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Abstract Large-scale wind power penetration can affect

the supply continuity in the power system. This is a matter

of high priority to investigate, as more regulating reserves

and specified control strategies for generation control are

required in the future power system with even more high

wind power penetration. This paper evaluates the impact of

large-scale wind power integration on future power sys-

tems. An active power balance control methodology is used

for compensating the power imbalances between the

demand and the generation in real time, caused by wind

power forecast errors. The methodology for the balance

power control of future power systems with large-scale

wind power integration is described and exemplified con-

sidering the generation and power exchange capacities in

2020 for Danish power system.

Keywords Wind power plant, SimBa, Centralized or de-

centralized combined heat and power plant, Automatic

generation control

1 Introduction

The first task of any transmission system operator (TSO)

is to maintain a reliable and secure power system operation

and afterwards to minimize the production cost, even in

conditions with large-scale wind power penetration. The

wind speed forecast in a power system withlarge-scale

wind power integration plays an important role in the

power balance planning. An incorrect wind speed forecast

can deviate the generation and the power exchange plan

with neighbouring power systems in a cost-effective way.

This can lead to power system balancing and control

problems, and introduces several challenges in maintaining

a reliable and secure power system operation [1]. In spite

of these challenges, the interest in the integration of large-

scale wind power into power systems has motivated and

enhanced new opportunities for modelling and controlling

of power system. Adequate methodologies for studying

power system dynamics and control, like the present one,

on the active power balance control, are of especial rele-

vance for the future power systems.

Several studies [2–5] on active power balancing in a

power system with large-scale wind power integration have

been performed over the years. In [2], the performance of

the secondary control action and the regulating power

control from conventional power plants is analyzed, while

in [3] it is stated that response of the thermal power plants

used in power balance control is mainly determined by

their active power ramp rate. In [4], a Dutch case study is

described to assess the automatic generation control (AGC)

performance in the presence of large-scale wind power and

it is concluded that additional reserves from thermal power

plants are required for keeping the area control error at the

same level. Recent Chinese studies [5] show that the power

imbalances from wind power plants (WPPs) can be

CrossCheck date: 16 January 2015

Received: 19 June 2014 / Accepted: 20 January 2015 /

Published online: 14 July 2015

� The Author(s) 2015. This article is published with open access at

Springerlink.com

& Abdul BASIT

a_basitkhan@hotmail.com

1 Department of Wind Energy, Technical University of

Denmark, Frederiksborgvej 399, 4000 Roskilde, Denmark

2 Sino-Danish Center for Education and Research,

Niels JensensVej 2, 8000 Aarhus, Denmark

3 Energinet.dk, Tonne Kjærsvej 65, 7000 Fredericia, Denmark

123

J. Mod. Power Syst. Clean Energy (2016) 4(2):229–237

DOI 10.1007/s40565-015-0135-x

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Crossref

https://core.ac.uk/display/191357368?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1007/s40565-015-0135-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40565-015-0135-x&amp;domain=pdf


controlled by conventional generators. Nevertheless, fur-

ther studies and control methodologies for balancing the

active power in power systems with power system with-

large-scale wind power integration, taking into account

hour-ahead dispatch power plan for generating plants and

power exchange with neighbouring power systems, are

necessary to enhance the stability of future power systems

with large-scale wind power integration. In this respect,

conventional market models are important to be considered

as well, as they are simulating optimal unit commitment

and dispatch of power plants with one hour resolution [6].

However, in order to manage the wind power forecast

errors in a large scale wind power integrated power system,

a dispatch plan for the power plants with a smaller reso-

lution than one hour is necessary.

In a large interconnected power system, the power bal-

ance is one of the main challenges that need to be evaluated

for large-scale integration of wind power. The paper pre-

sents a new methodology for active power balance control

in future interconnected power system with large scale

wind power penetration. The proposed control methodol-

ogy uses an hour-ahead regulating power plan in a time

scale of five minutes to compensate the real time active

power imbalances in the power system. The methodology

can be used as a guideline for the TSOs, to investigate their

power balancing capabilities considering WPPs. The

Danish power system is used for the implementation and

the verification of the methodology because of its big wind

power penetration goal quote, i.e., 50% of the total elec-

tricity production from wind power by 2020 [7].

The paper is structured as follows: a brief description of

the impact of the fluctuated nature of the wind on the power

system operation is provided firstly. Then, the proposed

active power balance control methodology is described,

approaching also the aspects regarding the AGC and the

generation of the hour-ahead regulating power plan. The

high wind penetration scenarios for the Danish power

system by 2020 are used to assess the performance of the

methodology through a set of simulations with the devel-

oped Danish power system model. Finally, conclusive

remarks are reported in the final section.

2 Impacts of wind power on power system
operation

The wind speed is always fluctuating, and so is the

power generated from wind turbines (WTs). The fluctuat-

ing and uncertain nature of wind may introduce several

challenges in the maintenance of the power balance in a

power system with large-scale wind power integration. No

matter what TSOs have the responsibility to preserve a

reliable power system operation and ensure a secure power

supply, while keeping the generation at lowest possible

cost.

Active power reserves are always needed to keep the

power system in balance and their amount also depends on

the level of wind power penetration into the power system

and on forecasted weather conditions. For example,

extreme weather conditions may result in a loss of large

amount of wind power within a few minutes, thus jeopar-

dizing the reliability and the security of the power system

operation [1]. Therefore, reserves are typically needed for

fast conventional generating units to increase the system

reliability and ensure the power supply security. According

to European Network of Transmission System Operators

for Electricity (ENTSO-E), the type of reserves for keeping

the power system in balance can be classified as Frequency

Containment Reserves (FCRs), Frequency Restoration

Reserves (FRRs) and Replacement Reserves (RRs) [8, 9].

FCRs are activated automatically and locally within 30 s

for constant containment of frequency deviations and to

constant maintenance of the power balance in the whole

synchronously interconnected system. FRRs are typically

activated (manually or automatically) within 15 min, in

order to maintain the active power balance in the power

system and the power exchange with neighbouring power

system on its schedule. RRs respond in several minutes up

to hours and restores the FCRs and FRRs back to the

required level. The total volume of FCRs in Continental

Europe and Nordic region is ±3000 and ±600 MW,

respectively [9]. However, as wind power impacts the

power system operation, it is predicted that more reserves

will be needed in the future to accommodate large amount

of wind power into the power systems. In this study the

power imbalance is controlled through FCRs and FRRs.

Conventional and wind power plants provides the FCRs,

while FRR is activated only by conventional power plants

through AGC.

3 Active power control methodology

A methodology for controlling the active power imbal-

ance in a power system with large-scale wind power is

presented. The proposed methodology uses an hour-ahead

regulating power plan in a time scale of 5 min for the

power plants and power exchange in neighbouring power

systems. The following subsections explain the generation

of hour-ahead regulating power plan by a balancing pro-

gram and the AGC model developed for this study.

3.1 Hour-ahead regulating power plan

The generated power in a power system is typically

traded by the balancing responsible companies on the spot-
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market [7]. Two standard power balancing programs,

called the WILMAR and the SimBa, are used to generate

the day-ahead and hour-ahead time series. WILMAR

stands for Wind Power Integration in Liberalised Elec-

tricity Markets, while SimBa stands for simulation power

balancing. A detailed description of these programs is out

of the scope of the paper. However, more details on

WILMAR and SimBa can be found [7, 10–14].

The WILMAR is an example of a program for mod-

elling the spot market as a perfect market with a unit

commitment and dispatch model. The hourly bids for

purchase and sale are selected one day prior to physical

delivery and therefore referred as a day-ahead market. In

this process, the bids are selected with foremost intent of

preserving system integrity and minimizing the overall

operating cost. The bid selection is subjected to different

constraints, such as transmission constraints in the elec-

tricity system and capacity constraints of storage and

generation technologies.

The day-ahead agreements come out of the balance

because of wind power forecast errors or unavailability of

generating units. The power balance can be restored by

trading on an intra-day balancing power market. For

example, based on updated forecasts, the Danish TSO uses

the Nordic operational information system (NOIS) list and

generates an hour-ahead plan for the intra-hour balance with

5 min resolution, through simulations with a dedicated

power balancing program, called the SimBa [7, 14]. SimBa

can model the power system in detail, taking the current grid

regulations and the energy market rules into account. It uses

the inputs from unit commitment models including hourly

values for energy production, load and the power exchange

between interconnected areas. These inputs to the SimBa

program are provided by a WILMAR model, while Corre-

lated Wind power fluctuations (CorWind) model provides

the day-ahead and hour-ahead forecasts of wind power, and

the available wind power.

With the balanced hourly time series provided by WIL-

MAR, SimBa starts to update the day-ahead schedule with a

5 min time resolution, taking in account the ramping on

interconnection lines and power plants. It then estimates the

fluctuations from hour-ahead wind power forecast and gen-

erates the possible wind power schedule in a 5 min resolution

within the operating hour. Based on the possible wind power

schedule and the updated day-ahead schedule, SimBa cal-

culates the mean imbalance for half an hour and balances the

power system internally in different areas, considering the

grid regulation, transmission losses and transmission con-

straints. It activates the bids from NOIS list, while taking in

account the minimum activation time (30 min) and minimum

bid level (10 MW) [14]. With above mentioned constraints,

SimBa then provides the balanced hour-ahead plan for gen-

eration units and power exchange with neighbouring power

systems with five minute resolution. Fig. 1 illustrates how

SimBa, based on the inputs from CorWind and WILMAR,

generates the hour-ahead input to the dynamic power system

model, where the AGC is acting.

SimBa creates an upward and downward regulation list

of bids based on the marginal cost function, bidding price

and production capacity for each unit. Due to the uncertain

nature of wind, the wind power within the operating hour

cannot be the same as its estimated value, thus it can create

power imbalance within the operating hour. This imbalance

is partially compensated by FRR, i.e., through the activation

of additional regulating bids in the control room from the

NOIS list and with an AGC which has reserved capacity of

±90 MW, and it acts on the border of Western Denmark

with Germany [7]. However, for the present investigation, it

is assumed that the power imbalance within the operating

hour is controlled only through AGC, by providing DPSET to

the conventional power plant (i.e., centralised combined

heat and power plant (CHP)) as a secondary response.

DPSET represents the required change in the participating

generating power set points in the imbalanced area.

3.2 Automatic generation control (AGC)

The AGC is used to routinely balance the power system

and to make the power system operation more reliable

[15]. The AGC, developed and implemented in this

investigation, is sketched in Fig. 2. The goal of the AGC,

depending on available secondary power, is to reduce the

area control error (PACE) to zero. The PACE is calculated

based on the change in system frequency (Df) and on a

possible power mismatch (DP) among generations, power

exchange and system load, as follows:

CorWind SimBa

Dynamic
power
system
model

PWPP_hour ahead

Pmeasure

WILMAR

AGC

ΔPCHP

f

Pplan_hour ahead

PWPP_avail

PWPP_day ahead

Pplan_day ahead

Fig. 1 Signals among CorWind, WILMAR, SimBa, the dynamic

power system model and AGC

fn
f B PACE+

∆P

∆f ·B

–
–

PI
controller

+90 MW

-90 MW

∆PSET–
+ +

Fig. 2 AGC model
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PACE ¼ �DP� ðDf � BÞ ð1Þ
DP ¼ PG � Pexchange � Pload ð2Þ

where PG is the power generated by CHPs, de-centralised

combined heat and power plant DCHPs and WPPs in real

time. The system frequency bias factor B (MW/Hz) is

determined from the droop characteristics of all generating

units taking part in the primary response. The frequency bias

factor is reflecting the power ability (FCR) of the generating

units to compensate for a frequency changes. The overall

secondary response fromAGC, i.e.,DPSET, is decided by a PI

controller based on the equation shown below:

DPSET ¼ K � PACE þ 1

T

Z
PACE ð3Þ

where K and T are the gain and integration time constant,.

AGC with a capacity of ±90 MW is implemented to

investigate the impact of large scale integration of wind

power on future power systems during the power imbalances

between demand and generation, caused by wind power

forecast errors. The wind power is not integrated in AGC in

this paper, as this will be a part of the next upcoming

investigation.

4 Simulation based validation of methodology

As mentioned before, the Danish power system is used

to validate the performance of the proposed active power

control methodology. The following sub-sections will

explain the future Danish power system model and a set of

simulations assessing the performance of the proposed

active power control methodology.

4.1 Danish power system

The developed Danish power system model reflects the

most relevant dynamics of the power system with respect

to active power balancing control issues. It includes models

for the AGC system, centralised or de-centralised com-

bined heat and power plant (CHP and DCHP), WPP and

interconnections with neighbouring power system.

As the focus of this paper is on active power balance

control, the transmission losses are ignored and the power

system is designed as a two-bus system, as shown in Fig. 3.

The system interconnections and the generating unit

models in the Danish power system are explained below.

4.1.1 System interconnection

The Danish power system is composed of two power

systems, i.e., Eastern and Western Danish power systems.

They are connected together through an HVDC connection,

i.e., Great Belt Link (GBL) having a transmission capacity

of 600 MW. They are also connected to the strong neigh-

bouring power systems of Germany, Sweden and Norway.

The Eastern Danish power system is synchronized with the

Nordic power system, whereas the Western Danish power

system is synchronized with the continental European

power system. The interconnection capacities of Danish

power system with its neighbouring powers as planned for

the year 2020 are shown in Fig. 4 [16], where AC inter-

connections are presented as dotted line and DC intercon-

nections as solid lines.

Denmark’s neighboring power systems ramp the agreed

power exchange in different durations and at different

starting time. For example, in the Nordic power system, the

agreed power exchange shall be ramped within 30 min and

shall begin 15 min before the agreed exchange hour.

Meanwhile, in the continental European power system, the

power exchange shall be ramped within 10 min and shall

start 5 min before the agreed exchange hour [15]. If the

power has to be transported from the Nordic power system

to the continental European power system or vice versa, the

difference in power exchange ramping might lead to a

power imbalance in Danish power system at an agreed

hour.

Fig. 3 Danish power system model

1640 MW

Western Danish power
system

Eastern Danish power
system

Norway

Holland Germany

Sweden

1700 MW

2500 MW 600 MW

740 MW

700 MW

600 MW

Fig. 4 Denmark interconnection capacities as planned for 2020
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4.1.2 Electrical power generating units

The electrical power generation in Denmark is a com-

bination of conventional and renewable generation sources.

The conventional power generation is typically based on

CHPs and DCHPs, while renewable generation is basically

from WPPs. In the following sections, the aggregated

models of power generating units used in the Danish power

system are briefly described, reflecting their most relevant

dynamic features.

1) Conventional power plants

Aggregated models for CHP and DCHP are described in

[17, 18]. It is worth mentioning that, the response time and

ramp rates associated with CHP are in order of minutes and

they have dominant characteristic for power system stud-

ies. Shortly afterwards, an aggregated CHP model consists

of a thermal boiler, a boiler turbine controller, a steam

turbine, and a speed governor, while an aggregated DCHP

model includes gas turbine and a speed governor.

In the proposed methodology, the reference power sig-

nal for CHP or DCHP is calculated based on the planned

power from SimBa and the power correction is from the

AGC. The speed governor of the generating units activates

the FCR, if the frequency deviates by ±0.01 Hz. The

amount of activated FCR depends on the droop charac-

teristics of the governor of each generating unit, i.e., 4% in

this paper.

2) Wind power plants

The aggregated modelling of WPP is commonly used to

facilitate power system studies, where the concern is not on

the performance of an individual WT, but rather on the

impact of an entire WPP on the power system. The idea of

using the aggregation method is to reduce computational

effort, while maintaining the capability to predict the unit

impact on system dynamic behaviour. A simplified generic

aggregated WPP model is therefore developed in this work

for long term dynamic simulation studies, with starting

point from the IEC 61400-27-1 Committee Draft [19].

However, for the specific purpose of this study, the model

is further simplified and adjusted to reflect correctly the

dynamic features for active power and frequency control

capability studies, i.e., primary control from WPP.

The aggregated WPP model, as shown in Fig. 5, has a

hierarchy structure, there is WPP active power control level

and a WT active power control level. The power reference

Pref to the WT active power controller is generated by the

WPP active power controller, based on the primary response

signal (DPc), the available wind power signal (PWPP_avail)

from the power balancing model and the measured power in

the point of common connection (PCC). As shown in Fig. 5,

the control both in the WT and in the WPP level is realised

by using PI controllers. For example, the PI controller in the

WPP active power controller can reduce the error between

measured power at PCC (Pmeas_PCC) and the sum of the

available power and the primary response signal (PWPP_avail

& DPc), in the decision of the Pref.

The frequency droop block in Fig. 5, decides the DPc for

the aggregated WPP model, based on the droop setting. The

typical value of 4% is used in this work for the droop setting.

However, the primary response capability of WPP is strongly

dependent on the availability of reserve power. An example

in Fig. 6 shows the dynamic primary response from the WPP

with a nominal power of 2800 MW, when a negative load

step results in a frequency change of -0.034 Hz.

The new steady state response from the WPP is then

calculated as follows:

DP ¼ �Df � b ¼ �Df � PWPP nominal

R � f

¼ �ð�0:034Þ � 2800

0:04� 50
¼ 47:6 MW/Hz

ð4Þ

Thus, following a load step, the WPP shares a load of

47.6 MW by increasing its production to stabilize the

system frequency.

4.2 Simulation results

Different studies are carried out to assess the perfor-

mance of the proposed active power control methodology.

A set of simulations are performed using time series for

generation, load and power exchange corresponding to one

particular winter day. The time series is generated by SimBa

for the scenario of the year 2020 for the Danish power

Frequency
droop

fmeas_PCC Pref

PWPP_avail

Pmeas_PCC

Generator
ip_cmdΔPc

+ +
–

+

–

WPP active
power controller

WT active
power
controller

PI PI++

Fig. 5 Aggregated WPP model Fig. 6 WPP primary response for a load step
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system based on the real data from 2009. It is assumed that,

the power exchange is kept at its planned level within the

operating hour, while the conventional generating units

change their power set point from the planned schedule as

directed by AGC for any power imbalance. Fig. 7 and

Fig. 8 show the power generated within the operating hour

from conventional plants and wind power plants, as well as

the net exports with neighbouring power systems and the

load demand in the Eastern and Western Danish power

systems are shown in Fig. 7 and Fig. 8, respectively. The

net exports are calculated by subtracting the total import

power from the total export power.

Some day the availability of wind allows the WPPs to

generate more power than conventional power plants. In

Eastern Denmark, the conventional power plants generate

30.81 GWh of electricity, while WPPs generate 62.17

GWh, i.e., 66.85% of the total electricity production. The

high production from WPPs allows the net exports of

40.533 GWh from Eastern Danish power system, when the

load demand is 52.422 GWh. Alike in Western Denmark,

43.83 GWh is generated from conventional power plants

and 73.97 GWh from WPP, i.e., 62.8%. The total load

demand and the net exports are 73.075 GWh and 44.612

GWh, respectively. The generation from WPPs can meet

the load demands in Eastern and Western Danish power

systems, but the conventional power plants are operating to

uphold the system reliability in case of unforeseen events.

The availability of wind power and the high load demand,

in the large scale wind power integrated power system,

motivates to investigate the system behaviour on a partic-

ular day.

As aforementioned in Denmark, the electricity markets

are balanced taking into account the hour-ahead forecasts

of wind and load. If the available wind power generated

within the operating hour differs from the forecast, a power

mismatch between generation and load will appear. The

power mismatch yields to a change at the system frequency

and deviation in power exchange from its hour-ahead

schedule. The generating units equipped with speed gov-

ernors will respond to the deviations by releasing FCR.

Afterwards, the FRR from the AGC, depending on reserves

availability, will return the system frequency to its nominal

level and consequently replaces FCR.

Fig. 9 shows the governor response from the WPP and

conventional power plants as a result of wind power

forecast error in Eastern and Western Danish power sys-

tems, respectively, while Fig. 10 shows the area control

error (PACE) after the AGC response (DPSET) in these

power systems. The governor response depends on their

droop setting and on their generating capacity. The WPP

and the conventional power plants have the same droop

setting, but the response is higher in case of WPP owing to

its higher generation capacity, as shown in Fig. 9. How-

ever, the activation of FCR is subjected to reserves avail-

ability. These reserves are activated within 30 s and

continue to be activated, as the power imbalance is

changing continuously, until FRR through AGC removes

the power imbalance.

The AGC continuously responds to the power mis-

matching between generation and load by providing new

power set point to the generating unit and tries to reduce

the power imbalance (PACE) in the power system. How-

ever, the power imbalance in these power systems does not

always return to zero level, as DPSET is limited to ±90 MW

and also lags behind PACE due to the delays associated with

the AGC and CHP, which abstains them to change their

output at the required rate i.e., PACE rate. These delays are

caused due to the ramping in the reference power (i.e., 30

MW/min) and also due to the slow boiler response of CHP

units (i.e. the boiler needs 5–6 min to modify its output

pressure when demanded). The power imbalances deviate

the system frequencies from their nominal level, as shown

in Fig. 11, for the Eastern and Western Danish power

systems.

The system frequency deviation, as shown in Fig. 11,

relates to the amount of power imbalance. The surplus

power results in frequency rise, while the deficit in

Fig. 7 Generation, load and net exports within the operating hour-

East Denmark

Fig. 8 Generation, load and net exports within the operating hour-

West Denmark
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frequency drops. In spite of a large power imbalance, as

shown in Fig. 12, the deviation in system frequency from

its nominal level is insignificant, as the Danish power

system is synchronously connected to the stiff and large

continental European and Nordic power systems. The

strong neighbouring interconnections offer huge frequency

bias and stabilize the frequency in Danish power system.

However, the power imbalance will divert the power

exchange from its schedule and may overload the tie line.

The secondary support from AGC will lower the real-time

power imbalance arising due to the wind power forecast

error. Fig. 12 shows the comparison of the power imbal-

ances in the Eastern and Western Danish power systems

with and without AGC support. The simulations show that

the AGC system reduces the real time power imbalances

and makes power system operation more reliable.

5 Conclusion

The integration of large amount of wind power into future

power systems presents several challenges, for example the

power system balancing and the availability of the regulating

reserves. This paper describes and analyzes the challenges in

the future power systems with the large scale integration of

wind power. And then a methodology is proposed for the

active power balance control taking into account the hour-

ahead regulating power plan with reduced planning horizon.

In the methodology, the power plants and the power

exchange are dispatched in a time scale of 5 min. The hour-

ahead plan efficiently addresses the intermittent wind power

and reduces the regulation burden that would be required in a

dispatch plan of one hour. The AGC further compensates the

power imbalances between demand and generation in a real

time, which is provoked by wind power forecast errors. The

Danish power system is used as a case study in this paper.

The studies show that imbalances between the demand and

the generation can be compensated by reducing dispatching

plan and regulation the active power production from con-

ventional power plants through AGC.

It has been illustrated through a set of simulations that the

AGC can effectively control the real time power imbalances

due to the wind power forecast errors, by controlling the

generation from conventional power plants. Furthermore, it

has been seen that the regulating reserves are needed from fast

conventional power plants tomaintain system balance and the

amount depends on the level ofwind power integration.Better

forecasting ofwind speed and the loaddemand is desirable in a

power system of large-scale wind power integration. It has

Fig. 9 Governor response to power imbalance-top: Eastern Den-

mark, bottom: Western Denmark

Fig. 10 PACE and DPSET from AGC-top: Eastern Denmark, bottom,

Western Denmark

Fig. 11 System frequency

Fig. 12 Power imbalance with and without AGC-top: Eastern

Denmark, bottom: Western Denmark
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also been depicted that the interconnections with strong

electrical networks stabilize the system frequency and decide

the wind power integration level.

The proposed methodology provides guidelines on how

large wind power can be integrate in the planning, control

and operation of future power system. The WPP partici-

pation is further investigated in secondary frequency reg-

ulations by integrating the WPP control in the AGC

system, to ensure secure and reliable operation of a power

system of large-scale wind power integration. Another

topic for future investigation can find the cost effective

solution to deal with larger power imbalance in a power

system of large-scale wind power integration.
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