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Abstract
This report contains an overview of energy storage systems, their application in smart grid
concepts and technical details related to modeling these systems for simulation purposes.
Different concepts of energy storages are described from the perspective of power system
simulations. Thus the focus is not on analyzing for instance chemical behind each technique but on
describing the behavior correctly from power system point of view. This means in many cases
rather simple electrical circuits, whereas the core of the models in control circuits.
The modeling approaches presented include simplifications that have been considered reasonable
for the described use.
Simulation results are used as an example on applying models.
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1 Preface
This report was done as a part of the Finnish national research project "Smart Grid and Energy
Market" SGEM.
The work has been funded by Tekes – the Finnish Funding Agency for Technology and Innovation
and the project partners.

2 Scope
This report contains an overview of energy storage systems, their application in smart grid
concepts and technical details related to modeling these system for simulation purposes.
Different concepts of energy storages are described from the perspective of power system
simulations. Thus the focus is not on analyzing for instance chemical phenomena behind each
technique but on describing the behavior correctly from power system point of view. This means in
many cases rather simple electrical circuits, whereas the core of the models is in control circuits.
The modeling approaches presented include simplifications that have been considered reasonable
for the described use. Simulation results are used as an example on applying models. Also longer
perspective is included in the studies.
First, motivation for using storages in power distribution system is described. After that, different
storage technologies are described with the approach stated above. Different use cases are
described in smart grid management context. Simulations are used to illustrate the impact of
storages.

CLEEN OY

Eteläranta 10, P.O. BOX 10, FI-00131 HELSINKI, FINLAND www.cleen.fi

-4-

D5.3.3: Energy storage systems; intelligent control concepts and grid interfaces

3 Introduction
The energy storage unit can be located in power system in various ways. Generally, the use can
be divided to three categories:
- Overall network quality improvement
- Power generation smoothing
- Customer-level energy optimization
For network quality improvement, local network operator is the actor who decides to install storage
units. The criteria where unit should be installed can be based on factors such as customer
priorities, disturbance rates, local quality problems, etc. Depending on the purpose, the storage
unit could be located on MV substation busbar, along MV feeder, on LV substation busbar or at the
end customer connection point. Typically the installation is in AC network, which requires inverter
interface.
For quality improvement use, the objectives of grid operator can include mitigating voltage dips,
reducing harmonic currents, improving voltage profile during high loads or maintaining a part of
network energized during service interruptions.
Perhaps the most common application is smoothing of generation output of intermittent energy
resources. These applications relate usually to renewable energy resources such as PV or wind
generation. The smoothing can be made for momentary changes such as wind gusts or for longer
periods such as variation of sun radiation throughout the day.
For power generation smoothing, the storage unit is typically connected to the network connection
point of the generator. There are different approaches depending on whether storage is connected
to AC or DC network. Since storage is often inherently DC-connected and most new RES
installations use DC inverters, it is natural to install the storage on DC-side whenever possible. In
this case, storage is clearly installed on customer devices and is thereby suitable to be owned by
the customer. One efficient approach is to install energy storage to the DC circuit inside converterinverter configuration of wind power unit or other application where full power converter is used.
Storage can also be connected to the AC side to the generator network connection point. In this
case it can still be owned by the customer, but it could also be owned and operated by grid
company in order to smooth power transfer to grid.
Small-scale storage applications can be used for customer energy management purposes. In this
use, the charge-discharge cycles of storage unit are optimized among energy price, storage status
and local generation. The storage unit is located at customer network and owned and operated by
the customer. One typical application can be to collect excess power from local microgenerator into
storage unit and then use it for peak-shaving during lower generation hours. This is typical
especially when there is no feed in tariff and the power injected to public grid is not compensated.
This use is one form of generation smoothing, however made from pure economic optimization
point of view.
Figure 3.1.illustrates some typical applications and locations of energy storage in distribution grid.
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Figure 3.1. Typical applications of energy storage in a distribution network.

3.1

Characteristics of electric vehicles as energy storage

Electric vehicles (EVs) are currently under discussion for many reasons. They can be seen as a
green option of moving especially on urban areas.
From power system perspective, EVs represent serious challenges but also exciting possibilities.
An uncontrolled charging of large EV masses introduces large additional loads in distribution
networks. On the other hand, a well-managed charging control would offer possibilities for demad
side management applications.
From energy storage perspective, storages could be beneficial for smoothing the EV charging load
peaks on areas where distribution network is weak. This could be made on network level or
possibly also in the connection point of large car parks offering EV charging. Further, efficient use
of EV batteries towards grid could offer similar quality improvement possibilities which were
described in previous chapter. These possibilities would be mainly small-scale and local – they
could for instance improve power quality in local LV network or in customer’s own network.
Using EV batteries for active network management is not an easy system to implement. The big
challenge is in reconciling the requirements of grid, local energy generation and especially user
needs for EV usability.
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4 Storage technologies and their modeling
This chapter describes different storage types and their modeling in PSCAD environment. The
aspect here is mainly grid-perspective, meaning that storage types need to behave correctly
especially towards network connection point. In other words, modeling whole physics behind each
technique is not necessary, however correct operation needs to be assured. This approach is also
based on the fact that PSCAD is intended for electric simulations only.
Electric storage modules are inherently connected to a DC circuit. While connecting to AC power
system, storage is simply interfaced with AC/DC converter. On DC networks, a converter is
normally needed to match the voltage level and to control the charge/discharge operation. DC/DC
converter must be of bidirectional buck-boost or similar type. Different bidirectional configurations
have been presented for instance in [10].
In the studies presented in this report, connection is based on simple DC-DC buck/boost –
converter with basic structure shown in figure 4.1.1. In addition, inverter model needed is needed
in AC-connected cases. Used structure is shown in figure 4.1.2. Some adjustments in parameters
have been made while connecting different types of storages.

Figure 4.1.1. DC-DC converter circuit applied in studies.
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Figure 4.1.2. Overview of connection to AC-network.
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4.1

General about technology range

The technology range is wide and suitable use cases for different storage types can be defined.
Keeping in mind the applications defined in chapter 3, Figure 4.1.1. gives a very general overview
of different storage technologies in terms of capacity and timescale. The different application areas
have been included for illustration.

Hours

Vanadium redox

Small-scale
island
operation

Customer
energy
optimization

NAS

Large-scale
island
operation

Pumped
hydro

Li-Ion
Ni-Cad
PV output
smoothing

Minutes

Lead-acid

Flywheel
Gusty wind
output
power
smoothing

Customer
power
quality
improvement

Seconds

Network
power
quality
improvement

SMES

Supercapacitor

Milliseconds

1

10

100

1000

10000

100000

Storage capacity kW

Figure 4.1.3. Overview of storage types and possible application areas [15],[25].

4.2

Lead-acid batteries

Lead-acid battery is the classical battery that has been used in various applications. They are
usually considered reliable in use and relatively inexpensive. Also charging efficiency and high
temperature capacity are often mentioned as strengths of lead-acid batteries. On the other hand,
life cycle performance in high temperatures is not among the best characteristics of lead-acid
batteries. Issues like weight, required floor space, maintenance and cold climate performance are
often considered as drawbacks. Operation after deep discharge is also considered problematic.
[26],[27]
From modeling perspective, lead-acid battery can be modeled with controllable DC voltage source.
For a simplified model it is enough to have this source and to control the voltage reference
according to the situation. Characteristics such as state of charge (SOC), charge voltage,
discharge voltage, battery capacity and other needed factors must be modeled and calculated in
addition. These factors will then result in calculated voltage reference.
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Figure 4.2.1. Typical model for a lead-acid battery.
The circuit shown in figure 4.2.1. can be made much more complex when including factors such as
gassing resistance, diffusion resistance and double-layer values [28]. However, in the modeling
approach used here for instance gassing phenomena is included in the control circuit through
which the internal resistance Ri is calculated. Hence, the equivalent circuit can be maintained
simple when the related phenomena are included in the calculation of used variables.
The battery model applied in these studies has been earlier introduced in SGEM work package
6.6, Management and operation of smart grids, in which it was used as a part of micro grid model.
[8] Initially, the model is based on CIEMAT battery model, which has been presented in [9]. The
most important contribution of the model is in the equations and parameters for calculating the
voltage reference for different situations.

4.3

Lithium-Ion batteries

Li-ion batteries have certain clear advantages when compared to lead-acid batteries. These
include space and weight, gassing and status monitoring. They also have higher energy densities
and better performance in cold environments. Lithium-ion batteries are also known for their long
lifetimes. However, similarly to lead-acid batteries, one problem is their life cycle performance in
high temperatures. In higher temperatures lifetime decreases rapidly. Safety concerns regarding
short circuiting and possible exploding are also mentioned. For the reasons mentioned, Li-ion is
most suitable for stable installation conditions. [11], [25], [28]
Lithium-Ion battery is typically modeled with a circuit in which the internal resistance has been
divided in two parts and a capacitance has been introduced across other of the resistances as
presented in figure 4.3.1. [11]

Figure 4.3.1. Equivalent circuit for Lithium-Ion battery.
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As discussed for lead-acid battery, the equivalent circuit as such is simple, but the core of the
model is in voltage reference as well as resistance and capacitance values. These are calculated
with separate control blocks.
For instance the voltage reference is affected by following factors:
- Battery temperature
- State of discharge (capacity)
- Charge/discharge rate (current)

4.4

Sodium sulfur batteries

Sodium Sulfur (NAS) battery is typically applied for larger scale storage applications. Typically,
energy density and efficiency, low maintenance and long life cycles have been considered benefits
of the technique. [1],[2] On the other hand, performance in low temperatures has been considered
a challenge. [3] NAS structure uses sodium as negative material and sulfur as positive material.
One challenging aspect is that the optimal operating temperature is around 300-350 C. A
dedicated heater is used to keep the temperature adequate. This evidently results in losses of
stored energy.
For simulation purposes, a model of single NAS cell has been constructed. This model can be then
extended for larger powers. For simulations, NAS has certain factors that need to be included in
the model. The most important fact is that NAS internal resistances depend strongly on
temperature and battery state of charge. Internal resistances mainly define the output power of the
battery. In addition, the internal resistance is likely to increase with the number of charge-discharge
cycles. In the simulation model, the behavior of internal resistances has been modeled according
to the data given in [4]. Figure 4.4.1 presents the behavior of charge resistance, figure 4.4.2
discharge resistance and figure 4.4.3 lifecycle resistance. In the model, amount of cycles is a
parameter that can be set by user.

CLEEN OY

Eteläranta 10, P.O. BOX 10, FI-00131 HELSINKI, FINLAND www.cleen.fi

- 10 -

D5.3.3: Energy storage systems; intelligent control concepts and grid interfaces
Charge resistance by temperature and DOD
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Figure 4.4.1. Behavior of NAS charge resistance.
Discharge resistance by temperature and DOD
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Figure 4.4.2. Behavior of NAS discharge resistance.
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Lifecycle resistance by amount of cycles
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Figure 4.4.3. NAS lifecycle resistance according to use cycles.

As mentioned, temperature has impact on battery resistances. Temperature decreases while
charging and increases while discharging. High-power charging or discharging generates faster
changes in temperature.
The output voltage of the NAS cell depends on charging state. This has been modeled according
to [4] as presented in figure 4.4.4.
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Figure 4.4.4. Cell output voltage.
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In NAS use, the state of charge is often discussed as Depth of Discharge (DOD), which is actually
just reverse to SOC used commonly for other battery types. DOD is typically calculated as [3]:

DOD

Ahrated

I DC dt

Ahrated

As mentioned, relation between DOD and SOC is simply:

DOD 1 SOC
For the simulation model in PSCAD environment, NAS cell has been presented as modified battery
model [1, 4]. This is basically similar to models used for other battery types, but it represents the
different resistance for charge and discharge situations as well as dynamic behavior of resistances.
Figure 5 gives an overall picture of the circuit.

Figure 4.4.5. Equivalent circuit for NAS cell.
Although the main circuit is quite simple, most complex part of the modeling are found in behavior,
for instance internal resistances, cell voltage, DOD calculations etc.
Figure 4.4.6. presents a simulated charge-discharge cycle. The simulation is similar to the one
used for SMES in figure 4.5.2. The results are also similar. The charge and discharge resistances
are based on temperature and depth of discharge. As it can be seen, they practically follow the
NAS SOC exactly un such a short simulation run.
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Figure 4.4.6. Simple charge-idle-discharge cycle simulation with NAS storage. Charge/discharge
resistances follow the SOC closely.

4.5

Superconducting magnetic energy storages

Superconducting magnetic energy storage (SMES) is based on storing energy in a magnetic field.
SMES can be built on a cryogenic system in which a coil can be maintained in a superconducting
state. Benefits typically considered for SMES include fast response, high efficiency and the ability
to manage both active and reactive power. These functionalities make it very suitable for power
quality improvement purposes. However, the circumstances for superconductivity are of course
challenging to maintain. In addition, the high magnetic field of SMES may become locally a
problem, which has to be taken into account. [5, 6, 7, 25]
From modeling point of view, SMES can be modeled as a large inductor which is operated by DC
chopper. Depending on the application, it can be built within AC/DC or DC/DC converter. The
chopper circuit consists of two controllable switches and two diodes. With this arrangement, three
different operation modes can be achieved: charging, discharging and idle mode. Figure 4.5.1
presents the modeled circuit of a SMES.
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Figure 4.5.1. Equivalent circuit of a SMES.
The control of above presented circuit is relatively simple. Closing both controllable switches
(marked Charge and Charge/Idle) results in charging of the coil, whereas opening both switches
results in discharging via diodes. Closing only Charge/Idle switch results in idle mode where no
charging or discharging is made. Charge state can be monitored by measuring coil current.
The current of coil represents the state of charge of the SMES. Normally the coil needs to be
charged to certain current level before use. In the modeled case the current was raised to 60 A
before using the storage for control. A simple simulation run where a cycle of charge, discharge
and idle stages is performed is shown in figure 4.5.2.
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Figure 4.5.2. SMES coil current behavior during simulation run. In the upper figure, positive
currents are towards storage during charge.
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4.6

Vanadium redox batteries

Vanadium redox batteries (VRB) are often considered as a good option for smart grid use due to
its characteristics and large capacity of stored energy. One benefit is that life time of VRB is not
affected by deep charge/discharge cycles. [25]
For its operation principle, VRB is an electrochemical cell which is divided to two parts. Positive
and negative electrolytes are stored in separate containers. Between the containers there is a
membrane where the chemical reaction takes place. The membrane provides the electrical positive
and negative voltage outputs. Pumps are used to move electrolytes between the tanks, which has
to be taken into account in modeling of VRB. [12,13]
VRB is typically modeled with a circuit presented in figure 4.6.1. This model includes internal
resistances as well as loss resistances. Power consumption of circulating pumps has been
modeled as a current source. Capacitance is included to model the operation during transients.

Figure 4.6.1. Equivalent circuit for a VRB cell model.

The voltage of each VRB cell is expressed as:

Vcell

VN

2

RT
SOC
ln(
),
F
1 SOC

Where T is cell temperature, R is constant internal resistance and F is Faraday’s number. Further,
for a stack of N cells, cell voltage is simply multiplied:

Vstack

N Vcell

Thus the terminal voltage of VRB can be expressed:

Vbat

V stack

I ( R react

R)
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SOC is expressed similarly to battery types described earlier. It describes the state of charge, in
other words stored capacity of the battery. A change in the SOC is can be calculated according to:

SOC

V stack I stack dT
,
E capacity

where dT is the time step applied. Change of SOC is then simply added to previous time step SOC
value:

SOC (t dt )

4.7

SOC (t )

SOC

Supercapacitors

Supercapacitor has been proposed as a solution for applications where fast reaction is required
from the energy storage. Advantages such as high power density, high charge/discharge currents
and ability to operate in wide temperature area are considered as advantages of supercapacitors.
Suitable application fields can often be found within fast power quality improvement. [25], [29]
Similar to previous storage types, the main challenge of modeling a supercapacitor is found in the
dynamic behavior. Different modeling approaches have been proposed for this purpose. Basically,
an electrical model of a double leayer supercapacitor can be made with a large capacitor
component or with a stack of capacitors. More detailed models can be used to model for instance
hybrid capacitors which have two electrode types. [29],[30] Figure 4.7.1 shows an example of two
model approaches, the simple one and a more detailed one for hybrid supercapacitor.

Figure 4.7.1. Modeling of typical double layer
supercapacitor (a) and a hybrid supercapacitor (b)
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In the models presented in figure 4.7.1., Rs represents the series resistor, Rf and Cf the values of
the positive electrode, Rd and Cd the values of the negative electrode and voltage source controls
the lowest possible voltage of the capacitor storage system. [29]
As it has been mentioned for other storage types, the electrical equivalent circuit is fairly simple
whereas the most challenging parts of modeling is the behavior modeling. The supercapacitor
component parameters can be defined with methods such as circuit analysis method [30].
However, all dynamical phenomena can not be modeled with fixed parameter values. For power
system modeling approach it can be anyhow reasonable to use models with fixed parameters.
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5 Application in smart grid context
In the smart grid context, energy storages are considered one of the most important factors for
future power grid. While new generation techniques are often intermittent, it is widely accepted that
demand side needs to become a part of power system control. Efficient storage would be highly
useful for smoothing power balances during rapid changes. In addition, longer-term statistic
variations could be smoothed with use of storages.
Needs from power system point of view could be roughly divided into different groups according to
the operation time scale as follows:
- Power quality improvement: from microseconds to seconds. This would be suitable for
local applications where sensitive loads are present. Overriding voltage dips, filtering
harmonics or improving local voltage profiles could be suitable applications. Operation time
requirements are high and operation needs to be based on local measurements instead of
remote control.
- Local power balance smoothing: from seconds to minutes. This is suitable especially for
integration of renewable energies like wind power and PV. Storage can smooth the output
power caused for instance by wind variation or clouds. The variations are different
depending on the energy resource and generator equipment. Traditional wind power units
can have significant variations during gusts but modern converter units may be much more
stable. PV units can have fast variations during passing cloud depending on the array
structure. Also the maximum power point tracking (MPPT) devices of PV arrays may result
in fast changes that could be compensated with storage. In the case of generation
smoothing, operation is based on local measurements. With this time scale, remote
controlled operation by network operator is also possible. This could be done for instance to
improve voltage profile in the network.
- Diurnal variation smoothing: from minutes to hours. This usually means variation
between day and night. Classic example would be PV, which can have high generation
during day hours and naturally low generation during night hours. Daytime generation could
be shifted for nighttime hours to make generation profile more stable. For this purpose,
response time requirements are not very high.
- Seasonal smoothing: from days to months. This kind of storage would be useful
especially for Nordic areas where most of consumption occurs during winter months. On
the other hand, PV generation on Nordic areas can be very high during summer months.
Thereby, shifting between seasons would be beneficial, however it is difficult with current
storage technologies.
- Grid ancillary services: from minutes to days or even to months. Grid state related
services agreed between network operator and storage owner.
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5.1

Control logics for storage management

5.1.1 Grid control schemes
Storage can be controlled in various ways according to the grid status. In smart grid applications
PQ control is often applied, meaning control of power factor at connection point. This control can
be used especially for voltage level purposes. With modern inverter interfaces, active and reactive
power can typically be adjusted separately. Energy storage unit could thereby be controlled by
active network management system and to improve voltage profile. Different control strategies can
be used according to the situation. For instance losses can vary significantly depending on the
ratio of real and reactive power as well as on chosen priorities. [19]
Output power control can be applied also when it is necessary to constrain the power transferred to
the local power grid. This can serve especially in installations in which voltage rise or network
capacity becomes a limiting problem during certain network situations. With such situations
occurring extremely rarely, storage is not likely to be economical solution. Simple generation
curtailment can be used instead. On the other hand, where such situations are common, network
reinforcements are obviously needed. The viable application area for storage could be found
between these extremes.
Another typical grid control scheme is the need of maintaining an island during a disturbance or a
fault in the network. In this use storage can stabilize the status of the island. Especially with
intermittent energy resources storage is likely to be necessary. Islanded operation requires fast
enough control response from the storage used.
Possibility of improving power quality and mitigating voltage dips is another typical grid support
scheme. Fast response is needed also for this purpose in order to respond to voltage dips. In this
scheme storage control needs to monitor local variables such as connection point voltages and
react independently.

5.1.2 Internal battery control schemes
Battery internal control relates especially to maintaining the battery life time and ensuring efficient
and safe operation. The variables often monitored for this purposes include SOC, power rate and
terminal voltage [12].
SOC is probably the most common variable monitored. It gives a picture of energy stored in the
battery. The basic idea is to keep the SOC between desired values during all operation.
Overcharging must be avoided as well as too deep discharging, which may make it difficult to
recharge the battery. Normally charge/discharge rates are gradually decreased after extending
certain SOC limits. Figure 5.1.1. presents an example of restriction limits. At further limits, charging
or discharging is totally blocked.
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Figure 5.1.1. Typical example of charge/discharge restriction curve. The applied SOC limits
depend on used storage type and application.
Battery terminal voltage needs to be monitored and restricted when necessary during charging and
discharging. Over- and undervoltages must be avoided. Again, the solution is to limit charge or
discharge rates when necessary.

5.1.3 Hybrid control of multiple energy storages
As different storage types have characteristics as described earlier, a combination of different
storage types may be beneficial in certain installations. For instance, adding a super capacitor to a
battery storage system can extend the performance of the storage unit towards fast transients.
Such combination can result in both high power and energy densities. This can be illustrated by the
Ragone plot, which is a commonly used way of presenting storage types with their power and
energy densities. Figure 5.1.2. presents a Ragone plot with data collected from various sources
[14, 15, 16, 17, 18].
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Figure 5.1.2. Ragone plot for different storage types.
Controlling a combination of different storage types requires a separate controller. This controller
needs the current SOC information from storage units.

5.2

Use with renewable energy resources

Probably the most obvious use for storage is in smoothing the output power of intermittent
renewable energy resources (RES). Typically this can be applied for wind power or for PV
installations. In such use, the configuration may be of distributed or central type.
In the case of distributed type, each RES unit has a dedicated storage. With current techniques
storage is typically installed to the DC intermediate circuit of power electronics. The purpose is to
smooth the power variations internally within the RES unit and to offer more stable power output to
the public network.
In the case of central use, storage unit is located at the point of common coupling (PCC) of the
wind park, PV station or other larger entity of RES units. These installations are typically in AC
network, so they require inverter connection. In the PCC, storage can serve to smooth the output
power of the unit, but it can also serve to control the power transferred to the network for instance
when line capacity is restricted. With advanced control capabilities, storage installed in the PCC
can be used for reactive power compensation, damping power oscillations, improving stability or
improving power quality at PCC [12]. These kind of ancillary services can be offered for local
network operator. In addition, storage unit located at PCC can help the RES unit to fulfill fault ride
through (FRT) requirements issued by grid operators.
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The control logic can be based on several variables. The most typical one is following the output
active power and controlling the storage charge/discharge according to the situation. The logic
applied in these studies is based on hybrid system, in which moving average of output power and
rate of change of output power are both monitored. There are separate channels for managing the
measurements and for comparing them to operation limits. The charge/discharge commands are
then handled with logical OR gates, resulting in charge or discharge command when at least
another of the functions (average or rate of change) proposes so. Figure 5.2.1 gives an overall
picture of the modeled logics applied in these simulations.

Figure 5.2.1. Modelled control logic circuit.
The logics of the modeled control is presented as a flowchart in figure 5.2.2.
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Figure 5.2.2. Control logics flowchart
As it can be seen in figure 5.2.2, different limits are applied when control is already in
charging/discharging mode. This is order to avoid repetitive control when the impact of storage is
seen in the output power. In other words, repeating on-off control can be avoided with this. If both
charge and discharge signals are positive, charge is assumed to override. Such situation is
possible if power difference and rate of change result in opposite control actions. A development
idea to this logic is to continue in current state when signals are opposite. This will be implemented
to the model in later work.
Figure 5.2.3 explains the operation of power difference with different pick-up and drop-out
operation limits. Pick-up and drop-out limits are generally used for instance in protection relays. In
addition to these limits, time delays are applied in the model so that too short control signal peaks
are avoided. These are important factors also for storage life time expectations.
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Figure 5.2.3. Idea of drop-off limits. Thick line shows the operation with two limits, whereas the
dotted line indicates operation with one limit.
The benefit of using rate of change function is that it is able to respond to fast changes, such as
losing the output power of one unit momentarily. In comparison to average comparison, the
response is faster as it can be seen in figure 5.2.4. Another strength of rate of change monitoring is
in the ability to respond to even small changes in the input. This is has been simulated for the
same system with results given in figure 5.2.5. However, in the case of energy storage it is not
necessarily important to respond to small changes since they normally do not require support from
storage unit. When maintaining a sensitive island or other separated system, small change
respond performance may be important. So, whether this feature is needed is a system-level
question.
One weakness of such system can be too sensitive operation during transients, however this is
normally not crucial in the case of storage control – compared for instance to protection functions.
During the example simulations, operation limit settings given in table 5.2.1 have been used. The
nominal output power in the case used was 2700 W power of PV unit.
Variable

Setting

Discharge / power difference pick-up
Discharge / power difference drop-off
Discharge / rate of change of power
Charge / power difference pick-up
Charge / power difference drop-off
Charge / rate of change of power
Moving average calculation period
Rate of change time constant

250 W
100 W
100 W/s
400 W
200 W
150 W/s
2s
0.1 s

Table 5.2.1. Parameters used in example simulations.
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Figure 5.2.4. Control variables during rapid loss of generation.
Rate of change based control is slightly faster.
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Figure 5.2.5. Control variables during small change in the PV output power. Rate of change
detects the change. Scales have been maintained to enable comparison with figure 5.2.4.
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5.3

Use for active network management

Storages can also be used without any connection to renewable generation. Instead, they can be
used from pure network management point of view. In this case, storages would be installed in the
network, would be operated by local network operator and would benefit the status of the local
network. The challenging part is probably to obtain and manage the control of multiple storage
units located along distribution network. When considering storage units owned and operated by
network operator, control is easier to implement but the economic viability of installations may be
unsure. On the other hand, when considering using customer-owned storages such as EV
batteries, control and measurement management becomes complex. In addition, for instance
agreement management and service reliability would be challenging. However, with effective
management, storages could be a real benefit for distribution network operator.
Active network management could mean functions like:
- Network voltage control. Storage devices could be controlled according to network status.
The network operator could issue a control on network area where improper voltage
profiles exist. Discharging towards grid would improve the voltage profile.
Similar control logic could be applied for overvoltage situations, which are not as common
but fully viable especially where lot of PV generation is installed in LV network. In such
case, storages connected but not currently charging could be signaled to charge.
The possibility of network voltage control relates closely to smoothing network load
variations, which can also be done with grid-connected storage units. Quick load variations
relate also to power quality aspects.
- Temporary islanded operation. Storages could be controlled to maintain an area electrified
during an interruption. In this case, they would be requested to discharge towards grid. On
customer-level this can be done quite easily, and it could even be done by the customer
itself following the procedures of local back-up power. However, if network operator seeks
to maintain a part of public distribution network served, it may become bit more complex to
manage. The main challenge would be to manage a stable a system where multiple
storage units participate in control.
Such use would be most viable where also other forms of generation (PV, wind, etc.) would
be available to contribute to the island. Storage units would then serve also by absorbing
excess generated power.
- Local power quality improvement. A storage unit could follow the status of the network point
it is connected to and suppress the power quality issues it detects. This would include
voltage transients, voltage dips, flicker, harmonics, unsymmetrical situations, etc. For
instance the voltage dip caused by temporary fault or autoreclosing could be suppressed by
using the storage unit.
Power quality improvement could be a continuous service offered by storage unit or it could
be invoked on certain network area due to problems observed by network operator.
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5.4

Use for customer energy management

Storages can also be installed at customer’s own system, serving thus only the local customer.
Benefits could be similar to previous case; the most important drivers could be assuring power
supply and improving power quality. In addition, totally economic benefits could be desired;
storages could be used according to current price tariff. In the future it is likely that customer-level
tariffs are getting more and more dynamic, offering thus more possibilities for economic
optimization.
The control system for customer energy management (CEM) should have electricity tariff
information as one input. It could be based on a real-time tariff signal or scheduled information. In
addition, typical factors such as storage state of charge, storage life-time management, etc. should
be included.
A potential CEM application could include a strategy for customer-level energy management, as
well as status monitoring and reporting functionalities. The CEM strategy should include following
aspects:
Energy tariff structure. If the customer tariff varies according to time, it is obvious that
charging should be moved towards low tariff times. With extreme tariff differences, it
could also be viable to discharge during high tariffs. If the tariff is of a dynamic nature,
following the energy market price and/or power network state, the CEM would follow
the tariff signal continuously and act according to the situation. If a separate feed-in
tariff is used for feeding power to the network, it would also be included in the
optimization.
Local micro-generation use preferences. If local generation, for instance PV or small
wind is present, the use of produced energy would be defined in CEM. Similarly to
previous point, it may be necessary to compare current consumed energy tariff and
generated energy tariff in order to find the optimum. On the other hand, it may be
user’s environmental preference to charge all generated power to the local storage in
order to use mainly local generated power.
Islanded use/grid use minimization. Where customer wants to match generation and
consumption and thus minimize the energy transfer from/to grid, CEM could serve to
maintain the balance
Storage lifetime optimization. Depending on used type, storage lifetime can be
strongly dependent on charge-discharge cycles and their depths. CEM should include
continuous lifetime monitoring functionality which would avoid ruining storage lifetime
with too extreme actions.
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6 Simulation examples
The simulation examples performed focus on application of storage on smoothing renewable
energy resource output. So far the simulations are based on storage unit located at network
connection point of renewable energy unit. Other possibilities of locating storages (for instance PVmodule dedicated storages) will be studied in further simulations under SGEM WP5.
First simulation case considers a PV unit where storage can be controlled to DC circuit. In the latter
case, storage is connected to AC network in order to stabilize the output of wind power unit.

6.1

Partly shaded PV cell unit

The modeled case consists of small-scale PV system which is constructed as cell arrays. The core
model is a 60 W silicon cell. Figure 6.1.1 shows the circuit used for modeling and figures 6.1.2 and
6.1.3 show some characteristics of the model.

Figure 6.1.1. Equivalent circuit of single PV cell.
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Figure 6.1.2. I-V characteristics of the modeled cell.
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Figure 6.1.3. P-V characteristics of the modeled cell.
In the simulation case the cells were combined as larger 300 W units which were further connected
as three strings each containing three units. This leads to total of 9 units of 300 W nominal power
and hence in total output power of 2.7 kW. The output power is relatively small in this case, but
scaling the simulation to larger powers can be done easily. Also the logics used for storage
management, maximum power point tracking (MPPT) etc. are not dependent on the power scale.
Choice and dimensioning of storage units is of course affected by the PV output power. Figure
6.1.4 gives an overview of the PV array arrangement.

Figure 6.1.4. PV array arrangement, 9 modules each with 300 W nominal power.
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Variable radiance conditions have been created for the simulation case in order to test the
smoothing possibilities of energy storage. In the simulation, it is assumed that a cloud moves
above the arrays, shading thus part of the modules while others still have full radiation.
Partial shading is a difficult task for a single MPPT tracker, which has also been recognized in
these studies. Having separate MPPTs for each string or having dedicated MPPT for each module
would improve the output of the unit during partial shading. In addition, certain MPPT algorithms
can be more efficient regarding shading. These issues will be further covered within SGEM task
5.1.2., where the main focus is on PV applications. In this survey, the application of storages for
smoothing is the main interest.
The PV strings are equipped with normal bypass diodes which enable usage of other modules in
the same string while one or more module is shaded.
The simulation is based on adjusting the radiance of each module separately. This emulates the
situation in which a cloud is passing the solar panels and shading one corner of the area. For a
rather small panel area, the shading impact is simulated to move across the panel within 10
seconds. However, the moving speed is not necessarily important here, since main interest is on
PV curve characteristics and quick changes, to which the energy storage can then respond. Similar
approach of moving cloud simulation has been applied for instance in [20], [21], [23] and [24].
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Figure 6.1.5. The passing cloud is simulated with nine steps in the simulation run.
Partial shading situation modifies the output curves of modules. This is illustrated in figure 6.1.6 for
I-V characteristics and in figure 6.1.7. for P-V characteristics. As it can be seen, multiple power
peaks can be found during partial shading. Typical hill-climb MPPT algorithms are not always able
to find the global maximum power point since they may remain in the local maximum instead. This
problem is well known in literature and similar curves are reported for instance in [20], [21] and
[22].
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Figure 6.1.6. Partial shading affects the I-V characteristics of modules.
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Figure 6.1.7. Modified P-V characteristics. Two local maximum points can be found especially
when one of the cells is fully shaded.
During the simulation run, the radiance of part of the modules is modified by the passing cloud.
The simulation is scheduled so that part of the modules are shaded between 1…8 seconds. Each
module is shaded with different schedule as explained in figure 6.1.5. Figure 6.1.8 presents the
radiance rates during the simulation and figure 6.1.9 the average radiance throughout the PV unit.
The output power is reduced during the first half of the simulation after which it increases back to
the initial situation. This should also be the real behavior during passing cloud.
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Figure 6.1.8. Radiance level per module during the simulation.
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Figure 6.1.9. Average radiance throughout the PV unit.
As an output from the simulation run, the most important variable was of course power output to
grid and the possibility of smoothing it with storage. At the same, other variables such as storage
SOC, grid connection point voltage and
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Figure 6.1.10. Impact of storage system on grid power over a cloud-passing period. It can be seen,
that peaks are smoothed while the output power ramps are still visible.
As it can be seen, the storage control levels the output power of PV unit. During the time period
presented, both lowest and highest power peaks are avoided. However, it is evident that it can not
respond efficiently to continuously decreasing or continuously increasing power. As the discharge
has been initiated during decreasing power, there is no possibility for additional discharge in the
current modeled system. Thereby while storage is able to smooth the first step-like power change,
it has no great impact on the following one with same direction. In a more practical case the power
change is continuous with both directions. In this case the storage impact is likely to be more
reasonable. This will be studied in next simulation case with random radiation changes.
The response to an individual change in the generated power is the best example of using storage.
An example is shown in figure 6.1.11.
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Figure 6.1.11. Storage system response to rapidly decreasing generation. As the change occurs,
storage status is changed from idle to discharge.
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Figure 6.1.12. Storage respond to increase in the generated power. Storage status changes from
discharge to idle. A momentary peak can be seen because of delay in control.
For a better control, the requested charge/discharge current rate could be communicated by the
storage controller to the converters. With this manner, it would be possible to respond to small
changes with lower current rate and then increase current rate when needed. This would offer
much more smooth control compared to currently modeled version which relies on simple
charge/discharge commands. Such output is already available in the storage controller model, but
the converter-end has not yet been implemented. An example of power rate output is shown in
figure 6.1.13. Practically, this reference is the difference between moving average and current
output power divided with battery voltage and supplemented with battery status monitoring
constraints. Within the converter controllers, the rate is currently adjusted, so it should not be very
complex to get the reference from storage control blocks. This will be developed in further
versions.
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Figure 6.1.13. Current reference signal for converter control.
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As it can be assumed, the impact on grid connection point voltage is quite similar to impact on
power flow. Storage unit decreases the variation of connection point voltage and improves thereby
grid voltage profile. The idea could be taken further by monitoring the voltage instead of output
power. With this, the generation unit with storage would participate locally in grid voltage control.
Further, getting the voltage reference signal would enable coordinated voltage control. Figure
6.1.14 presents the voltage at the grid connection point, which reminds the output power shape
closely since there are no variable loads included in the simulation model. This is one issue to be
included in further work.
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Figure 6.1.14. Connection point voltage during simulation
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6.2

Variable output of wind power unit

Wind power simulation case is based on a traditional induction generator wind power unit operating
under varying wind conditions. The wind power unit is connected to 20 kV distribution network via a
690 V / 20 kV block transformer.
The storage unit is connected to the wind power connection point at 20 kV network. The
interconnection is made through own 690 V / 20 kV block transformer. An AC/DC inverter and
buck/boost–type DC/DC converter are used to connect the battery.
Figure 6.2.1 gives an overall picture of the installation case. Figure 6.2.2 presents the arrangement
within energy storage unit.

Figure 6.2.1. Overall view of wind power simulation case.

Figure 6.2.2. Storage unit internal arrangement and control circuits.
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Results show that energy storage connected to grid connection point can smooth the output power
of wind turbine unit. However, the battery type used in the simulation was relatively small in terms
of capacity. Following figures show some examples where the smoothing impact of storage is
present.
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Figure 6.2.3. Comparison of generated power and power fed to public grid. Storage application is
able to detect the peak upwards, and reduce it by switching to charge state. However, difficulty of
detecting the end of peak results in output power dip after the power peak has gone by.
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Figure 6.2.4. Charge/discharge power for the previous situation. As it can be seen, the charge
power is relatively small in comparison to the generated power. More storage capacity would
enable better suppression of power peaks.
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Figure 6.2.5. Longer simulation run with variable wind speed. Storage is charged during high
power periods and similarly discharged during low power periods. Also in this simulation a
problematic situation can be seen after a peak upwards, resulting in another peak downwards.

6.3

Example of smoothing the PV diurnal variation

In addition to previous simulation cases, the use of storage for smoothing diurnal variations of PV
generation was tested. These studies were performed with HOMER Micropower Optimization
Model. In this case, a system similar to one tested in chapter 6.1. was studied. A PV unit output
power was 2.7 kW and the battery type used was 3600 Ah lead acid battery. The solar radiation
data was obtained according to geographic location (southern Finland) from HOMER databases.
Figure 6.3.1. presents an overview of yearly solar radiation data. The studies are performed on
hourly basis, although this figure presents average monthly values.

Figure 6.3.1. Radiation profile generated according to location information.
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It was assumed that there is a need to shift PV generation towards of-peak hours. For this, the
battery was charged during daytime hours and discharged during evening and night hours.

a)

b)

c)
d)
Figure 6.3.2. Average behavior during sunny days in July. a) PV output power [kW], b) grid
connection point power [kW], c) battery power [kW], d) battery SOC [%]
As it can be seen in figure 6.3.2., storage can help to smooth the output so that it is distributed
throughout whole day and night. Battery SOC varies according to the situation. Increasing the
battery capacity would result in more stable output power and less variance in SOC.
During a less sunny day for instance on November, similar benefits can be seen although the
overall output power is much smaller.
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a)

b)

c)
d)
Figure 6.3.3. Average behavior during less sunny days in November. a) PV output power [kW], b)
grid connection point power [kW], c) battery power [kW], d) battery SOC [%]
The battery SOC throughout the whole year has been presented in figure 6.3.4. As it can be seen,
battery is mainly used during summer months (as obvious) and discharging can range to morning
hours during summer months.
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Figure 6.3.4. Battery SOC throughout the year.
A good illustration of storage impact can be given by power output duration curves. Figure 6.3.5
presents the PV output curve and the overall output curve with storage installed. The smoothing
impact can be clearly seen.
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Figure 6.3.5. Output power duration curves for the PV power (above) and power with storage
installed (below).
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7 Conclusions
The application area of energy storages ranges from local power quality improvement to systemlevel services. On the other hand, the application range covers individual customers and energy
producers as well as network operators. The likely introduction of electric vehicles would introduce
huge masses of storage units on low voltage grid level. It is currently unsure to which degree they
could be used for grid management, but the potential is anyhow significant.
Characteristics like efficiency, life time, power rate or response time define the usability of different
storage types in different applications. In many cases, the storage control systems have to
compromise between application and storage condition maintenance. Thereby the optimum control
scheme depends on the application and may be complex to find.
This report presents some energy storage types suitable for use with smart grid concepts on
distribution network level. Different storage types, their characteristics, control logics and
application areas have been described. The modeling principles presented in the report are
focused on electric power system simulations; thereby the approach is to assure correct behavior
from power system application point of view. Many simplifications have been used while modeling
the physical phenomena behind each type.
Simple simulations have been used to test the behavior of storages. Simulation cases include
typical applications of smoothing output power of intermittent power generation. Further analysis
has been conducted with longer perspective on yearly level. The simulation models enable further
accurate studies on different energy storage applications.

CLEEN OY

Eteläranta 10, P.O. BOX 10, FI-00131 HELSINKI, FINLAND www.cleen.fi

- 47 -

D5.3.3: Energy storage systems; intelligent control concepts and grid interfaces

8 Abbreviations

AC

Alternating current

CEM

Customer energy management

DC

Direct current

DOD

Depth of discharge

EV

Electric vehicle

HV

High voltage

LV

Low voltage

MPPT

Maximum power point tracking

MV

Medium voltage

NAS

Sodium sulphur battery

PCC

Point of common coupling

PSCAD

Power System Computer Aided Design

PV

Photovoltaic

RES

Renewable energy source

SGEM

Smart Grids and Energy Markets

SMES

Superconducting magnetic energy storage

SOC

State of charge

VRB

Vanadium redox battery
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