better use of the distributed generation resources is the electrical microgrid (MG)
(Kroposki et al., 2008). This new paradigm tackles the distributed generation as a subsystem
formed by distributed energy resources (DERs), including DG, RESs and distributed energy
storage (DES) and controllable demand response (DR), also offering significant control
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capacities on its operation. This grid is designed to be managed as a group with a
predictable unit of generation and demand, and can be operated as much interconnected to
the main power system as isolated. In this way, the coordinated control of DERs and DR
would allow maximizing the benefits for the owners of the microgrid, giving an attractive
remuneration, as well as for the users, providing the thermal and electric demands with
lesser energy costs and meeting the local requirements of security and dependability
(Katiraei et al., 2008).

In recent years, due mainly to the technology innovation, cost reduction, and government
policy stimulus there has been an extensive growth and rapid development in the
exploitation of renewable energies, particularly wind and photovoltaic solar ones. However,
the power provided by these RESs frequently changes and is hardly predictable, especially
for the case of wind generation. Today, there exists an increasing penetration of large-scale
wind farms (WF) and PV solar power plants into the electric power system all over the
world (Battaglini et al., 2009). This situation can lead to severe problems that affect the micro
grid security dramatically, particularly in a weak grid, i.e. system frequency oscillations due
to insufficient system damping, and/or violations of transmission capability margin due to
severe fluctuations of tie-line power flow, among others (Slootweg & Kling, 2003; Pourbeik
et al., 2006). Even more, as presently deregulated power markets are taking place,
generation and transmission resources are being utilized at higher efficiency rates, leading
to a tighter control of the spare generation capacity of the system (Pourbeik et al., 2006a).

In order to overcome these problems, energy storage systems (ESS) advanced solutions can
be utilized as an effective DES device with the ability of quickly exchanging the exceeding
energy stored during off-peak load periods and thus providing a bridge in meeting the
power and energy requirements of the microgrid. By combining the technology of energy
storage with a recent type of power electronic equipments, such as flexible alternating
current transmission systems (FACTS) (Song & Johns, 1999; Hingorani & Gyugyi, 2000), the
power system can take advantage of the flexibility benefits provided by the advanced ESSs
and the high controllability provided by power electronics. This allows enhancing the
electrical grid performance, providing the enough flexibility to adapt to the specific
conditions of the microgrid including intermittent RESs and operating in an autonomous
fashion. There are many advanced technologies available in the market for energy storage
with high potential of being applied in electrical microgrids. Such modern devices include
super (or ultra) capacitors (SCES or UCES, respectively), superconducting magnetic energy
storage (SMES), flywheels (FES) and advanced batteries (ABESS) among others. These ESSs
can play a crucial, multi-functional role since storage facilities are designed to excel in a
dynamic environment. Some factors driving the incorporation of these novel storage
technologies include reduced environmental impact, rapid response, high power, high
efficiency, and four-quadrant control, solving many of the challenges regarding the
increased use of renewable energy sources, and enhancing the overall reliability, power
quality, and security of power systems.

2. Overview of distributed energy storage technologies

A number of energy storage technologies have been developed or are under development
for power system applications. These systems use different energy storage technologies,
including conventional energy storage that have been extensively proven over many years,
and recently developed technologies with high potential for applications in modern power
systems, especially in electrical microgrids.
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Four energy storage methodologies gather these technologies, i.e. chemical, electric,
mechanic, and thermal energy storage (Molina & Mercado, 2001, 2003). Chemical storage
methods use a reversible chemical reaction that takes place in the presence of an electrolyte
for storing/producing DC electricity. This approach includes both, battery systems and fuel
cells. Batteries contain the classic and well-known lead-acid type as well as the modern
redox (reduction-oxidation) flow batteries and the advanced battery energy storage systems
(ABESSs). ABESSs comprise new alkaline batteries, nickel chemistry (nickel-metal hydride-
NiMH, and nickel-cadmium-NiCd), lithium chemistry (lithium-Li, and lithium-ion-Li-Ion),
and sodium chemistry (sodium-sulfur-NaS, and sodium-salt-NaNiCl). Fuel cells (FC-
hydrogen cycle and reversible/regenerative FCs) include five major types, that is alkaline
fuel cells (AFC), proton exchange membrane fuel cells (PEMFC), phosphoric acid fuel cells
(PAFC), molten carbonate fuel cells (MCFC), direct methanol fuel cells (DMFC), and solid
oxide fuel cells (SOFC). Electric storage methods store energy directly as DC electricity in an
electric or magnetic field, with no other intermediate energy transformation. This approach
includes recent developments in superconducting magnetic energy storage (SMES) and the
so-called super (or ultra) capacitor energy storage (SCES or UCES, respectively). Modern
mechanical storage methods exchange their energy with the power system directly as AC
electricity using a synchronous or asynchronous motor/generator. This methodology
comprises updating of popular and well-proven pumped hydro, modern flywheels, and
compressed air energy storage (CAES) systems. Thermal storage systems store energy as
super-heated oil or molten salts. The heat of the salt or oil is used for steam generation and
then to run a turbine coupled to an electric motor/generator.

Most of these technologies have been classified in terms of power and energy applications,
grouped in short-term and long-term energy storage capabilities, as shown in Fig. 1 (Energy
Storage Association, 2003). In general terms, power applications refer to energy storage
systems rated for one hour or less, whereas energy applications would be for longer periods.

1h

Short-term Storage Long-term Storage
Flywheels Flow Batteries/FCs
SMES Batteries (Lead Acid+Advanced BESS)
Super Capacitors CAES
Pumped
& M. G. Molina, 2009 Hydro

Fig. 1. Classification of energy storage technologies based on the storage capability

Energy storage in interconnected power systems has been studied for many years and the
benefits are well-known and in general understood (Nourai, 2002; Energy Storage
Association, 2003). In contrast, much less has been done particularly on distributed energy
storage, but most of the same benefits apply. In both cases, storage costs, limited sitting
opportunities, and technology limitations have restricted the use of energy storage during
last decades. This chapter will address DES technologies for power applications in
microgrids, i.e. considering only short-term energy storage capability requirements, since
they are essential for allowing the microgrid operation in autonomous fashion and even
more with high penetrations of intermittent renewable energy sources. They play the major
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role in control and operation of a microgrid by providing an instantaneous bridge in
meeting the power and energy requirements of the microgrid when DG sources primary
reserve is not sufficient to meet the demand, particularly in response time. The analysis
presented is focused on the three foremost advanced short-term energy storage systems,
such as super capacitors, SMESs and flywheels.

2.1 Superconducting Magnetic Energy Storage — SMES

SMES is a type of energy storage system where energy is permanently stored in a magnetic
field generated by the flow of DC current in a superconducting coil (SC). This coil is
cryogenically cooled to a temperature below its critical temperature to exhibit its
superconductivity property. The basic principle of a SMES is that once the superconducting
coil is charged, the current will not decay and the magnetic energy can be stored
indefinitely. This stored energy can be released back into the electric network by simply
discharging the coil (Buckles & Hassenzahl, 2000). An attractive and a potentially cost-
effective option for modern SMES systems is to use a high-temperature superconductor
(HTS: Ceramic oxide compound) SMES cooled by liquid nitrogen instead of the usual low-
temperature superconductor (LTS: Niobium-titanium alloy) SMES cooled by liquid helium
to provide a short-term buffer during a disturbance in the power system.

The basic structure of a SMES device is shown in Fig. 2. The base of the SMES unit is a large
superconducting coil, whose basic structure is composed of the cold components itself (the
SC with its support and connection components, and the cryostat) and the cryogenic
refrigerating system (Arsoy et al., 2003). On the other hand, the power conditioning system
provides a power electronic interface between the AC power system and the SC, aiming at
achieving two goals: one is to convert electric power from DC to AC, and the other is to
charge/discharge efficiently the superconducting coil.

LT/HT Superconducting Magnet

Liquid
Helium/ .
Nitragen Cryogenic Helium/
Refrigerator Nitrogen

Cryostat

Fig. 2. Basic structure of a SMES device

SMES systems have many advantages over typical storage systems. The dynamic
performance of a SMES system is far superior to other technologies. The superconducting
feature of the SMES coil implies the "permanent" storage of energy because it has no internal
resistance, which makes the stored energy not to be dissipated as heat. Moreover, this
allows the coil to release all its stored energy almost instantaneously, a reason why they are
very quick and have very short response times, limited by the switching time of the solid
state components responsible of the energy conversion. On the other hand, the operation of
the system and the lifetime are not influenced by the number of service cycles or the depth
of discharge as in the case of traditional batteries. Additionally, a SMES system is highly
efficient with more than 95% efficiency from input back to output, as well as highly reliable
because of no using moving parts to carry out the energy storing.
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Among the disadvantages of the SMES device is the high cost of superconducting wires and
the large energy requirements for the refrigeration of the SMES system at cryogenic
temperatures, particularly in conventional units (LTS); although this demand is
considerably reduced by using modern HTS materials. In addition to these drawbacks is the
use of huge magnetic fields, which can overcome 9 T.

2.2 Super Capacitor Energy Storage — SCES

Capacitors store electric energy through the electric field formed between two conducting
plates (electrodes), when a DC voltage is applied across them. The so-called super capacitor
energy storage (SCES), aka ultra capacitor energy storage (UCES), are a relative recent
technology in the field of short-term energy storage systems and consist of a porous
structure of activated carbon for one or both electrodes, which are immersed into an
electrolytic solution (typically potassium hydroxide or sulphuric acid) and a separator that
prevents physical contact of the electrodes but allows ion transfer between them (Barker,
2002). This structure effectively creates two equivalent capacitors (between each electrode
and the electrolyte) connected in series, as shown in the schematic view of its internal
components of Fig. 3. Energy is stored as a charge separation in the double layer formed at
the interface between the solid electrode material surface and the liquid electrolyte in the
micropores of the electrodes. Due to this feature, these capacitors are also known as electric
double layer capacitors (EDLC) or simply advanced electrochemical capacitors.
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Fig. 3. Schematic view of a super capacitor

A super capacitor largely is subject to the same physics as a standard capacitor. That is, the
capacitance is determined by the effective area of the electrodes, the separation distance of
them and the dielectric constant of the separating medium. However, the key difference of
the super capacitor is that with its structure of liquid electrolyte and porous electrodes
(activated carbon material), an extremely high specific surface area is obtained (hundreds of
m2/g) compared to the conventional electrode structure (Conway, 1999). Furthermore, it
ensures an extremely short distance at the interface between electrode and electrolyte (less
than 1 pm). These two factors lead to a very high capacitance per unit of volume, which can
be from hundreds to thousands times larger than electrolytic capacitors, up to a few
thousand Farads (typically 5000 F) (Schindall, 2007). Unfortunately, the maximum voltage is
limited to a few volts (normally up to 3 V) by the decomposition voltage of the electrolyte,
mainly because of the presence of impurities.

Super capacitors have big advantages which make them almost non comparable in many
applications. Because they have no moving parts, and require neither cooling nor heating,
and because they undergo no internal chemical changes as part of their function, they are
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robust and very efficient, reaching a cycle efficiency of 95% or more. Also, they require
practically no maintenance and the lifetime is exceptionally high, with no lifetime
degradation due to frequent and deep cycling. Presently, the life cycle of a typical super
capacitor reaches over hundred thousands of duty cycles or more than 10 year life. Since
super capacitors are capable of very fast charges and discharges, they make a perfect fit for
voltage regulation in the power world.

Unfortunately, the most important disadvantage of super capacitors is that they are in the
earliest stages of development as an ESS for power system applications and consequently
costs are still extremely high. Presently, very small super capacitors in the range of seven to
ten watts are widely available commercially for consumer power quality applications and
are commonly found in household electrical devices. Development of larger-scale capacitors
has been focused on electric vehicles. Presently, small-scale power quality (up to 250 kW) is
considered to be the most promising utility use for advanced capacitors.

2.3 Flywheel Energy Storage — FES

A flywheel device stores electric energy as kinetic (or inertial) energy of the rotor mass
spinning at very high speeds. Fig. 4 shows the structure of a conventional flywheel unit. The
charging/discharging of the device is carried out through an integrated electrical machine
operating either as a motor to accelerate the rotor up to the required high speeds by
absorbing power from the electric grid (charge mode) or as a generator to produce electrical
power on demand using the energy stored in the flywheel mass by decelerating the rotor
(discharge mode). The system has very low rotational losses due to the use of magnetic
bearings which prevent the contact between the stationary and rotating parts, thus
decreasing the friction. In addition, because the system operates in vacuum, the
aerodynamic resistance of the rotor is outstandingly reduced. These features permit the
system to reach efficiencies higher than 80% (Nourai et al., 2005).

Flywheels have the ability to charge and discharge rapidly, and are almost immune to
temperature fluctuations. They take up relatively little space, have lower maintenance
requirements than batteries, and have a long life span. Flywheel devices are relatively
tolerant of abuse, i.e. the lifetime of a flywheel system will not be shortened by a deep
discharge unlike a battery. The stored energy is directly proportional to the flywheel rotor
momentum and the square of the angular momentum, a reason why increments in the
rotation speed yield large benefits on the storage energy density. Keeping this in mind, the
classification in two types of flywheels arises: high speed flywheels (HS: approximately
40 000 rpm) and low speed flywheels (LS: approximately 7 000 rpm). High-speed flywheels
allow obtaining very compact units with high energy densities (Liu & Jiang, 2007).
Conventional magnetic bearings have low specific power consumption (W/g), which is
dissipated as heat in the copper of the bearing electromagnets. This power depends on the
structure of the bearing and the utilized control system. Modern superconducting magnetic
bearings, on the other hand, have demonstrated very low losses (10-2-10-W/kg) in rotors at
low speeds. This leads to a very high overall efficiency of the system, exceeding 90%.
Although most of the flywheel technology was developed in the automobile and aerospace
industry, it is expected that flywheels have most commercial success targeted for power
delivery capabilities of up to 1 MW. They are particularly suitable for the PQ and reliability
market, but no large-scale applications of the technology have been installed to date. A big
disadvantage of modern high-temperature superconducting flywheel devices is that they
constitute a new technology, which is currently under development. Such systems would
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offer inherent stability, minimal power loss, and simplicity of operation as well as increased
energy storage capacity, which may show a promising future for use in the power sector.
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Fig. 4. Structure of a conventional flywheel

3. Application of advanced distributed energy storage in microgrids

For microgrids to work properly, an upstream interconnection switch must open typically
during an unacceptable power quality (PQ) condition, and the DER must be able to provide
electrical power to the islanded loads. This includes maintaining appropriate voltage and
frequency levels for the islanded subsystem. In this way, the DER must be able to supply the
active and reactive power requirements during islanded operation, so that fast-acting
generation reserve is required. As a result, for stable operation to balance any instantaneous
mismatch in active power, efficient distributed energy storage, such as super capacitors,
SMESs and flywheels, must be used (Katiraei et al., 2008).

In a distributed energy storage system, the power conditioning system (PCS) is the interface
that allows the effective connection to the electric power system. The PCS provides a power
electronic interface between the AC electric system and the DES, aiming at achieving two
major goals: one is to convert electric power from DC (or in some cases uncontrolled AC) to
AC (established by the utility grid), and the other is to charge/discharge efficiently the DES
device. The dynamics of the PCS directly influences the validity of the DES unit in the
dynamic control of the microgrid. With the appropriate topology of the PCS and its control
system design, the DES unit is capable of simultaneously performing both instantaneous
active and reactive power flow control, as required in modern microgrid applications.

The progress in new technologies of power electronics devices (Bose, 2002; Carrasco et al.,
2006), named flexible AC transmission systems (FACTS), is presently leading the use of
advanced energy storage solutions in order to enhance the electrical grid performance,
providing the enough flexibility to adapt to the specific conditions of the microgrid and
operating in an autonomous fashion. Just as flexible FACTS controllers permit to improve
the reliability and quality of transmission systems, these devices can be used in the
distribution level with comparable benefits for bringing solutions to a wide range of
problems. In this sense, FACTS-based power electronic controllers for distribution systems,
namely custom power (CP) devices (or simply distribution FACTS), are able to enhance the
reliability and the quality of power delivered to customers (Molina & Mercado, 2006). A
distribution static synchronous compensator (DSTATCOM) is a fast response, solid-state
power controller that belongs to advanced shunt-connected CP devices and provides
flexible voltage control at the point of common coupling (PCC) to the utility distribution
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feeder for power quality and stability improvements. It can exchange both active and
reactive powers with the distribution system by varying the amplitude and phase angle of
the PCS voltage with respect to the PCC voltage, if an energy storage system is included into
the inner DC bus. The effect is a controlled current flow through the tie reactance between
the DSTATCOM and the distribution network, this enabling the DSTATCOM to mitigate
voltage fluctuations such as sags, swells and transients. Furthermore, it can be utilized for
providing voltage regulation, power factor correction, harmonics compensation and
stability augmentation. The addition of energy storage to the power custom device, through
an appropriate interface, leads to a more flexible integrated controller. The ability of the
DSTATCOM-DES (also known simply as DES system) to supply effectively active power
allows expanding its compensation actions, reducing transmission losses and enhancing the
operation of the electric microgrid (Molina et al., 2007).

Fig. 5 depicts a functional model of various advanced energy storage devices integrated
with the appropriate power conditioning system for microgrid applications. This model
consists mainly of a DSTATCOM, the energy storage system and the interface between the
DSTATCOM and the DES, represented by the bidirectional converter.

PCC

Distnbution Network

Power Conditioning

Systam Measured Reference

Variables Values

Control
Pulses

\ Advanced
_..4 Distributed Energy
Storage

Super
. Capacitors

Fig. 5. Basic circuit of a custom power device integrated with advanced energy storage

The DSTATCOM consists mainly of a three-phase power inverter shunt-connected to the
distribution network by means of a coupling transformer with line filter and the
corresponding control scheme. The integration of the DES into the DC bus of the
DSTATCOM device requires a rapid and robust bidirectional interface to adapt the wide
range of variation in voltage and current levels between both devices, according to the
specific DES employed. Controlling the DES rate of charge/discharge requires varying the
voltage magnitude (and polarity in some cases) according to the state-of-operation, while
keeping essentially constant the DC bus voltage of the DSTATCOM inverter. To this aim, a
two-quadrant converter topology according to the DES unit employed is proposed in order
to obtain a suitable control performance of the overall system.

4. Dynamic modelling and control design of the SMES system

A SMES system consists of several sub-systems, which must be carefully designed in order
to obtain a high performance compensation device for microgrid applications. The base of
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the SMES unit is a large superconducting coil (SC). On the other hand, the power
conditioning system provides a power electronic interface between the AC electric system
and the SC, allowing the grid-connected operation of the DES. Fig. 6 shows the proposed
detailed model of the entire SMES system for applications in the distribution level. This
model consists of the SMES coil with its filtering and protection system and the PCS for
coupling to the electric grid.

Three-Phase Three-Level Electric Ulility Gric
Superconducting Three-Level Buck/Boost Woltage Source Inverler PCC
Coil DCIDG Convertar SIEF"UP
.......................... Line Filter Coupling
pmmmmmmemmey Transformer

Fillering & |
Protaction 1

Fig. 6. Full detailed model of the proposed SMES system

4.1 Power conditioning system of the SMES

4.1.1 Three-phase three-level DSTATCOM

The key part of the PCS is the DSTATCOM device, and is shared by the three advanced
selected DES systems, as will be described later. The proposed DSTATCOM essentially
consists of a three-phase voltage source inverter (VSI) built with semiconductors devices
having turn-off capabilities. This device is shunt-connected to the distribution network by
means of a coupling transformer and the corresponding line sinusoidal filter. Its topology
allows the device to generate at the point of common coupling to the AC network (PCC) a
set of three almost sinusoidal voltage waveforms at the fundamental frequency phase-
shifted 120° between each other, with controllable amplitude and phase angle. Since the
SMES coil is basically a stiff current source, the use of a current source inverter (CSI) would
emerge as the natural selection. However, the wide range of variation of the coil current and
voltage would cause the device to exceed its rating, which makes impractical the use of
conventional CSIs. On this basis, an analyses were performed to evaluate hybrid current
source inverters (HCSI) and voltage source inverters (VSI); concluding that the later ones are
a more cost-effective solution for the present application (Molina et al., 2007).

The three-phase VSI corresponds to a DC/AC switching power inverter using high-power
insulated gate bipolar transistors (IGBTs). This semiconductor device is employed due to its
lower switching losses and reduced size when compared to other devices. In addition, as the
power rating of the inverter goes up to medium levels for typical DER applications (less
than few MWs), the output voltage control of the VSI can be efficiently achieved through
sinusoidal pulse width modulation (SPWM) techniques. The connection to the utility grid is
made by means of a step-up A-Y coupling transformer, and second-order low pass sine
wave filters are included in order to reduce the perturbation on the distribution system from
high-frequency switching harmonics generated by the PWM control of the VSI. Since two
ways for linking the filter can be employed, i.e. placing it before and after the coupling
transformer, here it is preferred the first option because reduce notably the harmonics
contents into the transformer windings, thus reducing losses and avoiding its overrating.
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The VSI structure proposed is designed to make use of a three-level twelve pulse pole
structure, also called neutral point clamped (NPC), instead of a standard two-level six pulse
inverter structure (Rodriguez et al., 2002, Soto & Green, 2002). This three-level VSI topology
generates a more smoothly sinusoidal output voltage waveform than conventional two-level
structures without increasing the switching frequency and effectively doubles the power
rating of the VSI for a given semiconductor device. Moreover, the three level pole attempts
to address some limitations of the standard two-level by offering an additional flexibility of
a level in the output voltage, which can be controlled in duration, either to vary the
fundamental output voltage or to assist in the output waveform construction. This extra
feature is used here to assist in the output waveform structure. In this way, the harmonic
performance of the inverter is improved, also obtaining better efficiency and reliability. The
output line voltage waveforms of a three-level VSI connected to a 380 V utility system are
shown in Fig. 7. It is to be noted that in steady-state the VSI generates at its output terminals
a switched line voltage waveform with high harmonics content, reaching the voltage total
harmonic distortion (VITHD) almost 45% when unloaded. At the output terminals of the low
pass sine wave filters proposed, the VIHD is reduced to as low as 1%, decreasing this
quantity to even a half at the coupling transformer secondary output terminals (PCC). In
this way, the quality of the voltage waveforms introduced by the PWM control to the power
utility is 