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Frequency Stability of Power System with Large
Share of Wind Power Under Storm Conditions

Kaushik Das, Feng Guo, Edgar Nuflo, and Nicolaos A. Cutululis

Abstract—The operation of transmission systems with large
share of wind power is specially challenging under storm condi-
tions. Under the stormy wind speed conditions, wind turbine
protection system is designed to shut down the turbine to avoid
excessive mechanical load. The sudden loss of wind power from
large offshore plants is difficult to forecast accurately, which re-
sults in a large amount of power imbalance. The severity of
such a wind power imbalance towards frequency stability needs
to be studied for the future power systems. In addition, the
overhead transmission lines can also be affected during storms,
thereby increasing their probability of failure in the operation
of power system under the islanded conditions. This paper in-
vestigates how the stormy weather can threaten the frequency
stability of future Danish power system with large share of
wind power and how to avoid the frequency instability through
proper control and defence strategies such as high-voltage di-
rect current (HVDC) control and load shedding. Sensitivity
studies are performed for ramp rates of HVDC control, load
shedding strategies, inertia of the system with different volumes
of disturbances to understand their impact on frequency stabili-
ty.

Index Terms—Emergency control, frequency stability, storm,
security, wind power.

[. INTRODUCTION

CONCERNS for environment, security of supply, sustain-
able development are driving the traditional power sys-
tems all over the world towards the future power systems
with large share of renewable energy sources (RESs). Den-
mark is one among the leading countries to operate with
large share of RESs (mainly wind power) with future goal
for providing 50% of the energy requirement by 2020. Most
of the modern RESs such as wind power and solar photovol-
taics (PV) are connected through power electronic devices.
These generations do not inherently contribute to the inertia
of the power system. Therefore, more and more challenges
regarding the security and stability of the power system
emerge when conventional generations are replaced by these
modern RESs. RESs such as wind and solar power are inher-
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ently either variable or intermittent in nature. Power electron-
ics increase the flexibility and controllability. Modern con-
trollable wind turbines (WTs) are generally categorized as
doubly-fed induction generator (DFIG) or fully rated convert-
er (FRC) based on the dimension and connections of power
electronic converters connected to the WT generator (WTG).
The operation of transmission systems with large share of
these kinds of WTs can provide fast power control and addi-
tional flexibilities. However, proper control settings are es-
sentially required depending on the weather and grid condi-
tions. These controls can be more critical for a power sys-
tem under the extreme weather conditions such as storm.
Storm not only increases the failure risk of an overhead line
but also can make the emergency shutdown of wind power
plant (WPP) plausible. Therefore, it is important to study
how a power system with large share of wind power could
survive from the extreme events caused by the stormy weath-
er. Under stormy wind speed conditions, WT protection sys-
tem is designed to shut down the turbine to avoid excessive
mechanical load and protect turbine structure. The sudden
loss of wind power from large offshore plants is difficult to
forecast accurately and has been experienced by the Danish
transmission system operator (TSO—Energinet in the
past [1].

There are some studies for the impact of extreme weather
on power systems. References [2] and [3] studied the impact
of geomagnetic storms on power systems. European Net-
work of Transmission System Operators for Electricity (ENT-
SO-E) made the studies to ride-through the European solar
eclipse in 2015 [4]. Due to the immense importance of such
studies, UK’s TSO—National Grid has done the impact stud-
ies of solar eclipse due in 2026 on its power systems [5].
There were also some studies in terms of the operation and
control in power systems under the extreme wind conditions.
Reference [6] developed the methods for offshore wind pow-
er prediction under critical weather conditions. Reference [7]
studied the co-ordination between hydro governors such as
high-voltage direct current (HVDC) links during the shut-
down of high wind in WPP. Preliminary studies on manag-
ing critical weather conditions in European power system
were done in the 20" project [8]. However, in these studies,
either large volume of wind power was not considered or
complete controllability of WTs and other resources was ne-
glected. These extreme wind events create power imbalances
compared to power forecasting. These power imbalances
may not have large impact on a well-connected power sys-
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tem like Danish power system but have major impact on the
islanded power systems like Ireland or UK. However, it
should be kept in mind that these power imbalances can cre-
ate large cross-border power flows stressing the tie-lines.
These tie-lines can also be more vulnerable if the storm pass-
es over these tie-lines. A blackout that happened in South
Australia State on September 28, 2016 in which three trans-
mission towers were collapsed by the storm, proved the vul-
nerabilities of the transmission lines towards a storm [9].
Thus, the increased risk of failure in transmission lines
needs to be considered in the extreme weather scenarios. In
the case of the disconnection of such tie-lines, the intercon-
nected systems can become islanded systems. There should
be adequate reserves [10] to handle such situations. Also,
emergency controls [11] and defence plans [12] need to be
invoked to prevent blackout.

This paper aims to investigate the following research ques-
tions: (1) Based on the possible storm events, how to ensure
the stable operation of the system by activating extra re-
serves when the Western Danish (DK-W) grid loses large
amount of wind power due to the storm? 2 How could the
control abilities of HVDC transmission lines and loads con-
tribute to stable operation of the system when DK-W grid
loses the synchronization with continental European (CE)
grid due to the AC line failure caused by a storm? (3) What
is the optimal allocation of regular primary control reserve
and emergency control reserve for such events? The contribu-
tion of this paper is to demonstrate the methodology to as-
sess the stability of power system through case studies when
there is a prediction of storm. The paper also discusses the
controller settings which need to be determined based on the
case studies. The sensitivity studies provide the recommend-
ed control settings for HVDC connections to prevent fre-
quency instability.

This paper is organized as follows. Section II gives an
overview of the simulated DK-W power system in the pre-
dicted scenarios in 2020. Section III deals with the dynamic
modelling of the power system and its components as well
as the defence plans for frequency stability. Section IV dem-
onstrates an operation methodology to assess the impact of
the storm. Section V presents two case studies where the
DK-W power system is connected to the CE power system
in the first case and the DK-W power system is isolated
from CE power system in the second case. The sensitivity
studies are performed with respect to the inertia, HVDC
ramp rate, volume of disturbance and load shedding plans.
Section VI concludes the paper.

II. OVERVIEW OF DK-W GRID

The Danish power system is electrically split into two ar-
eas: Eastern and DK-W power systems. DK-W grid is syn-
chronized with the CE grid through the AC transmission
lines to Germany while Eastern Danish grid is synchronized
with the Nordic grid through AC transmission lines to Swe-
den. In this paper, the DK-W power system in the scenario
of 2020 with large share of wind power is chosen as study
case. The DK-W power system is well-known for its very
high wind penetration. According to [13], the total wind
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power capacity in DK-W power system is expected to reach
about 3900 MW by 2020, which is able to cover the total
Danish load in a windy day (which is also true today).
Among the total wind power capacity, large offshore WPPs
contribute up to 1176 MW that are vulnerable to shut down
due to the higher wind speeds and smaller geographical dis-
tribution. The strong interconnections between Denmark and
its neighboring countries have represented a cornerstone in
order to enable the high penetration of wind power. Al-
though DK-W grid is connected to the Nordic grid mostly
by sub-sea HVDC lines, thus not sensitive to extreme weath-
er conditions, the connection to CE grid is only through the
vulnerable AC overhead lines with Germany. Figure 1 shows
the electrical infrastructures of the DK-W grid in 2020 [13].
It is shown that four HVDC lines are responsible for the
power exchange between Western Denmark and Norway,
Sweden, Netherlands and Eastern Denmark.

To Norway
1700 MW
To Sweden
TAOMW.__ -~
.. Anholt

HI.{ 3
Hf{‘Z :: S To Eastern Denmark
FIR 1 -7 600 MW
To Netherlands b Gttty
700 MW 2500 MW

« 150 kV substation; » 220 kV substation; e 400 kV substation
— 150 kV overhead line; - - - 150 kV cable; - - - 220 kV cable
—— 400 kV overhead line; - - - 400 kV cable; HVDC overhead line
---HVDC cable

Fig. 1. Transmission and interconnection network of DK-W grid in 2020.

As shown in Fig. 1, DK-W grid compromises two voltage
levels: 400 kV and 150 kV. Most of the centralized large
power stations are connected to 400 kV grid. The overall
transmission grid is connected to distribution network
through, the 150 kV grid. Two large offshore wind farms
(OWFs), Horns Rev 1 and Horns Rev 2, are marked as HR
1 and HR 2 in Fig. 1. They are connected to the onshore
grid by 150 kV cables. The existing Anholt and the future
Horns Rev 3 (marked as HR 3) wind farms, whose capaci-
ties are up to 400 MW, are connected through 220 kV ca-
bles. It applies for both 400 kV and 150 kV transmission
lines that most part of the grid is connected through over-
head lines.
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A. Interconnections

The planned interconnections of DK-W grid to Eastern
Denmark and neighboring countries are illustrated in Fig. 1
and can be summarized as follows:

1) To Eastern Denmark: HVDC link called Great Belt
Link (GBL) with the capacity of 600 MW.

2) To Germany: AC interconnection will be expanded to
4x400 kV overhead lines with total capacity of 2500
MW [14].

3) To Netherlands: HVDC cable called COBRA cable
with the capacity of 700 MW.

4) To Norway: HVDC interconnection called Skagerrak 1-
4 interconnections with total capacity of 1700 MW.

5) To Sweden: HVDC interconnection called Konti-Skan
with the capacity of 740 MW.

B. Generation Units in DK-W Grid

Only decentralized gas turbine generators, centralized
steam turbine generators, onshore and offshore WPPs are in-
cluded in this paper. Solar, hydro and other types of genera-
tions are neglected due to the smaller overall capacity and
for the purpose of simplification.

1) Conventional Units

The technology of combined heat and power (CHP) plant
is widely used in Denmark due to the demand for heat in
the Danish households, and it has a great efficiency in fuel
utilization. CHP plants can be classified as centralized CHP
(CCHP) plants which are usually located close to large cities
and decentralized CHP (DCHP) plants that are close to
smaller cities or towns. Apart from the difference in loca-
tion, the Danish CCHP plants are mostly represented by
steam turbine power plant, while DCHP plants are mostly
represented by gas turbine power plants [13]. The gas tur-
bine generators are usually used in two basic configurations:
single-cycle (or open cycle) gas turbine (OCGT) and com-
bined-cycle gas turbine (CCGT).

2) WPPs

The Danish power system has large share of wind power
with thousands of onshore turbine sites widely spread inside
the country and several large OWFs standing close to the
coast. The details about the four large offshore WPPs in DK-W
grid are outlined in Table I [13].

TABLE I
LARGE OWFS IN DK-W GRID IN 2020

WPP No. of turbines Capacity (MW)
HR 1 80 160.0
HR 2 91 209.3
HR 3 49 406.7
Anholt 111 399.6

3) Overall Capacity

The total capacities of the dominating generation type in
the future Western Denmark are summarized in Table II
[13]. It can be seen that the total installed wind power capac-
ities will overtake the total conventional capacities. The total
offshore capacities includes the capacities of large OWFs as

well as the near-shore and small OWFs.

TABLE II
GENERATION CAPACITIES OF WESTERN DENMARK IN 2020

Generation type Capacity (MW)

CCHP (steam) 1847

DCHP (gas) 1354
Wind (onshore) 2488
Wind (offshore) 1337

III. DYNAMIC MODEL OF POWER SYSTEMS

It is common to use single-bus delta model for frequency
stability studies as shown in Fig. 2(a) [15]. Mathematically,
this model can be represented as (1).

AP, —AP, + AP, =Aw(2Hs + D) (1)

where H is the system inertia constant in s; D is the dimen-
sionless damping coefficient that represents the damping ef-
fect from the frequency dependent load; Aw is the rotor
speed deviation which is equal to the frequency deviation
Af; AP; and APy, are the total deviations in generated electri-
cal power and interchange, respectively; and AP, is the total
deviation of electrical load (mainly due to the load shedding
in the considered studies).

Generation units in | AFg
Western Denmark
AP,
ﬂ AC lines to Germany }i.
N HVDC emergency APyype z Ll 1 Aw
control 2Hs+D
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L[ Load shedding
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Fig. 2. Schematic model for frequency control studies. (a) Dynamic model
in DK-W grid. (b) Generation units in DK-W grid. (¢) Block diagram of
automatic generation control (AGC) and manual regulation.
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In this paper, two-area system modelling approach dis-
cussed by [16] is used to study the interaction between DK-
W and CE grids. The inertia of the system mainly depends
on the online synchronous generations and loads. It is very
difficult to estimate the value of the inertia constant in real
time. However, the inertia of an islanded system can be low
with large share of wind power. Therefore, sensitivity studies
for different values of inertia have been performed in this pa-
per. Damping constant of 1%/Hz is used based on [17]. The
power exchange P, in (1) is split to the power deviation on
AC and HVDC lines. The generation units in DK-W grid
from Fig. 2(a) are dominated by WTs (operating with initial
wind speed of V,), CCHP plants and DCHP plants, which
are mainly considered as shown in Fig. 2(b). Following any
power imbalance, the frequency of the power system (Aw)
deviates from the steady-state value. This imbalance is han-
dled using automatic reserves called frequency containment
reserve (FCR). The aim of FCR is to provide fast frequency
regulation to a disturbance through the speed-droop charac-
teristic of the turbine governor. The currently recommended
speed-droop characteristics in European grids are given in
[17]. Based on these characteristics, FCR is designed as:

1) For a dead band of £20 mHz, the units operate with
constant power and do not respond to the frequency change.

2) Between 20 mHz and +200 mHz, a linear droop is fol-
lowed.

3) It is completely released when the frequency deviation
reaches £200 mHz.

4) FCR is assumed to be £27 MW in DK-W grid based
on [18].

5) FCR is proportionally distributed among CCHP and
DCHP units based on their online capacity.

A. Frequecy Control Process Model

Frequency restoration reserve (FRR) aims at restoring the
frequency to the normal range, replenishing the used FCR
and maintaining the net power exchange to the scheduled
values. In CE grid, a central AGC is used for the deploy-
ment of FRR. AGC model is shown in Fig. 2(c), where B, is
the bias factor in MW/p.u., which represents the self regulat-
ing effect of load and the primary control from conventional
units as given in (2) [16].

B/ZSO()BDK»PV+O'01Plaad) (2)

where f,;_ , is the primary characteristic in MW/Hz; and
P,.. 1s the online total load in MW (considering the load
damping effect of 1%/Hz). The signal area control error
(ACE) represents the required change in the generation in
this area to achieve a new balance after a disturbance. A pro-
portional-integral (PI) controller collects the historical area
control error and adjusts the power set point of conventional
units. It is assumed that the power flow from Western Den-
mark to Germany is positive, so the negative signs of the PI
block aim to reduce the generation in Denmark when Den-
mark delivers more power than the scheduled value to Ger-
many. The proportional gain K, and integral time 7, of the
PI controller are chosen to be 0.2 and 55, respectively,
which follow the CE guidelines. A limiter is applied after
the PI controller to limit the signal to the available FRR re-

serve. The FRR reserve is limited to 90 MW according
to [13].

The replacement reserve (RR) is usually activated manual-
ly after FCR and FRR to restore them to the required value
in order to be prepared for a further system imbalance. As
shown in Fig. 2(c), the “RR activation decision” block is
used to represent the decision-making process in the control
room [10]. The two constants K, and K, proportionally
distribute the required change in generation to CCHP and
DCHP units, respectively.

B. Conventional Power Plants Model

The CCHP model is developed based on [18]-[20]. A sche-
matic diagram of the CCHP model is illustrated in Fig. 3(a)
which consists of three main blocks: speed governor, boiler
and steam turbine. In speed governor, control valve output
CV or AP, is moderated based on the change in frequency
or speed w. The boiler turbine is represented as a time de-
layed function of load reference LR to the turbine main
steam pressure P,. The thermal power in turbine P,,, is con-
verted to shaft mechanical power P, In addition, a rate
limiter is incorporated. Due to thermal dynamic and mechan-
ical constraints, the load reference to the boiler is limited to
a certain ramp rate, without which the control system may
experience extra wear and tear [18]. A representative model
is chosen for gas-based DCHP based on [18], [21], [22] as
shown in Fig. 3(b). The gas turbine is represented by three
blocks: power limitation, power distribution and gas turbine
dynamics. The details of all these blocks and parameters are
available in [23].

® Speed Ccv ~Purs | Steam | Ponec
governor turbine
Py . LR | Boiler | P,
model
Rate
limiter
(a)
| Gas turbine |
| |
w Speed | AFPc ! Gas |
— + P oc)
govemor |~ | Power || Power || b | o
> limitation | |distribution .
Por| dynamics|
(b
Fig. 3. Schematic diagram of conventional power plants. (a) Schematic dia-

gram of CCHP model. (b) Schematic diagram of DCHP model.

C. Wind Power Control Model

This paper uses historical weather data with a frequency
model of power system to analyse the frequency stability for
a future system with very large-share wind power. By doing
so, realistic and coherent wind power production imbalances
under extreme weather conditions can be simulated, account-
ing for the spatial distribution and the temporal behavior of
wind speed. In this direction, CorRES is used to generate
hour-ahead forecasting and real-time available wind speed
for the considered stormy scenarios. CorRES is a wind pow-
er simulation model developed in Department of Wind Ener-
gy, Technical University of Denmark. It can simulate the
wind speed or power time series in different user specified
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locations based on the meteorological re-analysis data consid-
ering spatial correlation and temporal structure between
those sites. The details of these simulations of wind speed
and wind power can be found in [24]. The frequency and ac-
tive power control for normal wind speed is implemented as
shown in Fig. 4 [11]. The control model consists of delay
representation of communication/measurement delay and
power order delay. The measurement delay 7. 1S as-
sumed to be 100 ms and power order delay 7, is assumed
to be 0.5 s. P,;ym and P are the available up-reserve
and down-reserve power, respectively. In this paper, up-re-
serves from WTs are not considered since WTs operate un-
der down-regulated conditions which is contrary to the moti-
vation. Ramp rates are considered as 0.1 p.u./s and the
droop is considered as 4%. P,,,,, is calculated based on the
available wind power generated from CorRES simulations.
The output of this control model is the total power output
from WTs represented by P,, However, high wind speed
shutdown (HWSD) control [25] is implemented for control
at extreme wind speed. As shown in Fig.5, the controller
sends the shutdown signal (represented by downward ar-
rows) to the brake actuator either when: (I) instantaneous
wind speed reaches 32 m/s (black line); @ 30-second mean
wind speed reaches 28 m/s (magenta line); (3 10-minute
mean wind speed reaches 25 m/s (red line).

wind, min

Power
activation
limitation

Dead

zone Pwind, max Ratemax

; _ i | +om F Porg
d
1+ STdeIayP R | i / /
Measurement
delay Power P Pwind. min Ratemin
activation setpoint Power
delay activation

rate limiter

Fig. 4. Frequency control model from WT.

1.2¢

=
;

Power (p.u.)
s o o
~ B %0

¢
)
)

0 3 20
Wind speed (m/s)

WT power curve with HWSD control.

25 28 32

Fig. 5.

To avoid over reaction of the turbine, a conservative re-
start (represented by upward arrow in Fig. 5) wind speed is
chosen as 20 m/s, indicating that turbines start to capture
wind energy again when a 10-minute wind speed is mea-
sured below 20 m/s (blue line).
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D. AC Interconnection with CE Grid

AC interconnection and CE grid are established based on
the two-area system model by [16]. The DK-W grid is con-
sidered as one system and CE grid is considered as the other
system. A simplified equivalent generator model is used to
represent the general response of the conventional units in
the CE grid. This generator model is coupled with a mea-
surement filter (0.1 s), dead band (= 20 mHz) and a gover-
nor. The droop characteristics are chosen based on ENTSO-
E report [17]. The system inertia and damping of the CE
grid are chosen based on ENTSO-E frequency stability eval-
uation criteria report [15].

E. HVDC Emergency Power Control

HVDC technology has the capability of very fast control
of power (typically independent control of active and reac-
tive power in voltage source converter (VSC)-HVDC sys-
tems) [26]. In this paper, all the HVDC links between DK-
W grid and neighboring systems are aggregated as single
HVDC link. HVDC emergency response is modelled as con-
stant ramp with communication delay. The parameters are
summarized in Table III.

TABLE III
PARAMETERS OF AGGREGATED HVDC MODEL

Activation Deactivation
Model frequency (Hz) frequency (Hz) Delay (s)
Over frequency 50.3 50.25 0.1
Under frequency 49.8 49.85 0.1

F. Under Frequency Load Shedding (UFLS)

UFLS is the last resort to avoid the frequency drops and
the blackout. In this paper, UFLS plan recommended by
ENTSO-E is chosen [27]. The actual load shedding plan var-
ies by different countries, it is recommended by ENTSO-E
that the amount of load which needs to be shed should be-
tween the lower load shedding plan and the higher one as
shown in Fig. 6. These higher and lower load shedding
plans are used for sensitivity analysis in Section V-B.

50

— Higher boundary
. — Lower boundary
< 40r
9
<
2 30}
Gy
o
(o)
& 20t
£
8
B 10t

0 I I I I 1
48.0 482 484 48.6 488 49.0 492 494
Frequency (Hz)

Fig. 6. Recommended load shedding plan by ENTSO-E.

G. WT Disconnection Plan

WT disconnection plan is implemented as an emergency
defence plan for over-frequency scenario which disconnects
the WTs at 51 Hz. Fast disconnections of WTs are possible
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because they have less impact on the health of WTs com-
pared to conventional generations.

IV. METHODOLOGY FOR IMPACT ASSESSMENT FOR STORM

Figure 7 shows the flowchart of the methodology for im-
pact assessment of storm on power system. Generally, the
planning for storm handling is done at least day-ahead be-
fore the storm. Forecast errors can be high in day-ahead
time period resulting in uncertainty in the path of storm. The
path of storm is particularly important because the WPPs in
the path of storm will shut down due to storm. In order to
study all the possibilities, multiple realizations of storms
may be simulated. The aim of simulating these realizations
is to identify the worst case scenario for the considered
storm. The number of realizations n depends on the degree
of confidence of the forecasts available for the storm. For
each of these realizations, balance and reserve requirements
for handling the storm should be assessed in the intercon-
nected operation mode since certain volume of balancing re-
serves can be obtained from neighbouring regions. Addition-
ally, since storms do not affect all the regions at the same
time, the impact of the imbalances can be low. The impacts
of storm on Danish system in interconnected operation with
CE network are discussed in details in Section V-A. Analy-
sis is done to simulate how fast and what volume of wind
power will be disconnected during the storm. Then, analysis
is performed to estimate whether available power and tech-
nology within the control area (DK-W) is sufficient to han-
dle the imbalance created by the shutdown of wind farms. In
case of unavailability of adequate volume of energy within
the control area, provision should be made to acquire the
power from neighbouring control areas such as availability
of certain reserve capacity in the tie-line.

| Simulate » different realizations of storms |

!

| For each realization 7, i = 1 |
Te

v

| Simulate interconnected operation |

| Simulate islanded operation |

! —
| Analyze sensitivity | I_IE

Store results

| Provide recommendations |

End

Fig. 7. Flowchart of storm assessment methodology.

The storm may pass through the tie-lines thereby discon-
necting the concerned system into islanded operation mode.
Islanded system might have frequency stability problem due
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to the reduced inertia. Therefore, islanded operation of the
concerned control area is discussed in details in Section V-
B. Since the estimation of inertia is difficult and uncertain
for such an islanded system, sensitivity studies are per-
formed for different values of inertia, so as to assess the re-
quired control settings. Faster control can be essentially re-
quired to avoid instability if the inertia is low. Based on
these sensitivity studies, recommendations are provided for
HVDC emergency control since frequency containment re-
serve in DK-W grid is limited. As mentioned before, the se-
curity assessment needs to be done for the worst case scenar-
i0. Therefore, the results presented in this paper are based
on the realization from the storm which affects the Danish
power system most.

V. CASE STUDIES AND SENSITIVITY ANALYSIS

In order to study the impact of a possible severe storm in
DK-W system, historical storm event on January 8, 2005 is
simulated. This storm was one of the worst storms in recent
times where the measured 10-minute average wind speed
reached up to 35m/s. Since DK-W grid is connected to the
CE grid, the impact of this simulated storm is studied in fu-
ture interconnected DK-W system. However, as mentioned
earlier, tie-lines are also vulnerable under stormy conditions
due to weather stress and/or power rerouting. Case studies
where DK-W grid is isolated from CE grid due to the dis-
connection of tie-lines are studied as well. Sensitivity studies
are performed for different values of inertia and HVDC
emergency control capabilities.

It is assumed that required power reserve to maintain sta-
bility of the system is available in neighbouring regions.
This assumption is valid as long as the disturbance is limited
within 3000 MW and the DK-W grid is connected with CE
grid since the dimensional fault used for reserve dimension-
ing in CE grid is 3000 MW. In the case of islanded opera-
tion, fast HVDC emergency control assumes that the genera-
tion technology connected to the neighbouring regions has
the same ramping capability. In case such ramping capabili-
ties are not available, the ramp rates of HVDC interconnec-
tors will also be limited. Sensitivity studies performed in
Section V-B will be even more important in such scenarios
to recommend correct settings for load shedding.

A. Interconnected Operation

The simulated wind power with HWSD control is shown
in Fig. 8. Generally, the power system are planned and oper-
ated based on hour-ahead (HA) prognosis of the wind power
generation [10]. The real-time imbalance from the HA pre-
diction is handled using reserves. Figure 8 shows the HA
prediction and real-time available power for the total wind
power capacity in DK-W grid. Forecast error (difference be-
tween HA prediction and actual power) is also plotted. It can
be seen that a large prediction error occurs from 05:00 to
06:00. This error is mainly due to the shutdown of three
large OWFs: HR 1, HR 2, HR 3 and some near-shore wind
farms. Because of small geographical distribution, the wind
speeds in these three offshore farms reach 25m/s almost si-
multaneously. As a result, the wind power drops with a rela-
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tively large gradient of around 1100 MW. It is assumed that
the load is constant and there is no failure of other equip-
ment in the system. Prior to the shutdown event, the power
exchange, generation and load in DK-W grid are considered
based on historical market data [13]. The effect of self-regu-
lated load is considered to be 1%/Hz or 30 MW/Hz and the
system inertia in DK-W grid is assumed to be 15000 MWs.
Table IV summarizes the operation point prior to the storm.
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Fig. 8. Simulated total wind power (HWSD control) and HA prediction in
DK-W grid.

TABLE IV
SUMMARY OF POWER SYSTEM STATUS PRIOR TO STORM

Parameter Value (MW)
DK-W HVDC generation —3240
DK-W & Germany generation 2000
CCHP generation 540
DCHP generation 250
Wind generation 3450
Total load 3000

Note: the net exchanges on all HVDC lines.

Figure 9 shows the simulation results with the wind pow-
er drop between 05:00 and 06:00. During the first 10 min,
400 MW of wind power is lost which is not compensated by
the secondary reserve in DK-W grid. The generation deficit
drops to around 250 MW around the end of the first 10 min
which is compensated by the power flow from Germany
through the tie-line as shown in Fig. 9(b). The maximum in-
stantaneous power required to be imported from Germany is
around 250 MW which is much less than total capacity of
the AC tie-lines (2500 MW). After the first 10 min, the con-
tinuously activated manual reserve contributes to reduce the
generation deficit in DK-W grid. The released manual re-
serve is shown in Fig. 9(d). In total, 1010 MW reserve is re-
quired. Based on this study, 1010 MW of slow reserves can
be purchased and allocated in the neighbouring region be-
forehand for the hours when the storm is predicted. Allocat-
ing these reserves will also make sure that the required ca-
pacity of tie-line is also reserved. The intervals between
each decision are more than 10 min, which gives enough
time for the operator in the control room to make decisions.
With the initial counted production, the total productions of
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CCHP and DCHP units reach 1270 MW and 620 MW, re-
spectively, which do not reach the maximum installed capacity
in DK-W grid as shown in Fig. 9(b). However, this can be
challenging in future power system if substantial amount of
conventional power plants are decommissioned. Since CE
grid has reserve of 3000 MW and power imbalances in other
places in CE grid are not simulated, these power imbalances
do not cause the frequency to go outside the normal range
as shown in Fig. 10.
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Fig. 9. Simulation results between 05:00 and 06:00. (a) Deviation of wind

power. (b) Deviation of power flow. (¢) Deviation of conventional power in
DK-W grid. (d) Amount of released manual reserve.
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However, it should be noted that in the case of large
storm in North Sea in future European scenarios, this imbal-
ance can be quite large and can have impact on the frequen-
cy of the system. These results show that extreme weather
events like storms can shut down substantial amount of wind
power. However, the ramp rate of such reduction is slow
enough to be handled by slower manual FRR reserves. In fu-
ture, with even larger share of WPPs, large volume of FRR
should be made ready in order to handle storm scenarios.
Another possibility can be to operate the WPPs in curtailed
operation prior to the storm in order to have less power im-
balance which might be challenging due to the inaccuracies
of storm forecasting. The recommendations based on the per-
formed case studies could be availability of substantial vol-
ume of reserve power (around 1000 MW in this case). In or-
der to procure this volume of reserve from neighbouring re-
gions, sufficient capacity should be available in tie-lines and
HVDC interconnectors. Since these are slow manual re-
serves, they can be acquired before day-ahead market opera-
tion of the spot market.

B. System Separation from CE Grid

It can be seen from previous results that short-term fre-
quency stability of DK-W grid could be maintained with the
support from CE grid. However, in the case of separation of
DK-W grid from CE grid, the dynamic stability of DK-W
grid needs to be ensured using FCR and/or emergency de-
fence plans such as HVDC control, UFLS, over-frequency
generation disconnection, etc.

The total power transfer capacity between DK-W and Ger-
many is expected to be 2500 MW through 2 circuits of 1250
MW each. Sensitivity studies are performed for power loss
from 1800 MW to 2500 MW with power flow direction
from Germany to DK-W for under-frequency event and vice
versa for over-frequency event. The primary reserve that the
conventional units are able to provide is assumed to be 27
MW which is almost negligible compared to the disturbance.
Therefore, the frequency stability needs to be ascertained by
emergency HVDC control and load shedding. Ramping capa-
bility of the HVDC control depends on generation sources
that provide power during the under-frequency as well as
HVDC technology. In future, more and more VSC-HVDC
converters are expected to be installed. VSC-HVDC convert-
ers have faster control capabilities than line commutated con-
verters (LCC).

Figure 11 shows an example of frequency fluctuations fol-
lowing the system separation. The initial conditions for this
specific case study is provided in Table V. Load shedding is

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 8, NO. 2, March 2020

activated at 49.2 Hz. It can be seen from Fig. 11 that the sys-
tem is stable through load shedding and emergency control
of HVDC.
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Fig. 11. Frequency following system separation.

TABLE V
INITIAL CONDITIONS FOR CASE STUDY OF FIG. 11

Parameter Value
DKI1 and Norway (HVDC) power exchange -1500 MW
DK and Sweden (HVDC) power exchange -700 MW
DK and The Netherlands (HVDC) power exchange 200 MW
DKI1 and Germany (AC) power exchange 1300 MW
DKI1 and DK2 (HVDC) power exchange -590 MW
CCHP production 340 MW
DCHP production 250 MW
Wind production 3200 MW
Total load 2500 MW
Inertia 12000 MWs
Damping 25 MW/Hz
HVDC ramp 600 MW/s

Note: negative exchange denotes exported power; DK1 represents Western
Denmark, DK2 represents Eastern Denmark.

However, the magnitude of the disturbance and the inertia
of the considered power system following system separation
is uncertain. Therefore, different ramp rate capabilities of
HVDC control are studied for different volumes of distur-
bances. Load shedding schemes also have large impact on
frequency stability of the system. Therefore, sensitivity of 2
load shedding schemes—higher and lower load shedding
plans from ENTSO-E recommendation [27] is studied. Three
different inertia values H of 6000, 9000 and 12000 MWs are
used to study the impact of inertia on frequency stability.
The parameters for sensitivity studies are summarized in Ta-
ble VI where P, is the power flow lost between DK-W and
Germany which is considered as disturbance and the net ex-
changes on all HVDC transmission lines.

The simulation results are shown in Fig. 12, the shaded re-
gion means that the minimal frequency after the contingency
is above 48 Hz which is assumed as the success criterion for
frequency stability. From Fig. 12, it can be seen that both
larger inertia constant and more aggressive load shedding
plan give larger safe region. If high ramp rate capability for
HVDC emergency power is not available, the large distur-
bance scenarios must be avoided.
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TABLE VI
PARAMETERS IN SENSITIVITY ANALYSIS OF UNDER-FREQUENCY SCENARIO

Parameter Value
DK-W HVDC -2590 MW
DK-W and Germany Py
CCHP production 540 MW
DCHP production 250 MW
Wind production 4800 MW — P
Total load 3000 MW
Damping 30 MW/Hz
1000
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Fig. 12. Simulation results of sensitivity analysis in under-frequency sce-
nario. (a) Higher load shedding plan. (b) Lower load shedding plan.

In other words, the power transmitted through the AC
overhead lines should not be too high in a stormy day when
the risk of failure is increased. Also, there should be enough
reserve from HVDC links to handle the system imbalance
caused by the line contingency. For example, if the imported
power of 1300 MW is cut down, the summation of the ex-
ported power in the HVDC transmission lines and the shed
amount of load should be equal or close to 1300 MW to re-
balance the system. It should be noted that in islanded opera-
tion mode, the volume of imbalance directly depends on the
power flow through the tie-line. Therefore, the reserve allo-
cated to the HVDC connecting neighbouring regions can be
allocated based on the volume of power flow through the tie-
line. A very important point to note is that if faster ramp
rate capabilities are not available, higher volume of load
shedding can be recommended. Similar conclusions are ob-
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tained for over-frequency studies as well.

VI. CONCLUSION

The studies presented in this paper aim at analyzing the
frequency stability of a power system with large share of
wind power under storm conditions. Two major impacts of
storm in such a system can be loss of large amount of wind
power and disconnection of lines to make the system vulner-
able. Wind power lost due to the shutdown of WTs during
the storm is a slow event and can be handled using slow
manual reserves. These reserve requirements can be quite
high in future with high penetration of wind power. Howev-
er, if these reserves need to be obtained from neighbouring
regions, enough reserve capacity in the AC tie-lines should
be maintained during storm events. If the system is isolated
due to the tripping of AC interconnectors, emergency sup-
port from HVDC connected neighbouring regions and load
shedding are required to prevent frequency instability. The
ramp rate capability of HVDC control determines the stabili-
ty of the power system following a large disturbance. Higher
volume of load shedding can be beneficial if the inertia of
the system is low and the ramp rate capability is limited.

However, there is much more scopes for future research
in this area. In order to reduce the reserve requirements dur-
ing storms, WPPs can employ advanced controls like high
wind ride through (HWRT) to further slow down the power
reduction due to WT shut down. Probabilistic planning and
evaluation of defence strategies can be developed based on
multiple realisations of storm path. Techno-economic analy-
sis on the choice of optimal mix of resources for reserves
during storm event can be studied as well. The failure proba-
bility of AC interconnectors should be studied based on dif-
ferent storm realisations.
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