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Abstract - This paper identifies the current approaches to provide the frequency response from type 3 (Doubly Fed Induction
Generator based) wind turbines to support the grid during power imbalance. It discusses the use of energy storage devices for
providing support during frequency deviation. The paper mainly focuses on the approach to connect the energy storage with
the wind turbine through the DC coupling capacitor and use the already available wind turbine AC/DC/AC converter for power
conversion. The process to choose an energy storage device and appropriately sizing it for desired support is stated. It also
discusses the wind turbine controller strategy modification to properly operate the energy storage device and provide required
support. Finally, the study shows simulation results indicating the validation of connecting energy storage through DC
coupling capacitor and the updated control algorithm method in different operating condition.
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1. Introduction

Improvements in the renewable-energy technology and
policy changes are forcing increased amount of wind energy
in the US grid [1]. Wind energy is ensuring a cleaner
environment by providing green energy, but it is also posing
some serious technical challenge to the grid operators.
Providing frequency response from wind turbines during grid
power imbalance is one of the major concerns.
Interconnection operators at different regions in USA carried
out studies to identify the frequency response and noticed a
decline in the response [2]. Western interconnection is
reporting a decline of 20MW/0.1 Hz/Year in the span of 5
years (1998-2002). Similarly Eastern interconnection region
is also reporting a decline of 70 MW/0.1 Hz/year in the span
of 8 years (1994-2002). Actual frequency response
estimation in Texas ERCOT region is challenging due to the
presence of two sets of interruptible load for handling power
imbalance issues. Reports suggest a flat characteristic in the
frequency response curve over the years in the span of 7
years [3]. However, actual frequency response in the ERCOT
may also be declining. The authorities in the respective areas

are blaming the wind-related generation sources for the
decline of frequency response. The authorities are also
imposing stricter rules for wind energy to comply with the
frequency response requirement.

Normally, the wind turbines are not supportive during
the power imbalance events. During power imbalance,
frequency response from the generating units is provided by
either reducing or increasing output power. Conventional
synchronous generator can sense the system frequency and
increase or decrease the power output. Wind generator can
decrease the output power by pitch control, but sudden
increase in the output is normally impossible due to the fact
that the turbine is completely dependable on the available
wind speed. To provide frequency response from wind
turbine, some supportive method or control upgrade is
necessary. Current available solutions mainly focus on
control upgrades to provide the frequency response. Studies
revealed that, in the stator flux oriented frame, the system
frequency is inversely related to the generator torque when
the current is kept constant [4]. However even in that
situation, the change in output power is minimal while the
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torque is varied. So it fails to serve the purpose of providing
a desired frequency response. Literature solutions also
indicate that the frequency response of the wind turbine in a
DFIG based generator can be improved by using two main
methods; a) emulate inertial response from wind turbine by
updating control response or b) use the droop characteristics
of the wind turbine.

To emulate the inertial response from a wind turbine, the
turbine needs to increase its power output for a short period
of time. It is achieved by considering the Rate of Change of
Frequency (ROCOF) and reducing the wind speed for a brief
period of time [4-10]. While the suggested methods can
provide frequency response, it has certain risks and
performance issues associated. The wind turbine may stall
during the stage of providing the inertial support. The danger
associated with the sudden stall of wind turbines during
frequency deviation can be catastrophic. Stalled wind turbine
will reduce the grid generation further and increase the
frequency deviation and Rate of Change of Frequency
(ROCOF). Increased ROCOF and frequency deviation is
likely to trigger the tripping of further generating units,
creating a cascading event. These phenomena can lead to a
complete blackout [11]. In case the wind turbines do not
stall, it creates further issue by extracting extra power from
the grid during speed up and thus creates a secondary
frequency dip.

In case of the droop control, the wind turbine is operated
in a non-optimal operating condition. During the frequency
deviation, the turbine is shifted into an optimal operating
condition to extract the additional power. The non-optimal
condition can be achieved by two different approaches, by
increasing the pitch angle value or by operating the wind
turbine constantly at a higher speed than the nominal [12-
14]. These processes also have some limitations. In the
method of pitch control, frequency response is slow.
Furthermore the turbine produces reduced output during
normal operating condition. As a result, the total operating
cost for the wind-turbine increases. In case of over speed, the
turbine needs to operate constantly at a speed greater than the
nominal speed. So the power propagation through the
converter is high due to increased slip. Eventually, the
converter size needs to be increased. Also operating at higher
speed than nominal increases the wear and tear of the wind
turbine and in turn reduces the operating life time.

The main motivation of this paper is to review and verify
alternative solutions for frequency response from wind
turbines by overcoming the limitations stated in the previous
paragraphs. The paper focuses on the solutions to integrate
energy storage devices with the turbine to provide the desired
frequency response by charging and discharging the battery
accordingly. Among different wind turbine configurations,
Type 3 or Doubly Fed Induction Generator (DFIG) based
wind turbines are considered during this study. The
organization of the paper is as followed. Section 2 discusses
the impact of energy storage devices with respect to the
frequency response. It also briefly discusses the process to
choose the proper energy storage device for wind turbines.
Section 3 discusses basic configuration of the DFIG based
wind turbines, and the converter control methodology.

Section 4 states the control algorithm to connect the energy
storage device through the DC capacitor. In section 5
simulation and results were discussed. Finally in section 6
the paper ends by stating all the important findings from the
study.

2. Frequency Response & Energy Storage Device

Electrical power demand and supply to a power system
should be always matched for stable operation. If the supply
is less than the demand, the system frequency goes down
from the nominal value, similarly when the supply is greater
than the demand, the system frequency increases from the
nominal value. The actions taken by generation sources to
arrest the frequency deviation and bring back the system
frequency to its nominal value is described as the frequency
response [15]. Frequency response can be categorized into
several different types depending on the response time and
the nature of support [15]. Inertial response is one of the first
steps of the total system frequency response. It acts in the
first few seconds of the power imbalance event and try to
slow down the frequency deviation.

Researchers have been studying the inertial response
from DFIG based wind turbines for several years, and it has
been identified that the turbines have a very low or zero
inertial response contribution to the grid. The wind turbines
basic target is to operate in an optimal condition and extract
as much power available from the wind speed. The
conditions lead the turbines to operate without any reserve at
all. In case when the grid frequency goes over the nominal
value, the wind turbine can contribute by increasing the pitch
angle and thus reducing the output power. But in case of grid
frequency goes lower than the nominal value; the wind
turbine can only generate the available power from the wind
speed and thus are unable to participate in the frequency
response.

The relation between grid inertia, power imbalance and
frequency deviation can be described by equation (1)

% f 3¢ =P/an ()

Here df is the frequency deviation, AP is the power
imbalance between the generated and the dispatched power
and H is the power system inertia [11, 16, 17].

_ 1/2]w2
H= MvA 2
Here, J is the moment of inertia, «® is the speed of
rotation and MV A is the MV A rating of the power system [6,
16].

Equation (1) also defines system Rate of Change of
Frequency (ROCOF). It is obvious from equation 1 that if the
amount of power difference (AP ) remains same, then
frequency deviation will be inversely proportional to system
inertia. Similarly if the system inertia (H) remains same then
the frequency deviation will be proportional to the power
difference between generation and load (AP).

Introducing more and more wind power in the system
reduces the system inertia and thus increases the chance of
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greater frequency deviation. Such a high frequency deviation
can in turn increase the chance of more generator tripping
and create a huge network disturbance [11].

Instead of providing direct inertial response, wind
turbines can create an artificial reserve by operating with
energy storage device. Energy storage can supply the extra
power during power imbalance. Response during frequency
deviation with the energy storage integrated can be described
by equation (3).

af/at — Pwmdgen PLoaiI"'Penergystorage (3)

Here, P inagen is the power generated by wind turbine,
Proqq is the demand at the grid and Pepergystorage 1S the
extra power supplied by energy storage device. It is obvious
from equation (3) that as the extra power from energy
storage reduces the total power imbalance between load and
generation. ROCOF and total frequency deviation will also
decrease.

There are different types of energy storage devices, such
as Battery Energy Storage, Fly wheel, compressed air, super
capacitors, pumped hydro, super magnetic energy storage
etc. Not all of the energy storage technologies are suitable to
connect with the wind turbines considering the size, cost and
energy density. For turbine level support, Battery Energy
Storage System (BESS) provides the best solution
considering the cost, instant power availability, two way
power share capability, round trip efficiency, longer life span
and high-energy density [17-19]. Distinct battery technology
can be used for BESS development. Some commonly
available battery technologies are Lead acid, Li-lon, Nickel
Cadmium, Nickel-Metal Hydride etc. Lead acid topology is
one of the oldest battery systems available. But it has
limitations, such as, low efficiency and nonexistent cycling
capacity. The above-mentioned limitations make Lead-acid
batteries unsuitable for developing the wind-turbine
application. Nickel- Cadmium batteries are low-cost and
long lasting. However the batteries have low energy density
and also use toxic material during production. So the Nickel-
cadmium batteries are not suggested to produce BESS.
Nickel-metal hydride batteries are better solutions by
producing batteries with higher-energy density, but it has a
major disadvantage of higher self-discharge [20, 21].
Considering all the facts; Li-lon batteries provide the best
option for producing BESS. It has the advantage of low cost,
high-energy density and relatively higher efficiency. During
this study, Li-lon batteries are considered for developing the
BESS.

3. Basic DFIG Configuration & Converter Control

Figure 1 shows the basic block diagram of the DFIG
based wind turbine system. DFIG consists of a wound rotor
induction generator. The stator of the generator is directly
connected to the power-supply grid, whereas the rotor of the
turbine is connected to the grid through a bi- directional
power electronic converter. Power ratio of the rotor to the
stator is one third. That helps to reduce the size of the power
electronic converter. The active and reactive power control

set points of the wind turbine comes from the wind farm
controller. Wind farm senses the grid conditions and also
takes input from the Transmission Service Operators (TSO)
to generate proper set points for the active and reactive
power [22].

ol

Fig. 1. Basic block diagram of DFIG Wind Turbine

The AC/DC/AC converter in the system helps the wind
turbine to properly connect to the grid by synchronizing with
grid voltage and frequency. It has two main parts, Machine
Side Converter (MSC) and Line Side Converter (LSC). Both
of those converters use six Insulated Gate Bipolar Transistor
(IGBT) Switches. Control signals of the switches are
calculated by comparing three-phase reference voltages with
high-frequency triangular waves. Reference voltages for both
MSC and LSC are calculated using the vector control
algorithm.

The aim of the MSC controller is to follow active and
reactive power control set points that have been acquired
from the wind farm controller. MSC control is achieved
using stator voltage reference frame. Three-phase voltages
are converted into D-Q axis frame and required set points are
followed using Pl controllers. Mathematical expression
related with the vector control is given below in equation 4 to
7[22]

_ (Pref=Pisc) L IgsR
Iprg, = Tevsd j B Ljns @
__(Qref=Qisc) Ls  (Vsa _ IpsRs
IQTset - Vsa "L (Lm Lm ) (5)
Vpr = Kvmsc- (IDTset - IDT) + Kimsc f(IDTset -
L
Ior)-dt + 5.(S2.Vos = 0.1y Igy ) (6)
Vor = Kpmsc- (IQT'set - IQT) + Kimsc f(IQrset -
Ioy).dt —5.0.Ly. I, U

Here,Ip,,, &lor, e the D and Q axis rotor current set
point, P..;&Q,.rare the active reactive power set point,
Pisc&Qs are the line side converter power, I &I, are the
D and Q axis stator current, I, &I,, are the D and Q axis
rotor current, Vp &V, are the D and Q axis stator voltage,
Vpr &V, are the D and Q axis rotor voltage, R is the stator
resistance, Lg, L,.&L,, are the stator rotor and mutual

. . . L3
inductance, s is the slip, ¢ =1 — LS—’Z‘randemsc&Kimscare

the proportional and integral gain of the converter Pl
controller. Once Vp, and V. are calculated, they are
converted back into three phase system and compared with
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triangular waves to calculate the gate signals for the MSC
IGBT switches.

Main aim of the LSC is to regulate the dc link voltage
within a certain limit. LSC is also controlled in the stator
voltage oriented frame. Governing equations of the LSC has
been given below [22]

_ lec,ref
Qgset — |Vg| (8)
IDgset = KPdC' (VDCset - VDC) + Kidc f(VDCset -
Vpc).dt )

Up,imv = Vpg — (KPlSC' (IDgset - IDy) +

Kiise f(IDgset - IDg) . dt) — Lywelyg
(10)

UQ.inv = VQg - (KPISC' (IQgset - IQg) + Kisc f(IQgset -
Igg)-dt) + Lrw,Ip, (11)

Here,Ipg,, &lg4...ar€ the D and Q axis grid current set
point, Qysc ref is the reactive power set point, Ip, &Iy, are
the D and Q axis grid current, V. &Vp_,, are the actual and
set point value of DC voltage, L, is the line filter inductance,
s is the slip,w, is rotational speed and K, &Kj;scare the
proportional and integral gain of the LSC converter PI
controller. Once Up ;,,, and Uy i, are calculated, they are
converted back into three phase system and compared with
triangular waves to calculate the gate signals for the LSC
IGBT switches.

4. Integration of Energy Storage through DC Capacitor
for providing Frequency Response

The energy storage approach to support the wind farms
is not new. Different kinds of energy storage devices are
already helping wind farms to provide ancillary services.
Common trend is to develop the energy storage as a separate
generating unit and connect it to the grid using bi-directional
power electronic converter. Among the previous research
work on similar approach, Sudipta Ghosh et al developed a
combined system with DFIG wind turbines and energy
storage device [23]. The combined system can provide
inertial response and primary frequency response using the
capability of the energy storage. Moreover the system can
provide support in both super and sub synchronous region.
Similarly Nicholas from GE in ref [24] showed that an
energy storage connected separately with a wind farm can
improve the performance during frequency response.

Figure 2 shows a conventional BESS system connected
to the grid to support wind farm [17]. In this kind of
arrangement, a battery management system is required. The
battery management system keeps track of the battery and
grid conditions and schedules the charging and discharging
system according to that. The power converter rating
depends on the total size of the battery. Control system for
wind turbine is totally separated from the battery control
system. It is not required to make a change to any of the
controlling parameters of the wind farm and wind turbine
controller.

The implementation of the described BESS integration
system is simpler due to the lack of controller parameter
overlapping for wind turbine and BESS. But the problem
associated with the setup is, the entire energy storage power
is aggregated in one place and any failure in the power
converter or the BESS system affects the complete system,
and it can lead to further grid faults.

 \
L :

™ ™ L
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Fig. 2. BESS integrated with a wind turbine through
separate converter

To move into a more distributed system, there is another
approach to integrate the energy storage device at the DC
capacitor of the DFIG wind turbine. The system has the
major advantage that a single failure in any of the turbines
will not entirely affect the whole grid system, and the chance
of further fault propagation is reduced. Also it eliminates the
necessity of an extra converter for the BESS. Researchers
previously used this kind of setup to support the DFIG for
various purposes. Liyan et al in ref [25] and Govada et al in
ref [26] used super capacitor energy storage devices.
Zhenhua et al in ref [27] and Aktarujjaman et al in ref [28]
used battery based energy storage devices. In all these
references, the energy storage is connected to the DFIG DC
capacitor and the primary scope of was to reduce
intermittency and improving power quality of the wind
turbine output. Results available from this studies show that
the combined system can produce smoother output. However
those reference papers were not focused to show the
improvements during the system frequency disturbance.
Nicholas from GE in ref [24] and Bijaya et al in ref [29] used
the BESS connected through DC capacitor of DFIG to
provide frequency response support. GE showed that the
combined system can vary the output power depending on
the system frequency needs. The paper mentioned that the
next target is to provide primary frequency response from the
combined system to fulfill future grid requirements. Also the
result available from ref [24] indicates that the use of energy
storage eliminates the possibility of wind turbine stalling
during recovery period. Bijaya et al in ref [29] showed that
the combined system can maintain a steady system frequency
and constant output voltage. However the results fail to
demonstrate the effectiveness of providing fast frequency
response.

Figure 3 shows the basic concept of the BESS
interconnection in turbine level to provide frequency
response used in this paper. It can be seen in the figure that
the BESS is connected directly to the DC coupling capacitor.
Both the DC link capacitor and the BESS use the same
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power electronic converter during grid integration. A
frequency sensing system is incorporated with the BESS and
the power electronic converter system. Once the system
senses the frequency from the grid, it compares the value
with a reference value. Depending on the frequency
deviation value, the operation of the BESS connected DFIG
system is divided into four different regions. The regions and
respective control algorithms are described below.

Fig. 3. BESS integrated with the DC coupling capacitor
4.1 Steady state operation

The steady-state operation indicates the time period
when the grid frequency deviation remains within an
allowable limit. The wind turbine operator can chose to
disconnect the BESS from the dc coupling capacitor during
this time period. If the BESS is disconnected, MSC and LSC
current controller follows the equations (Equation 4 - 11)
mentioned in the previous section for a standalone DFIG
system. The wind turbine owner can also keep the BESS
connected during steady-state operation. If so, the BESS
helps the turbine to follow the reference values and produce
smoother output power. During this study, the BESS was
kept connected during steady state operation.

4.2 Discharging of BESS

Discharging of BESS is required when the grid
frequency goes below the threshold of nominal value. The
required extra power is supplied to the grid by the BESS.
The LSC and MSC current controller algorithm and the set
points require changes. Amount of frequency deviation is
calculated by subtracting the actual frequency from the
nominal frequency value. The frequency deviation value is
then used as an input to a predefined table to identify the
exact amount of extra power required to support the grid
during frequency imbalance. The following equations show
the BESS integrated DFIG turbine’s operation during
frequency deviation.

faev = fact — from (12)
P,.; = table value (fzy,) (13)
Ptotjeq = Pyina + Pext (14)

Here, fiev, from» face indicates the frequency deviation,
nominal frequency value and actual measured frequency,

Pyinas Pexe, and Py req indicates the wind turbine power
output, extra power required for frequency support (derived
from table) and the total output power

D and Q axis current reference values for MSC control
also changes. Following equations show the update in the
reference value calculation

I — (Ptot_req—Pext—Pisc) Ls IgsRs (15)
Drset Vsd ' Lm Lm

I - _ (Qref—Qusc) Ls (M _ IDsRs) (16)
Qset Vsd ’ Lm Lm Lm

Here, Ip,,,, lor,, indicates the D and Q axis rotor
current set point value, Ip, Iy, is the D and Q axis stator
current, P, is the LSC power, L, L, are the stator side and
mutual inductance and R; is the stator resistance

Similarly the D and Q axis current reference of LSC
controller also changes. Below equation shows the updated
equation

IQgset =0 (17)

\/E*P tot_req
V3% Vgrid_rms

IDgset -

(18)

Here, Vgria_rms 1S the grid voltage RMS value

The reference voltage signals are calculated using the
updated current reference equations. The PWM signals for
the MSC and LSC converter are then calculated by
comparing the reference voltages with a highly sampled
triangular signal.

4.3 Charging of BESS

Charging of BESS is required following the frequency
deviation clearance. Once the frequency comes back close to
the nominal value and the Battery State of Charge (SOC)
goes below a certain level, the battery needs to be charged.
The battery is charged in a process, where the charging
current is lower than the discharging current. The charging
process takes longer time than the discharging. During
charging, the battery takes the current from the wind turbine
itself. The wind turbine generates optimum power depending
upon the wind speed. The reference power for each wind
turbine in the wind farm considers the charging current for
the battery and set the reference power output from the
turbines according to that. D and Q axis current reference
changes during charging process. The equations during the
charging procedure are shown below.

P, ina = Optimum power from WTG (19)
P.o.r = WTG power ref. from the farm contr  (20)

Icharge = Battery charging current (21)
Pcharge = Vg * Icharge (22)
Pref_upd = Pref - Pcharge (23)

Here Ppqrge is the charging power associated with the
battery charging andP,. ,pqindicates the updated reference
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power for the wind turbines. The D and Q axis current set
points are calculated using the following equations

_ (Pref=Pisc) Ls IgsRs

IDTset - Vsd “Lm Lm (24)
_ (Qref‘leC) Ls (Vsd IDSRS)

IQTset - Vsd "Lm Lm Lm (25)

LSC current set points and the reference voltage
calculation equations are given below

IQgset =0 (26)

V2xP ref_upd
V3 Vgrid_rms

IDgset -

(@7)

4.4 Transient Period

Grid-connected wind turbines face several kinds of
transient operating conditions. Wind gust, voltage dip, over
voltage, low voltage ride through period are some of the
examples of transient periods. Depending on the transient
condition identified, the wind farm controller calculates the
required active and reactive power set points for the wind
turbines. The turbines use the reference values to calculate
the D and Q axis current set point for the MSC and LSC
controller. The complete analysis of the transient periods is
out of scope of this paper.

4.5 Battery System Sizing to Provide Required Support

It is important to calculate proper size of the BESS to
provide required amount of power support during
emergency. BESS system consists of several series and
parallel connected battery cells. The series connected battery
cells ensure the right amount of voltage output from the
BESS. The parallel connected battery cells ensure the current
output from the BESS. Proper sizing of the BESS depends on
several other parameters such as DC link voltage (Vac),
Median voltage of the battery cell (Vmed), Wind turbine
power (Pwm), Support level from battery (nsupport), Depth of
Discharge (DOD), Cell capacity (lcen cap) and C rate used
during charging or discharging (Cy).

Proper sizing of the BESS also depends critically on the
value of the maximum power it needs to provide during
emergency condition and the minimum duration it needs to
provide the support. These two values are often defined by
the system operator where the wind farm is located. As an
example Ontario Independent System operator requires the
wind turbine to increase 10% of available output for at least
10seconds during emergency condition [30].

Considering the BESS needs to provide a maximum of
Nsupport% OF the turbine nominal power for T,,,0r¢ S€CONdS
during emergency condition

Pturb*Nsupport (28)

P, =
BESS 100

As, the BESS produces DC power output,

Pggss = Vpgss * Iggss (29)

To integrate the BESS with DC link capacitor it is
essential that the DC link voltage matches closely with the
BESS voltage (Vzgss = Vye)-

As previously mentioned, that the aggregated BESS
voltage is achieved by series connecting a number of single
battery cells. If the median voltage rating of a single battery
cell is Vmeq, then the total number of series connected battery
cells to produce the Vgess are

Vac

ng = m (30)

Similarly the current lgess is generated by connecting a
number of battery packs in parallel (n,).In each pack,n;
numbers of series connected single battery cells are required.
The single battery cell output current during discharging
depends on the cell capacity (Iqycqp) and the C rate used.
The C rate defines the rate of discharge of the battery cell.
For high C rate, the battery cell produces high output current,
but discharge quickly and also has an overall adverse effect
on the life cycle of the battery life. For a battery cell capacity
Of Iceyicap and C rate of €, the number of parallel battery
packs required are

n. = IBESS (31)

P Icellcap*Cr
Combining equation 28, 29, 30 and 31

_ Prurb*nsupport (32)
P 100+Vgc*lcelicap*Cr

The time duration measure (in minutes) to determine
how long the BESS will support the grid is dependent on the
C rate and depth of discharge. Depth of Discharge (DOD) is
the difference between the starting and ending SOC of the
battery during operation. Theoretically battery SOC changes
from 100% to 0 % in 1 hour if the battery discharges at the
rated current(C, = 1). The relation between C rate and
discharge time for a battery to move from SCR 100% to 0%
is inversely proportional. If a depth of discharge level of
DOD and a C rate of C, is used during battery operation,
then battery support time (in minutes) will be decided by the
following equation

_ DOD*60
upport T 190xc,

T, (33)

The IGBT, grid connection cable and the transformer
rating needs to be increased to handle the extra power
coming through the BESS. IGBT voltage rating remains
same, but the current rating needs to be increased to sustain
turbine and BESS current (lwm+lgess). Grid connection cable
and transformer's rating needs to be increased to handle the
turbine and the BESS power (Puwm+Pgess).

Actual configuration of the series and parallel connected
stacks can be modified depending on where the BESS is
installed and the available space. Depending on the actual
nacelle configuration and accessories, the BESS can be
installed either in the nacelle or down tower. It is
recommended, to install the BESS at down tower. It has the
advantage of easy access during maintenance and also a
temperature control unit can be installed. This will improve
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the overall BESS lifespan. Also it ensures the nacelle
experiences less weight and stress.

If the BESS is installed down tower, then it is important
to consider the voltage drop and power loss through the DC
cable during Battery sizing calculation. Considering the
BESS drop is Varop and power loss is Paop due to the DC
connecting cable between the BESS and DC capacitor
voltage, then equation 30 and 32 needs to be updated
accordingly

14 14
n, = dctVdrop (34)
Vmed
np _ (Pturh*nsuPPOTt/100)+Pdrop (35)

Vac*Icelicap*Cr
4.6 Control Flowchart of the Battery

Control logic for all four periods stated before, works by
inspecting the SOC condition of the battery. It is critical to
identify the SOC range the battery will be operating. Battery
voltage vs. SOC and battery degradation over the depth of
discharge is the two parameters need to be considered during
the SOC range selection and control algorithm development.
During the study, the battery voltage vs. SOC is plotted using
the generic Li-lon battery model available in the
Matlab/Simulink library. Figure 4 shows the Li-lon voltage
vs. SOC during charging. From the figure it is evident that
the battery voltage remains fairly linear during the range of
30% to 80% SOC. As a conservative approach, the SOC
limit from 40% to 80% is selected for operation during this
study.

Fig. 4. Battery voltages vs. SOC of a single Li-lon
battery cell

This selection helped to ensure two things. First, it
ensures that the battery operating voltage remains linear
during operation. This helps to integrate the battery with the
DC link and control the DC voltage properly. Second, it
ensures relatively lower depth of discharge (40%). Lower
depth of discharge increases the overall battery life. The
maximum and minimum SOC limit and the depth of
discharge can be varied depending on the battery technology
and by analyzing the battery characteristics.

The charging and discharging action is triggered based
on the system frequency and the SOC level. During the
normal system condition (frequency remains within
threshold limit), the battery starts charging if the SOC level
reaches below 60%. This ensures that the battery does not
drain itself too much and the battery connected wind turbine
system keeps enough reserve for the emergency situation. As
soon the battery system reaches the maximum SOC level
(80%), the battery stops charging. Considering the power
system remains in normal condition, the battery can help the
wind turbine to follow power set points and produce smooth
outputs. As soon as the system experiences major power
imbalance, the control algorithm enters into emergency mode
and detects whether the actual system frequency violated the
threshold values in positive (system frequency above
60Hz+threshold) or negative direction (system frequency
below 60Hz-threshold). If the system frequency violates the
frequency threshold in positive direction, the battery keeps
charging till the maximum SOC limit (80%). If the frequency
deviation clears before it reaches 80% SOC then the control
algorithm enters the normal operation, but if the system
frequency deviation remains and the battery SOC reach the
maximum value, then battery disconnects and connects again
once the frequency deviation is cleared. Similarly if the
system frequency violates the frequency threshold in
negative direction, the battery keeps discharging till the
minimum SOC limit (40%). If the frequency deviation clears
before it reaches 40% SOC then the control algorithm enters
the normal operation mode. But if the system frequency
deviation remains and the battery SOC reach the minimum
value, then battery disconnects. It connects again and starts
charging once the frequency deviation is cleared. Figure 5
shows flowchart of the control logic.
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Fig.5.Energy storage control flow chart

5. Simulation & Results

A simple two area power system network was developed
in MatLab/Simulink to simulate the frequency deviation
incident. Figure 6 shows the one-line diagram of the
developed system. There are five synchronous generators,
each with a capacity of 1 MW. There is a load (load 1) in the
system which is matching with the total generated power in
the system. There is a power imbalance created by switching
on another load (load 2). The load creates a power imbalance
of 20%.

Fig. 6. Two area power system network with five
synchronous generator

During the simulations, focus was kept on initial stages
of frequency response, especially the reduced inertial
response due to integration of wind turbines and how the
introduction of energy storage helps. Synchronous generator
governor droop, secondary frequency control and AGC
method is already well developed in the industry and not
discussed in detail in this study. Moreover, secondary
frequency response and Area Generation Control (AGC) was
not implemented in the simulations.

The system was initially simulated to see the frequency
deviation and inertial response by the synchronous
generators during power imbalance. The system was running
in balanced condition. At 25 seconds, using load 2, a power
imbalance of 20% is created. The result is shown in figure

7(a). Figure 7(b) indicates the frequency drops significantly
from the nominal value.

@ (b)

Fig. 7(a).System Load increase due to switch in extra
load; (b).Frequency deviation due to Power Imbalance

Synchronous generators respond to the frequency
deviation by slowing down and increasing the output power
through the release of stored kinetic energy. The increased
power output is shown in figure 8.

Fig. 8.Release of kinetic energy from synchronous
generators during frequency deviation

Generally in a synchronous generator, the inertia
constant varies between 2-8 s. The system with 20% power
imbalance is simulated by varying the synchronous
generators inertia constant from 2-8 s. Figure 9 shows the
results.
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Fig. 9.Variation of minimum frequency value and
ROCOF with different system inertia level during power
imbalance

From the figure it can be visible that, for higher inertia
constant, the frequency deviation and ROCOF are lower.

As stated previously, wind turbines normally don't add
any inertia to the system. To inspect the effects of connecting
wind turbines in the system and variation in frequency
response, one of the synchronous generators is replaced with
a DFIG wind turbine. For the simulation purpose, built in
DFIG wind turbine model available in MatLab/ Simulink is
used. Figure 10 shows the system single line diagram with
wind turbine integrated.

Fig. 10. Wind integrated a two-area power system

Again a power imbalance is created at 25 second. The
result in figure 11 indicates that the wind turbine did not
increase power during frequency imbalance. It only creates a
small oscillation in the output power due to the transient load
condition.

VX S A I I

Fig. 11. Wind Turbine output without BESS support
during frequency deviation

Next, the wind energy penetration is varied between 10-
30% of total generated power. The frequency deviation is
observed during a power imbalance of 20%. Figure 12 shows
the results.

Fig. 12. Frequency deviations with different wind energy
penetration level

From the figure it is obvious that higher penetration of
wind energy in the grid is reducing system inertial response
and also increasing frequency deviation. Table 1 indicates
the detailed result of the analysis with different wind
penetration level.

Table 1. Frequency deviation with different wind energy
penetration

Wind F nadir F Deviatio
Penetration(%) Settling n(%)
10 58.99 59.00 1.66
15 58.91 58.93 1.78
20 58.82 58.85 191
25 58.72 58.76 2.06
30 58.58 58.65 2.24

Next, the BESS is connected to the wind turbine through
the DC capacitor. Figure 13 shows the BESS connected wind
turbine system.

) ik
w1 Cavwt o8
- - “ RPN re— |
- S -nd e .
\ 7
'

Fig. 13. BESS connected through the Wind Turbine DC
Capacitor

Figure 13 shows the DFIG stator side is connected
directly to the grid, rotor side is connected through the
AC/DC/AC converter. BESS is connected with the DC
Capacitor. The battery model shown in the figure is Matlab
built-in generic battery model. The breaker is operated by
sensing the Battery SOC condition and the frequency
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deviation. If SOC is more than 80% or less than 40%, the
breaker opens to disconnect battery.

The BESS is sized to provide 20% support of the wind-
turbine power output. The case is simulated considering there
is 20% of wind penetration. During simulation, 20% power
imbalance is created by varying the interruptible load. Figure
14 shows the output of the BESS coupled wind turbine. The
results confirm that during the power imbalance incident,
along with the synchronous generator, the BESS connected
wind turbine also increases its output to stabilize the grid.
The extra power is supplied by the BESS.

Fig. 14. Power increase of BESS connected WT during
frequency Deviation

Figure 15 shows the SOC condition of the battery.
During the initial period, the BESS SOC remains close to the
initial value, But at 25s when the power imbalance occurs,
the battery starts discharging and the SOC reduces.

B s S YO

Fig. 15. SOC condition of the Battery during providing
the frequency response

The battery is capable of providing 20% support of
nominal wind turbine power output even when the available
wind power is low. Such case is simulated and shown in
figure 16. Available wind power from the wind speed was
0.28pu of the nominal value. Frequency deviation occurs at
25 s and the battery was able to provide full 20% support of
the nominal wind turbine power to help stabilizing the
system. The total output raises to 0.48pu from the battery
connected DFIG.

Fig. 16. BESS Support during low wind turbine output

Figure 17 shows the performance of the system with and
without BESS is connected with the wind turbine. The blue
signal shows the response without BESS connected and red
signal shows the response with BESS connected. From the
figure, it is obvious that the BESS connected wind turbines
significantly reduces the frequency nadir during power
imbalance.

Fig. 17. Frequency Deviation with and without BESS
integrated

Figure 18 shows the battery current during charging and
discharging incident. Initially, there was a power imbalance
within the system and the battery was providing support to
the grid by discharging current. At 25 seconds, the fault is
cleared and BESS starts charging by taking current from the
wind turbine. Figure 18 shows the BESS connected wind
turbine power output and Figure 19 shows the SOC variation
during the process.

et

Fig. 18. Wind Turbine Power output during discharging-
charging incident

Fig.19. Battery SOC during discharging-charging
incident

The discharging current C rate is twice of the charging
current, thus charging process takes more time than the
discharging. The governor set point for the synchronous
generators can be set at a higher value or the reserve
generating unit outputs are set accordingly to offset the
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reduced power output from the BESS connected wind
turbine.

A comparison between the system response is done
when BESS is connected through the DC capacitor and when
the BESS is connected through a separate converter system.
The results are shown in figure 20.

Fig.20.System responses while BESS is connected
through DC Capacitor & through a separate converter system

In the figure 20, red line shows the system response
while the BESS is connected through a separate converter,
and blue line shows the response when BESS is connected
through the DC capacitor. Results indicate that if similar size
of battery is used, the system response performance is similar
for both cases. However, there is oscillation visible when the
BESS is connected through a separate system. Also the
frequency drops to a lower value in this case during the
transient period. For the other case, when the BESS is
connected through the DC capacitor, it produces a smoother
frequency response. There is also a possibility of higher
harmonic injection when the BESS is connected through a
separate converter system. Operation of the IGBT switches
in the extra converter used for BESS integration increases the
harmonic injection. Harmonic injection for both system
configurations are calculated until 50th order and shown in
figure 21.

i

Fig. 21. Harmonic Performance in different BESS
integration method

Total harmonic distortion value for the system is
3.10%when BESS is connected through the separate
converter. BESS connected through the DC capacitor
produces better result by injecting low Total harmonic
distortion of 1.23%.

The results indicate that energy storage connected
through the DC cap provides better performance in terms of
harmonics injection to the grid. The method can provide the
required level of support and improve the system frequency

response along with providing smooth output and lower
harmonic injection.

6. Conclusion

The paper demonstrated that integration of the energy
storage effectively enables the type 3 wind turbines to
increase its power output and improve the frequency
response during the times of power imbalance. Frequency
response through energy storage integration is better as it
provides faster response and removes the danger of wind
turbine stall. It is also shown in the paper that the system
performs better when the energy storage is connected
through the DC cap of the type 3 wind turbine. This method
of energy storage connection requires minimal changes to the
hardware of the wind-turbine and mainly focuses upon the
adjustment in the control algorithm. The adjusted control
shown in this paper successfully operates the energy storage
charging and discharging while connected to the DFIG wind
turbine capacitor. The method is validated by the results
available from the simulation. The wind-turbine converter
controller operates the energy storage device. So there is no
necessity of a separate battery controller device. Energy
storages connected through the wind turbine DC cap
provides the frequency response solution in a distributive
manner, which provides robust support. If one or more
turbines fail, other turbines in the farm can still provide the
frequency response. It helps to bring back the system
stability. Finally, it is reviewed in this paper that proper
integration of energy storage with the DFIG wind turbine can
improve frequency response issues. With further study and
analysis, a similar approach can be adopted for other
renewable energy sources such as solar.
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