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Abstract— This paper proposes the concept of integrating the
energy storage within a Medium Voltage to Low Voltage solid
state substation in order to provide new features compatible with
the requirements from future more intelligent grids. The
principles for the system development are presented and the role
of each subsystem is explained. The experimental evaluation of
the 1.9kVrms/25kVA substation with 1.5MJ of supercapacitor
storage consists of subsystem tests showing the waveform quality,
step transients as well as system tests of the efficiency, ride-
through and power peak shaving operation.

Keywords— DC/DC converter; energy storage; efficiency;
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I. INTRODUCTION

Energy storage [1] is considered the solution to multiple
problems existent in today’s transmission and distribution of
electricity related to the intermittency of renewable power
generation, large scale (wind) or small scale (residential PV) or
to the typical mismatch that exists between power consumption
that follows consumer demand and the traditional power
generation that is slow varying to maximize conversion
efficiency and financial returns. Various technologies exist

1) pumped hydro [2], a technology already commercially
available, suitable for large scale with fast response and high
round trip efficiency but requiring significant investments and
significant alteration of the natural habitat (mountain);

i) compressed air which has the capability to provide low
capital cost with low environmental impact as compressed air
can be stored in underground caverns (medium scale) or under
water “Energy Bags” [3] (large scale) but not offering very
high conversion efficiency and not having fast response time;

iii) electrochemical storage in batteries or supercapacitors
[4] are more expensive, but as the energy is stored/retrieved in
electrical form, can result in significantly higher conversion
efficiency and very fast response time, which is essential to
improve the stability of a power grid, especially for weak grids
that may contain also distributed generation.

Most large scale Energy Storage Systems (ESS) rely on
electromechanical conversion via an AC electrical machine
operating both as generator (discharging) and motor (charging),
which means an additional converter is needed to convert
hydraulic or pneumatic power to mechanical. Operation with
variable speed of the mechanical actuators may be beneficial to
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maximize the conversion efficiency when the reference power
for the ESS deviates significantly from the rated conditions but
this implies the need of an additional AC(variable
frequency)/DC/AC(fixed frequency) converter that adds
additional cost and losses. For this reason, most medium and
large scale ESS will have a very restricted power range
capability. In applications where accurate power peak leveling
is required, it may not be acceptable to disable the ESS at low
power which means a versatile ESS technology is needed. This
can work alone or in conjunction with a bulk/large ESS to
complement its capability, resulting in a hybrid ESS solution.

Today’s distribution networks face also a challenge related
to the need to enable redistribution of renewable energy
generated at the point of consumption, to potential consumers
which may result in situations where renewable/distributed
generation exceeds local consumption, so the excess electrical
power travels upstream to new potential consumers. This
however, is not fully supported by the technologies involved in
today’s substations and it is envisaged that more power
electronics will be used to provide additional functionality
(reactive power and voltage control, improved power quality
by means of active filtering, interphase power balancing etc)
whilst the use of medium frequency in the power transformers
may enable important size reductions that are essential for
supporting future needs for more power to be delivered to
consumers in a given footprint of the substation. It is easy to
imagine that embedding energy storage within a solid state
substation already containing the AC/DC/AC conversion stages
may be a straightforward upgrade with a clear set of benefits:

- Possibility to store locally the excess generated power/energy
that can be consumed later during peak consumption times;

- Possibility to operate the distribution grid in an islanded
mode, completely disconnected from the main grid, in case
maintenance work is needed to the MV interconnection or
in case of short term grid faults, by implementing grid fault
ride through capability within the substation;

- Possibility to delay upgrades in the interconnection lines to
accommodate a higher peak power requested by the loads,
by implementing peak power shaving at substation level;

- Possibility to take advantage of dynamic electricity pricing,
by buying cheap electricity during nigh to cover
consumption of electricity during early morning before
domestic renewable/PV generation is fully available.



This paper proposes and experimentally evaluates the
concept of a substation with embedded energy storage. The
project objectives that led to the development of the power
converter structure will be first presented followed by the
topology and operation of each subsystem. Then the
experimental evaluation showing the performance of each
subsystem will be shown and last, the performance of the
whole system during relevant tests will be discussed.

II. THE TOPOLOGY OF THE SOLID STATE SUBSTATION WITH
INTEGRATED ENERGY STORAGE

The main objective of the research project reported in this
paper was to implement a medium voltage (MV) to low voltage
(LV) substation demonstrator with integrated energy storage
that involves extensively power electronic technologies and
experimentally assess its performance to determine in full the
benefits this technology could offer if deployed on large
numbers in distribution networks. Since the solutions
investigated were aimed at MVA power levels that could
support also large amounts of energy storage, a modular
solution was considered, consisting of a multilevel inverter
front end interfacing with the MV port, with modular DC/DC
converters connected to the DC-links of each inverter module,
having the ability to provide the galvanic isolation between the
different DC-links and to process bidirectional power with a
common low-voltage (<1kV) DC-bus where the LV inverter
stage connects to the LV distribution network, but also where
the modular energy storage stacks with individual DC/DC
converters connect in a three-port fashion. The topology of this
system is shown in Fig. 1. Due to increased complexity of the
system, only a single phase multilevel inverter with the
capability to generate 31 voltage levels has been considered.
The voltage rating was chosen to match the phase-to-neutral
voltage level of a 3.3kVims MV system which is 1.9kV . On
the LV side, a 3-phase modular inverter topology with
interleaved channels was considered, which offers important
switching ripple reduction and small size of passive
components with minimal control effort. A similar interleaved
DC/DC converter structure was considered to interface the
energy storage (supercapacitor stack) characterized by variable
voltage (dependent on the supercapacitors state of charge), to
the constant voltage (400V) of the interconnecting DC bus.

Considering the topology of the system shown in Fig. 1, a
secondary objective was assumed, to perform a comparative
evaluation of the performance of two converter technologies
for energy storage systems aimed at being connected to an MV
grid. First technology was based on a low-voltage converter
technology considered state-of-the-art in medium/high power
inverter by the power electronics industry that can be optimized
for low cost and minimizes complexity, connected to MV grid
via a 50Hz transformer. The second technology was a true MV
multilevel converter technology that can be considered state-of-
the-art in power electronics research that maximizes
performance and functionality. In terms of performance
indicators, not only the level of rated/peak round trip efficiency
was considered important but also the range of load powers
where this efficiency remains constant because highly versatile
energy storage systems are supposed to be able to operate in
peak power shaving mode where it is expected that for a

significantly longer period of time, they will operate at reduced
power levels, where efficiency typically degrades significantly.
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Fig. 1. The block diagram of the lab demonstrator design and built to
demonstrate the concept of solid state substation with embedded storage

A detailed simulation study was carried out initially in
order to identify the realistic power converter candidates that
can enable the implementation of the solid state substation with
embedded storage concept, considering a power rated of
10MVA [5]-[8]. Priority was given to converter topologies that
enabled for modularity, and also had their implementation
aspects extensively investigated by the research community,
resulting in a low implementation risk for the potential system
integrator. Simulation models provided results for validating
the design specification, the control methods and assessing the
stress of components, the harmonic performance and the power
losses [5]-[9]. Based on this, a reduced scale demonstrator
rated at 25kVA with a 1-phase MV input at 1.9kV,s was
implemented which allowed for a realistic experimental
validation to be carried out. Another aspect considered to make
the projection of experimental performance realistic was the
choice of materials. For power semiconductors, the reasonably
priced Infineon Trench/Fieldstop IGBT3 and Emitter
Controlled 3 diode devices packed in an Easypack power
module were chosen as these offered a good loss vs cost
tradeoff. In the design of magnetics, metglass core was
considered for the coupled inductors subject to full switching
frequency magnetization cycle whist for the medium frequency
transformers, ferrite core was used to keep core losses
minimum, which is typically achieved in distribution
transformers, whist the frequency of operation was kept to a
realistic level (SkHz) achievable also at higher power rating
with semisoft or resonant operation of the H-bridge inverter in
the DAB, but also to allow for a higher efficiency which is an
important aspect in energy storage and also distribution
substation applications. The stresses in the magnetic core as
well as in the winding were kept at reasonable high levels, so
that the resulting performance will be realistic for a power
electronic system designed in a cost-effective manner.

A. The Cascaded Multilevel Inverter with Asymetric Bridges

In order to be able to produce a MV waveform with
minimum consumption of semiconductors but high quality of
the waveform, an asymmetric cascaded structure of H-bridge
inverters that can generate 31-voltage levels shown in Fig. 2,
was adopted. To minimise the design effort, only two designs
for the H-bridges were considered: a high voltage (operating at
800V in the dc-link) and a low voltage (operating at 400V and
below in DC-link) that was extensively used in the other
subsystems.
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Fig. 2. The topology of a 31-level multilevel converter with asymmetric H-
bridges fed from a low voltage DC-bus via modular Dual Active Bridge
DC/DC converters using medium frequency transformers to provide isolation.
Note: only one grounding point in the MV circuit can be used at any time.

To minimize the potential voltage stresses on the isolation,
the string structure was built in a mirrored arrangement, with
the lowest voltage rated bridges located in the middle and the
highest voltage rated at the edges. This gave the possibility for
the midpoint of the string to be grounded for safety reasons,
which kept the voltage potential at each end of the string
terminal just under 1kVu,s even though the full leg would
produce 1.9kVms (the rated phase voltage of a 3.3kV MV
grid). In a 3-phase MV-MLC, the lower terminal of the string
which is shared with the other phase strings will be grounded.

Fig. 3. The cabinet containing the MV cascaded multilevel converter and the
associated dual active bridge (DAB) DC/DC converters as represented in
Fig.2. Cabinet size: W=1600, H=2000, D=500mm.

The MLC uses a combination of resonant controllers to
mitigate the influence of harmonics and a combination of
repetitive+resonant controllers in the Park-PLL block to
decouple any negative effects of disturbances contained in the
supply voltage, as illustrated in Fig. 3. The full implementation
and validation of the control are found in [9].
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Fig. 4. a) The control scheme for the single phase multilevel converter
(MLC) and b) the Park-PLL scheme with RPC based filters

The waveform quality of the MV multilevel inverter
operating in steady state is shown in Fig.5a for rectifier (Pac =
20.3kW; Pdc= 18.6kW) and Fig 5b for inverter mode (Pdc =
22.67kW; Pac= 21.9kW), with the difference (1.7kW)
accounting for the MLC losses. The typical multilevel voltage
profile that follows a sinusoidal shape with small PWM ripple
(fsw=5kHz) is clearly visible in both situation and the result of
this high quality PWM waveform is a very high quality current.
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Fig. 5. Steady state performance of the MLC in both rectifier mode (left) and
inverter mode (right)

Fig. 6 shows the MV side AC voltage and current and the
DC-bus voltage and current during an inverter to rectifier
power reversal. The DC voltage/active power control seems to
reach quasi steady state in ~60ms whilst the initial power swap
takes place within few ms. The 100Hz ripple seen in the DC-
bus current and power is the result of the having a single phase
inverter with limited smoothing embedded in the cascaded H-
bridges and a stiff voltage control implemented in DABs
[11].This ripple cannot be contained within the DAB
decoupling capacitors because the DC-bus that interconnects
the three subsystems is low inductance and the ripple is shared
by all capacitors connected to the DC bus from all three
subsystems.

Fig. 7 shows a reactive power step change from leading to
lagging which happens instantly. A very small distortion of the
waveforms is visible after the step due to the repetitive nature
of the controller that needs 1-2 periods to settle.
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Fig. 6. The transient performance is also evaluated in active power reversal
tests performed at 17.5kW AC side power.
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Fig. 7. Full capacitive to inductive reactive power step transient

B. The Supercapacitor Interleaved DC/DC Converter

Fig. 8a shows the topology of the 8 channel interleaved
buck-boost DC/DC converter with coupled inductors arranged
in three stages that is used to interface the variable voltage
supercapacitor stack (384V/200A) able to deliver 75kW peak
power to the 400V constant DC bus. The DC-DC converter
uses the same design as the LV-H-bridge used in MV-MLC.
The design of the magnetics and the control has been detailed
in [10]. The cabinet where the actual supercapacitor subsystem
was integrated is shown in Fig.8b. The subsystem consists of
eight series connected 165F/48V Maxwell boostcap modules.

The typical response to a constant power charge/discharge
cycle of the interleaved DC/DC converter is shown in Fig. 9.
By sampling the state variables at 40kHz, it is possible to
achieve a current response time of less than 0.15ms as shown
in Fig. 9b. The other advantage of employing the interleaved
technique is that even though the inductors are designed for a
relatively high ripple of the channel currents to minimize their
size, the overall ripple will be significantly reduced by
harmonic cancelation as the waveform of the cumulated
supercapacitor current proves, having an insignificant level of
ripple of a much higher frequency.
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Fig. 8. a) 8-channel interleaved buck-boost DC/DC converter with multistage
coupled inductors for interfacing a supercapacitor stack to the constant DC-
bus; b) the prototype implementation of the 20F/384V supercapacitor based
energy storage system. Cabinet size: H=2000mm; W=1200mm; D=500mm.
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Fig. 9. Experimental validation of the supercapacitor converter subsystem
whilst performing a) 17.5kW constant power cycling (20s/div) and b) zoom in
(0.2ms/div) the power reversal. Switching frequency is 10 kHz/ch;
Supercapacitor current ripple is 80kHz.



This allows for the reduction of the size of magnetic core
used in the inductors designed to limit the circulating current.
Since magnetic components have the poorer specific energy
(J/kg) this technique enables a significant reduction in the
weight of the equipment and also cost as the core (metglas)
needs to be high quality as is subject to high frequency full
magnetization cycle. Another interesting property of this
arrangement is that the size of the magnetic core for each of the
3 stages remains the same, leading to larger numbers of the
same magnetic core component resulting in lower unit price.

C. The Low Voltage Interleaved Modular Inverter (LV-IMI)

The topology of the LV-IMI is shown in Fig. 10. It consists
of multiple H-bridge inverters of an identical design as the LV-
HB used in the MLC subsystem. Each H-bridge uses
interleaving of the gating signals for the two legs and has its
outputs interconnected via a coupled inductor in order to
achieve the highest degree of switching ripple cancelation.
Further cascading in successive stages is possible, similar to
the Supercapacitor DC/DC converter subsystems but since the
output voltage capability of the bridge is smaller, it was chosen
to interconnect this subsystem to the grid via two 50Hz
transformers that allowed the investigation of the secondary
objective, the evaluation of the performance of a MV ESS that
uses LV inverters and a step up 50Hz transformer. It can be
seen that this design is highly modular, resulting in a dual
structure which may prove advantageous in cases where
redundancy is required or to improve the efficiency at reduced
processed power by completely disabling one of the units and
removing the associated stand-by (core) losses with the

operation of the transformer at no load.
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Fig. 10. The topology of the LV Interleaved Modular Inverter (LV-IMI).
Note: the transformers depicted have been used to provide added functionality
in assessing the performance of an L'V system to be potentially connected to
an MV system via a 50Hz step up transformer.

Fig. 11 shows how the PWM switching ripple present in the
voltage at different stages of the coupled inductor filter is
reduced in the LV interleaved modular inverter. It can be
noticed that the effect of interleaving in conjunction to the use
of coupled inductors leads to multilevel type waveforms.
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Fig. 11. Illustrating how the first switching harmonic is reduced in the LV
interleaved Inverter: a) pole (phase-to-mid-dc-link) voltage; b) line-to-line cell
voltage (3 levels); c) transformer secondary (inter-cell) voltage (5 levels); d)
FFT of secondary voltage; e) FFT of line-to-line voltage; f) FFT of differential
mode voltage; g) FFT of pole (phase-to- dc-link midpoint) voltage.

Fig. 12a shows the response of the LV-IMI to an inverter to
rectifier power steps transient that reveals a response time of
60ms. The control scheme involved in the LV-IMI (not shown)
is a standard one that uses PI controllers to control the d and q
synchronous reference frame current components and the use
of a PLL to extract the angle of the direct sequence of the grid
voltages. This works reasonably well with some minor
distortion noticed in the currents due to the influence of voltage
harmonics present.

Fig. 12b shows the result of performing a step change in the
reactive power from full capacitive to full inductive reactive
power injection. Since the DC-bus voltage is not disturbed, this
transition is only characterized by the bandwidth of the current
controller which results in response time of under 1ms.
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Fig. 12. Transient performance when a) the active power (17.3kW) is reversed
and b) the reactive power changes from 14.7kVAr capacitive to inductive.



D. Comparison of the Front End InverterTechnologies

The harmonic performance of both competing power
electronic technologies is excellent, as denoted by the
waveforms presented. The MV MLC, however, achieves this
whilst needing much smaller size of magnetic components
because MV/LV isolation is achieved via medium frequency
transformers rather than 50Hz and also because the 31-level
inverter is having significantly smaller PWM voltage ripple
and current rating which leads to significantly smaller size
needed for the line side inductance. On the other hand, it
should be noted that the LV-Interleaved Modular Inverter
operates in fact with a fairly high virtual switching frequency
as seen by the magnetics which allowed a further minimisation
of the coupled inductors beyond what would be available if the
power level of one unit will be increased in the range of
hundreds kW as needed in a multi MW system.

The reactive power transient performance of the two active
front end technologies is similar, even though it is expected to
differ since the line-side inductance that opposes the fast
change of the current can be much smaller for the MV-MLC
converter than the LV-IMI. The reason why there was no
visible difference is that in order to achieve a safe and simple
hardware implementation of the MV MLC setup, a step up
50Hz transformer was in fact inserted in the main AC path
inherently increasing its input impedance and the associated
line-side inductance.

III. EXPERIMENTAL VALIDATION OF THE SOLID STATE
SUBSTATION SYSTEM WITH INTEGRATED ENERGY STORAGE

This stage included assessing the efficiency of the system
in substation mode as well as the roundtrip efficiency of the
system used in energy storage mode and also the performance
when performing grid fault ride through and peak power
shaving.

A. Efficiency Evaluation of theSystem

The evaluation of the system efficiency is conducted in two
conditions shown in Fig. 13 and 14. The efficiency of the
system demonstrator operating in MV(1-ph)-to-LV(3-ph)
substation mode is shown in Fig. 13 for both directions of
power flow. In this case, the associated losses with the
transformer connecting the interleaved LV inverters are not
included in the overall efficiency calculations as it is
considered a transformer will not be needed to connect the LV
inverter to an LV distribution grid. It can be seen that a top
efficiency of >93% can be achieved in a power range of 20-
50% of the rated power level which is where most distribution
transformers are operating for most of the time. It should be
noted that this efficiency level was achieved even at this
relatively low power rating of the demonstrator and using
standard components and that implementation at MW power
levels with more specialized components (SiC devices) may
result in better efficiency.
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Fig. 13. Efficiency curves of the solid state substation when the active power
flows from the MV side to the LV side (MV2LV) and viceversa (LV2MV).
The power flow (x-axis) was measured in the 400V interconnecting dc-bus

If the proposed system is characterized for energy storing
applications, it is possible to exchange power with the grid via
any of the two inverters. This means it is possible to do a
comparative experimentally assessment of the roundtrip
efficiency of an energy storage system connected to an MV
grid based on each of the two active front end technologies:
the low voltage interleaved modular inverter with S0Hz step-
up transformer and the true MV inverter which has the
galvanic isolation provided by the medium frequency
transformers within the DABs. In this case, it is noticed that
the losses in the 5S0Hz step up transformer of the LV-IMI have
to be now considered in the calculation of the round trip
efficiency. Measurements have been carried out using two
separate measurement methods, by setting wup the
supercapacitor system to perform a series of identical constant
power charge/discharge cycles between two predefined
voltage limits and measure power and energy flow with a 12-
bit oscilloscope (Lecroy) and a Power analyzer (PPA3530
from N4L). Several efficiency points were calculated for each
processed power and the average for each power level is
displayed in Fig. 14. It can be seen that using averaging
reduces significantly the errors which is also denoted by a
good convergence of the efficiency levels recorded by the two
instruments/methods. It can be noted that the roundtrip
efficiency exceeds 86% (these include also losses in the
supercaps) for an ESS interfaced via the MV multilevel
converter and this is significantly higher than the efficiency of
the inverter with 50Hz step-up transformer which was a
component procured on a commercial basis based on a most
competitive quote (no efficiency target imposed). It can be
noted that the efficiency of the LV inverter could be improved
by specifying the transformers to have low standby (core) loss,
which is achievable by using metglas core but this may then
lead to significant increases in the costs. On the other hand,
the MV inverter provides a fairly flat efficiency curve (>85%)
in a wide range of powers (7.5-20'kW) mainly due to the
design of the medium frequency transformer that was
optimized for reduced standby (core) losses.
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Fig. 14. Comparative evaluation of the round trip efficiency of the two Energy
Storage Systems based on the MV multilevel converter (MV_MLC) and the
LV interleaved converter (LV_interleaved) using two different measurement
methods based on a power analyser (PPA) and a 12-bit oscilloscope.

B. Ride through Operation of the Substation System

The operation of the substation with embedded energy
storage under a grid fault on the MV port is illustrated in Fig.
15. An electronic power supply was used to emulate a voltage
drop with an envelope specified by the grid codes. Voltage
levels were lower due to the impossibility of the electronic AC
power supply to generate 1.9kVms. The MLC initially operates
with rated active power but once the drop of supply voltage is
sensed by the control, the MV converter control switches to
full reactive current injection (grid support mode) which is
reflected by the grid current maintaining its amplitude but
starting to lead the voltage by 90°, which means it can no
longer supply active power to the DC-bus/LV inverter. The
DC bus voltage experiences a small voltage dip but the benefit
of having energy storage capability connected to the DC-bus
via a very fast DC/DC converter is seen in Fig.15. This shows
that the supercapacitor system which is controlled to provide
fast DC-bus voltage control, senses the disturbance in the
400V DC bus system caused by the impossibility of the MV
converter to supply the active power required by the LV loads
and compensates for the missing power/energy, reflected in
the supercapacitor current and power rising sharply. The result
is that the LV side inverter continues to operate unaffected
throughout the grid fault as reflected by the LV grid voltage
and currents, providing full grid fault ride-through
functionality as specified in the grid codes. As the grid voltage
recovers, once it exceeds 50% of the rated level, the MLC
converter is allowed to absorb also active power and this is
denoted by the supercapacitor current and power decreasing
linearly as the voltage continues to recover which allows the
grid current to contain more active component.

LVRT profile on MV input
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Fig. 15. Operation of the Solid state Substation with embedded storage during
a standard profile of a low voltage ride through fault on the MV port: a) MV
voltage and current; b) LV voltage and current; c¢) operation of the
supercapacitor subsystem. Total capture time = 1 s.

C. Power Peak Levelling of the Power Transferred from a
Weak Medium Voltage Grid

This last test shows the capability of this substation
technology to provide power peak smoothing capability over
the variable load power absorbed from the low voltage output
port. This is consistent with a situation where the MV
connection is weak and has a low power transfer capability
which means that the largest of the peaks requested by the LV
side loads may not be possible to be supplied by the MV link.
In this situation which is illustrated in Fig. 16, the MV link
(not shown) supplies the average power that is always kept
below the feeder’s maximum power transfer capability and the
difference to the peak power is supplied by the embedded
energy storage. The testing was actually performed with both
the MV and LV inverters connected to the same AC bus via
the adapting 50Hz transformers circulating the average power
by setting a constant active current reference for the MV
converter whilst the LV inverter subsystem is subjected to
cycles of step by step raise of power processed. Any power
imbalance between the power processed by the MV and the
LV converters will be estimated by the supervisory control of
the substation and feedforwarded as a power reference to the
supercapacitor subsystem. In addition, any power mismatch
due to measurement errors and losses are leading to a DC-bus
voltage error which is monitored by a PI controller that
provides an additional correction to the feedforwarding term
to the supercapacitor reference power. The step changes in the
power delivered by the LV inverter however results in some
overshoots in the DC-bus voltage with the largest occurring
when power is suddenly ramped from the very minimum to
the very maximum. The DC-bus voltage controller in



conjunction to the feedforwarding mechanism of the power
delivered by the LV inverter cause an immediate reaction from
the Supercapacitor converter and this is seen in the critically
damped supercapacitor current response. The supercapacitor
voltage rising and falling slopes are also revealing the periods
of time the supercapacitor subsystem charges and discharges
in response to the power peak levelling operation.
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Fig. 16. Operation of the Energy Storage Subsystem and the LV Interleaved
converter: a) DC-bus voltage; b) Supercapacitor stack voltage; c¢)
Supercapacitor current; d) LV inverter grid currents.

IV. CONCLUSIONS

Deploying energy storage in distribution networks is
expected to improve the handling of excess renewable energy
generated at consumer end and offer extended ride-through
operation (including islanding operation) in addition to the
already common expectations of better voltage regulation and
improved power quality. This paper proposed the concept of
integrating the energy storage within a solid state substation
and presents the experimental evaluation of a 25kVA
demonstrator rated at 1.9kVums. The improved operation
consists of excellent harmonic performance of the MV and LV
inverters, very fast response to step changes in active and
reactive power and the ability to provide power peak shaving
or ride through operation with full voltage and power
availability at the consumer end whilst the MV feeder
experiences a grid fault as characterized by the grid codes.

In terms of efficiency, the operation in MV/LV substation
mode resulted in efficiencies of 92-93% over a wide range of
powers. The efficiency level may be improved in larger size
designs that may also use more modern semiconductor and
magnetic devices. Also, the added features (active filtering of
harmonics, rebalancing unbalance load currents etc) may
enable additional energy savings in the equipment of the utility
company or the end user. When operating the system as an
energy storage system connected to an MV grid, the LV
converter technology that requires a 5S0Hz step up transformer
experiences lower roundtrip efficiencies (<81%), mainly due to
the poor efficiency of the 50Hz transformer which was
specified/chosen on low cost basis. Further improvements of
this technology are possible by using lower current densities
(winding losses) and lower core flux (core loss) or by
employing more expensive core materials such as metglas.
This aspect highlights the fact that a potential manufacturer of

an energy storage system that works as a system integrator will
need to control very tightly the supply chain if the targeted
roundtrip efficiency needs to be maximised. The multilevel
converter technology, assuming it can be built to match the
voltage level of a MV grid without the need of a 50Hz
transformer, can provide higher round trip efficiency (86%)
and may potentially react much faster to step changes in
reactive current due to the significantly lower line side
inductance needed but requires a significantly more complex
control and hardware implementation.

It can be concluded that the main features and benefits of a
solid state substation with integrated energy storage have been
proven experimentally at realistic power (25kW) and voltage
levels (1.9kVrms).

REFERENCES

[1] A. Dekka, R. Ghaffari, B. Venkatesh,. B. Wu, “A survey on energy
storage technologies in power systems”, IEEE Electrical Power and
Energy Conference (EPEC), pp. 105 - 111, 2015, DOIL
10.1109/EPEC.2015.7379935.

[2] G. H. McDaniel; A. F. Gabrielle, “Dispatching pumped storage hydro”,
IEEE Transactions on Power Apparatus and Systems, vol. PAS-85, no.
5, pp. 465 —471, 1966. DOI: 10.1109/TPAS.1966.291683

[3] AJ. Pimm, S.D. Garvey, M de Jong, “Design and testing of Energy
Bags for underwater compressed air energy storage”, Energy, Vol 66,
pp. 496-508, march 2014. DOI: 10.1016/j.energy.2013.12.010.

[4] E. Chemali, M. Peindl, P. Malysz, A, Emadi, “Electrochemical and
electrostatic energy storage and management systems for electric drive
vehicles: State-of-the-art review and future trends”, IEEE Journal of
Emerging and Selected Topics in Power Electronics, in press, 2016.
DOLI: 10.1109/JESTPE.2016.2566583

[5] C.Klumpner, G.Asher, GZ Chen, ”Choosing the power electronic
interface for a super-capattery based energy storage system”, Proc. of
IEEE PowerTech (organized by the IEEE Power Engineering Society),
paper #799, Bucharest, Romania, June 2009.

[6] M. Rashed, C. Klumpner, G. Asher, “Hybrid cascaded multilevel
converter with integrated series active power filter for interfacing energy
storage system to medium voltage grid”, Proc. of IEEJ International
Power Electronics Conference IPEC’10, pp. 1236-1243 (paper 23P1-5
on conference CD), Sapporo Japan, June 2010.

[77 M. Rashed, C. Klumpner, G. Asher, “High performance multilevel
converter topology for interfacing energy storage systems with medium
voltage grids”, IECON 2010 - 36th Annual Conference of IEEE
Industrial Electronics, paper #011169, pp. 1819-1825, Glendale, AZ,
USA, 7-10 Nov. 2010.

[8] M. Rashed, C. Klumpner, G. Asher, “ Power losses evaluation of three
multilevel converter topologies for direct interface with medium voltage
grids”, Proc. of European Power Electronics and Applications
Conference EPE’11, paper#0618 on CD-ROM, ISBN: 9789075815153,
Birmingham/UK, Sept 2011

[91 M. Rashed, C. Klumpner, G. Asher, “Repetitive and resonant control for
single phase grid connected hybrid cascaded multilevel converter”, IEEE
Trans on Power Electronics, Vol. 28, No. 5, pp. 2224-2234, 2013. DOI
10.1109/TPEL.2012.2218833.

[10] D. De, C. Klumpner, C. Patel, P. Kulsangcharoen, M. Rashed, G. Asher,
“Modelling and control of a multi-stage interleaved DC-DC converter
with coupled inductors for super-capacitor energy storage system”, IET
Power Electronics Journal, Vol. 6, No. 7, pp. 1360-1375, 2013, DOI:
10.1049/iet-pel.2012.0529.

[11] D.De, C. Klumpner, M. Rashed, C.Patel, P. Kulsangcharoen, G.Asher,
“Achieving the desired transformer leakage inductance necessary in DC-
DC converters for energy storage applications”, IET Proc. of Power
Electronics Machines and Drives Conf. PEMD’12, paper #213,
Bristol/UK, March 2012, DOI 10.1049/¢cp.2012.0212.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /blex
    /blsy
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /Cmb10
    /CMB10
    /Cmbsy10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /Cmbx10
    /CMBX10
    /Cmbx12
    /CMBX12
    /Cmbx5
    /CMBX5
    /Cmbx6
    /CMBX6
    /Cmbx7
    /CMBX7
    /Cmbx8
    /CMBX8
    /Cmbx9
    /CMBX9
    /Cmbxsl10
    /CMBXSL10
    /Cmbxti10
    /CMBXTI10
    /Cmcsc10
    /CMCSC10
    /Cmcsc8
    /CMCSC8
    /Cmcsc9
    /CMCSC9
    /Cmdunh10
    /CMDUNH10
    /Cmex10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /Cmff10
    /CMFF10
    /Cmfi10
    /CMFI10
    /Cmfib8
    /CMFIB8
    /Cminch
    /CMINCH
    /Cmitt10
    /CMITT10
    /Cmmi10
    /CMMI10
    /Cmmi12
    /CMMI12
    /Cmmi5
    /CMMI5
    /Cmmi6
    /CMMI6
    /Cmmi7
    /CMMI7
    /Cmmi8
    /CMMI8
    /Cmmi9
    /CMMI9
    /Cmmib10
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /Cmr10
    /CMR10
    /Cmr12
    /CMR12
    /Cmr17
    /CMR17
    /Cmr5
    /CMR5
    /Cmr6
    /CMR6
    /Cmr7
    /CMR7
    /Cmr8
    /CMR8
    /Cmr9
    /CMR9
    /Cmsl10
    /CMSL10
    /Cmsl12
    /CMSL12
    /Cmsl8
    /CMSL8
    /Cmsl9
    /CMSL9
    /Cmsltt10
    /CMSLTT10
    /Cmss10
    /CMSS10
    /Cmss12
    /CMSS12
    /Cmss17
    /CMSS17
    /Cmss8
    /CMSS8
    /Cmss9
    /CMSS9
    /Cmssbx10
    /CMSSBX10
    /Cmssdc10
    /CMSSDC10
    /Cmssi10
    /CMSSI10
    /Cmssi12
    /CMSSI12
    /Cmssi17
    /CMSSI17
    /Cmssi8
    /CMSSI8
    /Cmssi9
    /CMSSI9
    /Cmssq8
    /CMSSQ8
    /Cmssqi8
    /CMSSQI8
    /Cmsy10
    /CMSY10
    /Cmsy5
    /CMSY5
    /Cmsy6
    /CMSY6
    /Cmsy7
    /CMSY7
    /Cmsy8
    /CMSY8
    /Cmsy9
    /CMSY9
    /Cmtcsc10
    /CMTCSC10
    /Cmtex10
    /CMTEX10
    /Cmtex8
    /CMTEX8
    /Cmtex9
    /CMTEX9
    /Cmti10
    /CMTI10
    /Cmti12
    /CMTI12
    /Cmti7
    /CMTI7
    /Cmti8
    /CMTI8
    /Cmti9
    /CMTI9
    /Cmtt10
    /CMTT10
    /Cmtt12
    /CMTT12
    /Cmtt8
    /CMTT8
    /Cmtt9
    /CMTT9
    /Cmu10
    /CMU10
    /Cmvtt10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Dcb10
    /Dcbx10
    /Dcbxsl10
    /Dcbxti10
    /Dccsc10
    /Dcitt10
    /Dcr10
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /DoulosSIL
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /KrutiDev040Bold
    /KrutiDev040BoldItalic
    /KrutiDev040Condensed
    /KrutiDev040Italic
    /KrutiDev040Thin
    /KrutiDev040Wide
    /KrutiDev060
    /KrutiDev060Bold
    /KrutiDev060BoldItalic
    /KrutiDev060Condensed
    /KrutiDev060Italic
    /KrutiDev060Thin
    /KrutiDev060Wide
    /KrutiDev070
    /KrutiDev070Condensed
    /KrutiDev070Italic
    /KrutiDev070Thin
    /KrutiDev070Wide
    /KrutiDev080
    /KrutiDev080Condensed
    /KrutiDev080Italic
    /KrutiDev080Wide
    /KrutiDev090
    /KrutiDev090Bold
    /KrutiDev090BoldItalic
    /KrutiDev090Condensed
    /KrutiDev090Italic
    /KrutiDev090Thin
    /KrutiDev090Wide
    /KrutiDev100
    /KrutiDev100Bold
    /KrutiDev100BoldItalic
    /KrutiDev100Condensed
    /KrutiDev100Italic
    /KrutiDev100Thin
    /KrutiDev100Wide
    /KrutiDev120
    /KrutiDev120Condensed
    /KrutiDev120Thin
    /KrutiDev120Wide
    /KrutiDev130
    /KrutiDev130Condensed
    /KrutiDev130Thin
    /KrutiDev130Wide
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MTExtraTiger
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SILDoulosIPA
    /SimHei
    /SimSun
    /SimSun-PUA
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /SymbolTiger
    /SymbolTigerExpert
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Tiger
    /TigerExpert
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata pogodnih za pouzdani prikaz i ispis poslovnih dokumenata koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


