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Abstract: The rapid increase in the integration of renewable energy sources into the electrical grid is
posing new challenges for the dynamic responses due to the global inertia reduction. In this regard,
the impact on frequency stability of such reduction and the potential support from wind power
have been investigated lately. However, it is well-known that the variability of wind power and its
reduced inertia may not be enough to handle the power unbalance. Energy storage systems (e.g.,
batteries) may provide the required additional flexibility to ensure proper response. In this paper,
an analysis of how the different control loops for frequency support on wind power and batteries
interact and perform is presented. To gain insights from the different impacts, a sensitivity analysis
comparison for frequency regulation through (i) inertia and droop control of a variable speed wind
turbine and (ii) battery is performed. The analysis was carried out through simulations using the
well-known 4 generator 2-area model adapted to include a wind farm. From a battery perspective, its
ramping capabilities were varied to provide frequency regulation. The paper shows how, depending
on the control parameters and battery size, the frequency response may even become unstable due
to interactions of the various pieces of technology. Thus, it shows that coordinated actions, control
optimization and grid status among different actors on the grid (as battery and wind) is required for
stable operation.

Keywords: wind power plant; frequency regulation; battery energy storage system; droop control;
inertia control; control interaction

1. Introduction

The steady increase in adoption of renewable energy sources (RES) to reduce emissions
and make electrical grids sustainable worldwide has led to a large increase in wind power
penetration. With offshore technology becoming commercial, the share of wind power is
set to expand further. Due to this increasing contribution of RES, especially wind, there
is concern over the reducing inertia and balancing the disturbances caused their variable
nature. Wind turbines (WTs) are not capable of providing inertia, as they are decoupled
from the grid through converters [1]. In addition, many nuclear and thermal power plants
are being shut down worldwide, and the rising costs and supply-chain issues surrounding
gas imports have increased concerns about the future of grid stability [2]. Inertia is essential
in the grid, as it helps avoid changes in frequency by providing power over a short period
of time. It provides the system with enough time to not destabilize before additional
generation is completed or a load is shed [3].

Inertia control has generally been performed by governor control of synchronous
machines and swing or backup generators. Depending on the country, the frequency
is either 50 or 60 Hz, and during generation or load imbalance, the frequency starts
deviating from these base values. The rate of change of frequency (ROCOF) is given by the
swing equation:
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where df /dt is the ROCOF; fy is the system frequency; Hsys, Sg, P and P, are the system in-
ertia constant, generator rated power, mechanical power and electrical power, respectively.

Traditionally, wind power plants (WPPs) do not participate in frequency regulation, as
older permanent magnetic synchronous generator (PMSG) turbines operate in maximum
power point tracking (MPPT) mode and their speed cannot be altered to vary their output
power. Coordinated PMSG wind turbine control strategies have been developed to emulate
the combined inertia response of WTs and generator to provide a short-term frequency
response, but are still not preferred [4]. However, newer variable-speed wind turbines
(VSWTs) can be controlled externally through several mechanisms to provide an inertia
response [5-9]. For example, inertia control injects energy into the system based on the
ROCOF, and droop control works with the difference between frequency levels [10,11].
On the other hand, deloading control shifts the WT operating point from the optimal
to a reduced power level. The deloading is performed through speed and pitch angle
control [12-14]. Reference [15] provides a control scheme for an isolated power system
using optimum deloading techniques through static converters and pitch control, and rotor
speed and active power variations. However, the frequency nadir with just integral control
loop provides a marginal improvement over that of a primary frequency response without
the control loop.

These WT control strategies can be combined and integrated with other generators
in the grid to implement better frequency controls. Reference [16] proposes a coordinated
control strategy with time-varying gains of inertia and droop control loops. The control
loop gains depend on the desired frequency-response time, and initial gains are based on
wind speed and operating conditions of each WT in the farm. Reference [17] formulates
a coordination strategy between WT droop control and synchronous machines such that
the conventional generators activate power injection from the start of frequency drop. This
control leads to a lower frequency deviation value. Nevertheless, there is no improvement in
the total time required to bring back the frequency to the threshold. Reference [18] provides
a hierarchical control system structure for coordinating WTs and reducing the total number
of turbines used for frequency regulation. Three layers of wind farm management are used,
along with wind farm control and WT control, to share information among the wind farms,
traditional power plants and system dispatching center. The WT control is responsible for
tracking the reference active power value and transmitting information, such as output
power, available frequency control power, wind speed, rotor speed, pitch angle and other
operation status indicators of the WTG to the wind farm management layer. However,
for the two active power control methods, rotor speed control and pitch angel control, the
pitch angle control is slower and leads to more mechanical wear compared with the rotor
speed control. Thus, it is considered that the reserve power quality provided by rotor speed
control is better than the pitch control. However, the sensitivity of the WT response due to
the variations of the inertia and droop constant was not studied in detail. With numerous
WT control models, it is important to not only compare them but also evaluate how they
perform with various degrees of sensitivity in different scenarios. In [19], a comparison is
made between the performance of an actual WPP and a detailed model containing different
gains of the inertial controller. However, gains are not varied by large values, and the
approach is not compared with alternative methods of frequency control.

Lately, energy storage systems, especially batteries, have emerged as a popular option
to provide primary frequency support. Batteries are not just capable of responding within
a few seconds, but can also continuously supply power over longer periods. This could
help eliminate the need for secondary or tertiary reserves in many cases [20—-22]. Moreover,
batteries can be charged with the excess energy generated from the WPPs. In fact, the
possibility of providing frequency regulation combined with renewable energy arbitrage
has been one of the key areas of interest for wind power plant operators [23].
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As mentioned earlier, inertia in a power conventional power grid is provided by
synchronous generators in thermal power plants through governor control. That is, in the
event of a frequency drop, additional power can be supplied by the synchronous machines
to balance the system. However, these are slow, as they take a few seconds to respond.
Meanwhile, output from electrochemical energy storage technologies such as batteries and
supercapacitors is almost instantaneous, and energy can be provided over a longer time
duration as compared to inertia and droop responses of WTs. Numerous studies with
battery energy storage system (BESS) control strategies have effectively shown suitability
for frequency regulation in largely wind-powered systems [24-33]. Reference [24] depicts
a BESS and WT pitch angle control. The pitch control is activated only when battery
state of charge (SOC) is below 40%, and the synchronous generator responds at 30% SOC,
charging the battery and bringing SOC levels back to 50%. Reference [25] assesses the
impacts of various aggregated and distributed energy storage technologies in a wind farm.
Reference [26] presents lithium-ion battery (LiB) control to limit damping power associated
with inter area low frequency oscillations in a wind power plant. Reference [28] shows
an SOC-control-based scheme and response time between generators and BESS to control
wind frequency deviations. Reference [31] considers a WPP and a BESS together as a virtual
power plant (VPP) to provide both energy and frequency regulation in energy markets.
The cooperation strategy deploys a BESS during insufficient generation from the WPP,
considering its cycle number and energy change functions to improve battery lifetime.
Battery and supercapcitor combinations have also been widely studied for frequency
regulation applications to provide faster responses and reduce battery size and overall
costs [30,34-40].

Thus, different but complementing strategies can be used to provide better grid
support. Simultaneous wind-battery control can be an effective strategy to avoid frequency
imbalances, as it could reduce reliance on just one type of support. However, in-depth
sensitivity analysis on the impact of different WT control strategies and their comparison
with a BESS need to be studied further. In this paper, we explore WT control strategies
that incorporate a battery to study their individual impacts on frequency regulation in
the event of a grid disturbance. We also analyze the combined effect of the two controls
and vary their response capabilities to encourage better control strategies with improved
frequency regulation.

2. Materials and Methods
Frequency Support from Wind Turbine Control and BESS

As mentioned, in the event of rapid frequency changes, the WT is capable of regulating
itself through several means. In our study, we used inertia and droop control methods, as
they are capable of injecting sufficient momentary power into the grid without deloading
the WT and causing stress on the turbine blades.

Inertia Response: In the case of VSWTs, the rotating mass is mechanically decoupled
from the grid and the kinetic energy (KE) cannot provide a direct inertia response like
the synchronous generators for frequency balancing. However, doubly-fed induction
generators (DFIGs) can be operated to slow down and release this KE into the grid for a
few seconds and provide inertia into the system for 10 s. This provides sufficient time for
the synchronous generator to activate its governor control to further balance the frequency
within 30 s (primary control). Afterwards, slower secondary and tertiary controls are
activated to bring the frequency levels back to threshold values [41].

@

where Ej is the kinetic energy, | is the moment of inertia of the wind rotor and w is the
rotational speed.
_Jo?

H = g 3)
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The inertia constant H represents the time duration for which the wind generator can
provide nominal power (S) by using kinetic energy.

Droop Control: It is a popular method used by wind generators to imitate the gover-
nors of conventional generators by regulating the active power output from a WT propor-
tionally to frequency change.

I fnom —fmeus
AP = S @)

where fom, fmess and R are nominal frequency, measured frequency and the droop constant,
respectively.

The default inertia constant was selected as 5.04 and the droop constant as 0.05. These
were later modified to observe the best response (please see the Figure 1).

: ROCOF I

Au
At

Rotor Speed Deviation 2H

Figure 1. Frequency regulation block with inertia and droop controls.

Battery Control: Unlike synchronous generators, batteries can inject and absorb power
from the grid within seconds. The battery control algorithms can be modified to inject
appropriate power into the grid as soon as there is a frequency drop. This can be done by
responding to (i) frequency deviations in the grid and (ii) the ROCOF in the system.

The battery SOC at a given time (t) is the ratio of available energy to the rated energy
of the battery.

soc(t) = £ 5)
Erated
The operation of the BESS is limited by:
SOC™™ < SOC(t) < SOC™™* ©6)

where E(t) is the energy stored in the battery at time t and E, ;. is the rated energy of
the battery. The battery parameters were set according to Table 1 [30,42—44]. We assumed
an energy rating higher than what is needed in order for the BESS to be able to supply
sufficient energy for the whole simulated time period.

Table 1. BESS parameters.

Parameter Value
Rated Power 300 MW
Rated Capacity 50 MWh
Efficiency 95%
socmax 80%

socmin 20%
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3. Case Study and Sensitivity Analysis

To compare the response sensitivity of the WT control and a battery, an existing Kundur
two-area system was used and modified. The Simscape-MATLAB model simulated a grid
system with a synchronous machine as a swing generator (M2), a DFIG wind turbine and a
load in Area 1. An additional load of 200 MW was connected via a breaker that switched at
50 and 100 s, creating a frequency drop and rise, respectively. In Area 2, there were two
synchronous machines (M3 and M4) and a load. A constant wind speed was assumed over
the restricted simulation time (please see the Figure 2 and Table 2).

: < i

; \ _11 ] E 5 i
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i 321715MW swi ! 1 | Machine (M3) Machine (M4) |
: wing g( )j ! ! |
{ | Generator (M2) I ! 900 MVA 900 MVA !
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i Frequency i E i L
E Regulation Block 200 MW i ! HHE A E
i g : ! 800 MW E
) : b s s s
E Battery Control E Area2

! Block :

Areal
Figure 2. Two-area model.
Table 2. Parameters of the two-area model
Parameter Value
Wind Turbine Nominal Power 1.5 MW
Number of wind turbines 321
Wind speed 10m/s
Grid Frequency 60 Hz
Initial Load 1600 MW
Rated Power of Synchronous Turbines 900 MVA

The sensitivity of the response to the frequency disturbance was measured for both
under-frequency and over-frequency. Different cases were studied to observe the frequency
response by the WT and the BESS.

3.1. Case I: No Frequency Control

The response of the WT was studied without any frequency control to establish the
base condition. At 50 s the load switch was connected, which led to the addition of 200 MW
to the system. Consequently, there was a large frequency drop, and the frequency tried
to settle after a few seconds. The frequency nadir was observed at 59.4 Hz. At 100 s, the
additional load was disconnected, and the frequency increased but settled at around 60 Hz
after a few seconds. Since there was no external frequency regulation, the synchronous
generators (M2, M3, M4) responded to provide the extra power at after a few seconds to
compensate for the frequency drop (please see the Figure 3).
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3.2. Case II: Inertia and Droop Control

The inertia and droop constant were varied to study the best response that the WT
can provide by itself. We compared the frequency responses of the default values of inertia
constant (H = 5.04) and droop constant (R = 0.05) and {varied their values to check system
stability. In all scenarios, at 50 s the frequency settled at a higher value compared to Case I,
and the frequency nadir was greater with the default inertia and droop constant (A). When
the inertia constant was increased and the droop constant reduced, the output power from
the WT for frequency regulation also increased. The lowest frequency drop was observed
with C and D. However, since additional power from the WT can be supplied only for a few
seconds, there was a second drop in the frequency (C and D), and it finally settled at a lower
value than that in default constant scenario (A) and could also cause further instability.
From Table 3 and Figure 4,we can conclude that in the case of a frequency response though
only inertia and droop control, scenario B would be the best option. The wind turbine
control clearly prevents a large initial drop, giving time to the synchronous machines to
balance the frequency.

Table 3. Inertia and droop constant values for frequency control through WT.

Inertia Constant (H) Droop Constant (R)
A 5.04 0.05
B 10.08 0.025
C 13.104 0.019
D 0 0.019
*? —A—8—cCc D
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3.3. Case II: Battery Control

In this case, inertia and droop controls were turned off, and only the battery provided
frequency support. The battery responded according to both frequency deviation and
ROCOF, and the battery-response-controlling gains were varied. For lower gains (A), the
battery had a slow response to the frequency drop, and the synchronous machines also
participated in balancing. In the best case scenario (C), at 50 s, the battery responded very
quickly by supplying power instantaneously and prevented a frequency drop. Moreover,
the frequency was stabilized faster and at a higher value than in Case II. No significant
increase in output from synchronous machines was observed, so we conclude that they
did not participate in providing frequency support, and all the power was supplied by the
battery. At 100 s, the battery absorbed the excess energy and stabilized the frequency at
very close to 60 Hz. Thus, optimal gains can be selected to increase or reduce sensitivity of
the battery towards frequency changes (please see the Figure 5 and Table 4).
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battery control scenarios.

Table 4. Battery gain multipliers.

Frequency Deviation Multiplier ROCOF Multiplier
A 50e° 10e°
B 50e5 10¢8
C 50¢” 10¢°

3.4. Case IV: Inertia, Droop and Battery Control

Both inertia and droop control and battery control were turned on. The best H and
R values from Case II were selected to allow maximum possible support from the wind
turbine first and the rest through the battery. The battery ramp rates were varied similarly
to Case III. In A, the battery control gains were too low for it to respond. The frequency
regulations was solely provided by the wind turbine and the synchronous machines, and
the output power from the battery was zero. On the other hand, when battery control
gains were extremely high (C), neither wind nor synchronous machines contributed at all
to frequency regulation.
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If we reduce the battery’s sensitivity (that is, reduce its response capabilities), we can
observe that the inertia and droop control will kick in first. Meanwhile, the battery will
also respond by providing less power. The contribution of the synchronous machines is
negligible, showing that the wind turbine control and battery can be sufficient for handling
frequency imbalances (please see the Table 5 and Figure 6).

Table 5. WT control and BESS gain parameters.

H R Frequency Deviation Multiplier = ROCOF Multiplier
A 13.104 0.019 50e0 10¢®
B 13.104 0.019 50¢8 108
C 13.104 0.019 50¢° 10¢°
D 0 0.019 50¢° 10¢?
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Figure 6. Variations in grid frequency, WTs’, and synchronous machines’ responses for different

wind-battery combined control parameters.

4. Results and Discussion

The individual and hybrid wind-battery frequency control schemes allow better regu-
lation than conventional generators. The response depends on the control parameters and
varies depending on the sensitivity of frequency regulation strategies.

In Case I, a highly sensitive WT control strategy leads to a possible further destabiliza-
tion of the frequency, as seen in Figure 4a. During controls C and D, the first frequency drop
is much lower than in Case A at 59.72 or 59.67 Hz, respectively. However, after ¢ = 80.5 s,
the WT cannot provide any more extra power, and the frequency sees a second drop of
59.67 Hz for both. In such a scenario, a slight compromise in frequency nadir can provide a
more stable response by the wind turbine.

In Case III, when only a BESS is connected, depending on the control, it either main-
tains the frequency very close to 60 Hz or for very low sensitivity, drops till 59.45 Hz. For
the medium-sensitivity control scenario (Case B), the BESS only allows a drop till 59.55 Hz;
see Figure 5a. Highly sensitive control would lead to constant battery engagement with
grid and could impact its overall health. While the long-term performance of a BESS is
outside the scope of this study, it is imperative to note that the battery lifetime is greatly



Clean Technol. 2022, 4

984

References

affected by many factors. Various studies have shown that modifying battery cycling, the
depth of discharge levels [45] and even charge—discharge protocols can improve battery
life [46-50]. Li-ion is the most commonly used battery technology, and recent studies have
demonstrated improvements in their cyclability [51,52]. However, they still generally have
short cycle lives (10° cycles) as compared to supercapacitors (10° cycles) [53] and need to
be improved. Future energy systems are likely to have more frequency disturbances due to
their large shares of variable renewables, which will lead to increased demand from the
battery, and its overall lifetime would be impacted. More studies are needed to understand
the relationships between different battery applications and its lifetime.

Therefore, the optimum strategy would be combining the best responses of both the
WT and the battery to avoid reliance on a single means of control (Case IV). Figure 6a,b
show that the battery’s response can be limited to allow WTs to simultaneously respond
and support each other. The operators can optimize the sensitivity depending on the WT
and battery ratings and the level of support required from them [54]. This would help
reduce the mechanical stress on the WTs, improving battery life and reduce the need for
conventional spinning reserves.

5. Conclusions

A control scheme for the hybrid system was developed up to allow both a WT and a
battery to provide frequency regulation support. This prevents the battery from respond-
ing to every fluctuation in frequency. The battery clearly is more sensitive to frequency
variations than the inertia and droop control. However, very high sensitivity would affect
the battery’s health over long period of time. In contrast, reduced BESS sensitivity prevents
proper frequency support, and the synchronous machines have to provide the inertia. An
oversized BESS would lead to higher costs, but an undersized one would not be able to
provide adequate response. Therefore, the BESS needs to be properly sized to provide the
power needed in cases of frequency drop. For the wind turbine control, far less sensitive
inertia and droop control is not sufficient, as the frequency drop is larger. However, highly
sensitive inertia and droop control may cause a second frequency drop, thereby increasing
the time for frequency stabilization or even further destabilizing the grid. We conclude that
a battery may be deployed along with inertia and droop control for maximum support, but
sizing and response sensitivity would be key to utilizing the battery efficiently. Depending
on the control, additional synchronous machines may not be needed to provide inertia
support in the event of a frequency drop.
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