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As wind turbine output is proportional to the culifewind speed, the wind
turbine generator output fluctuates due to windedpeariations. Hence, if
the power capacity of wind power generators becolaege, wind power
generator output can have an influence on the pmystem frequency.
Therefore, this study investigates the influencg@fernor control systems
of synchronous generators (SGs) for minimizing destcy fluctuations with
high wind power penetration level, when a total aafy of SGs is
considered as 100 MVA. It is seen that when botls Serate as governor
free (GF) operation, system perform better freqyesontrol. But it can not
be maintained to the acceptable level when SGsatpat GF-LFC or LFC-
GF operation with wind power capacity about 5%aték capacity. Finally, it
is seen that when several interconnected SGs amtep with different
control modes, system frequency become more sdoerg0% capacity of

wind power.
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1. INTRODUCTION

Recently, exhaustion of the fossil fuel and envinemtal problem such as global warming has
become serious problems. Therefore, it is necessangroduce clean energy more in place of theifdsel.
Wind power is one of the prospective clean enemppurces and thus a large number of wind farms are
being in service in the world. However, wind gemerautput power fluctuates greatly due to the wspeed
variations. Hence, if the power capacity of winchgetors becomes large, the wind generator ougut c
have an influence on the power system frequenaj.[1-

In the conventional operation of wind power gemangtwhen the wind speed is between the rated
speed and the cut out speed, the wind power gemesatput is controlled at the rated value by a&lpit
control system. On the other hand, when the wirggkdps between the cut in speed and the rated steed
blade pitch angle is maintained constant (= 0 diegyeneral, for the wind turbine to capture thexmam
power from the wind turbine. Therefore, the windmgo generator output fluctuates due to wind speed
variations in the latter condition, because the dwpower is proportional to the cube of wind speed.
Therefore, it is necessary to investigate the erfize of the ratio of the wind generator capacittheopower
system capacity, on power system frequency.

The governor control system models have a grelien€e to maintain frequency to the desired
level with the increased wind power penetration.il@pacts of different governor control system madel
have been investigated in this study. Also perforcea of governor control system model for maintegni
frequency fluctuations are investigated with coesity combination of several SGs operating in défe
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control mode. In the previous study [5] it is séfest thermal governor perform better frequency i@riban
hydro governor. Therefore, this study performedtiogrmal governor only. Simulation results show that
when both generators operate on governor free ¢@ffyol mode, system frequency becomes comparativel
better than that of GF-LFC (governor free-load @rexacy control mode) or LFC-GF control modes. Fipall
it is seen that when single SG or several SGs different capacities are connected to the networly
governor control system model and pitch contraden not maintain power system frequency to thereesi
level and severe situation occur when wind poweefration become 10% of the total capacity. Fas, ths
the wind power penetration increases day by day,dtudy will be helpful for taking preventive meass
for the power grid companies to improve the stgbdind quality of electric power. Considering thegsw
points, the study plays a vital role for power systapplication.

2. MODEL SYSTEM FOR SIMULATION ANALYSES
2.1. Model System

The model system used in the simulation analyssehasvn in Fig. 1. Two synchronous generators
(SG1[30 MVA] & SG2[70 MVA]) with a total capacityfdl00 MVA are used with the network. The model
system consists of a wind generator, |G [6], twertial power generators, TG (cylindrical type syocious
generators, SGland SG2) and two loads. SG1 anda8&G#perated under different control modes [Governo
Free (GF) control and load frequency control (LR@@)des][6].
In general, LFC is used to control frequency flations with a long period more than a few minuses GF
is used to control fluctuations with a short periesls than a minute.\f2 and Q,.q are capacitor banks.,@
is used at the terminal of IG to compensate thetireapower demand of wind generator at steadg sfidie
value of the capacitor is chosen so that the pdomes unity, when the wind generator operatebdanated
condition [7]. Qeag IS Used at the terminal of load to compensatevtiitage drop by the impedance of
transmission lines. Core saturations of inductienegator and synchronous generators are not coediéte
simplicity. Parameters of IGs and SGs are showrainie I. The initial power flow and initial conditis are
shown in Table II.
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Fig. 1. Model System

3. SYNCHRONOUS GENERATOR MODEL
3.1. Governor

The governor is a device that automatically adjulkts rotational speed of the turbine and the
generator output. When the generator load is cofydf@e turbine is operated at a constant rotatispeed.
However, when the load changes, balance betweegetherator output and the load is not maintainad, a
the rotational speed changes. When the load isved)dhe governor detects the increase of theioott
speed, and then, the valve is closed rapidly soath@bnormal speed increase of the generatoeiepted.
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TABLE |. PARAMETERS OFGENERATOR

Induction Generator Synchronous Generator
Salient pole type (HG) Cylindrical type (TG)
MVA MVA 100 100
MVA 3 5 | 10 Xd[pu] 1.2 211
Ry [pu] 0.01 Xq[pul 0.7 2.02
X1 [pu] 0.18 Xd'[pu] 0.3 0.28
Xm [pu] 10 Xd"[pu] 0.22 0.215
Re [pu] 0.015 Xq'[pu] 0.25 0.25
X2 [pu] 0.12 Tdo’'[sec] 5.0 4.2
2H [sec] 15 Tdo"[sec] 0.05 0.032
Tgo"[sec] 0.14 0.062
H[sec] 25 2.32
TABLE I1. INITIAL CONDITIONS
IG SG1 SG2
P 0.03/0.05/0.1 1.00 1.00
\% 1.00 1.05 1.05
Q 0.00
s(Slip) -1.733%

3.2. Governor for hydro and thermal generators|[6]

The governor models used in the simulation analgsesshown in Fig. 2 and Fig. 3, in which the
values of 65M and 77M for hydro generator and tl@rgenerator are shown in Table Ill and Table IV
respectively. The values of 65M and 77M for thdrgenerators are shown in Table V, when operating i
different control modes. Where, Sg: the revolutspeed deviation [pu]; 65M: the initial output [pd[7M:
the load limit (65M + rated MW output x PLM[%]); RL the spare governor operation [%]; Pm: the tugbin

output [pu].

For Governor Free (GF) operation, when PLM > 0:
65M = the initial output [pu]
77M = 65M + rated MWoutput x PLM [%]

For Load Limit (LL) operation, when PLM < 0:
65M = 77M+ rated MWoutputx | PLM[%] |
77M = the initial output [pu]

Sg is set zero for LFC to control frequency flutinas with a relatively long period.

Tablelll. Values of 65M and 77M for hydro generator

IG: 3[MVA] IG: 5[MVA] IG: 10[MVA]
65M [pu] 0.72 0.703 0.653
77M [pu] 0.756 0.7733 0.751
PLM [%] 5 10 15
65M 7™
100

Sg —| 5

.0

i

i
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1 1
0.3 o B /
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Fig. 2. Hydro Governt
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Fig. 3. Thermal Govern

TablelV. Values of 65M and 77M for thermal generator

IG: IG: IG:
3[MVA] 5[MVA] 10[MVA]
65M [pu] 0.72 0.7 0.65
77M [pu] 0.828 0.805 0.767
PLM [%] 15 15 18

Table V. Governor control parameters for SGs

SG1 SG2
Frequency 65M 77M Frequency 65M 77M
control control
LFC LFC signal 1 GF 0.8 0.84

3.3. Automatic voltageregulator (AVR)

To keep the voltage of the synchronous generatonstant, AVR is needed. In the simulation
analyses, the AVR is expressed by a first ordee tdalay. AVR model is shown in Fig.4. Parameters of
AVR are shown in Table VI.

1+5T, K,

Terminal voltagejT» oSt " TreT, — Field voltage
1.05

Fig. 4. AVR model

TasLE VI. Parameters of AVR

Gain, Ky [pu] 400
Time Constant, {[sec] 0.02
Time Constant §=T¢ [sec] 0.00

3.4. Load Frequency Control Model

In the Load Frequency Control (LFC) model, the atifpower signal is sent to each power plant
when the frequency deviation is detected in the grosystem. Then, governor output value (65M) otheac
power plant is changed by LFC signals, and therptweer plant output is changed. The frequency dievia
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is input into Low Pass Filter (LPF) to remove flugtions within short period, because the LFC isluse
control frequency fluctuations with a long peridde LFC model is shown in Fig. 5, where, Tc : thHeCL
period = 200[s];wc : the LFC frequency = 1/ Tc = 0.005[Hz]; the damping ratio = 1.

. LPF
4

f_- 2 LFC

1+2§[ij+(u% signal
5S

®c=0.005[Hz] fo:Base frequency (50[Hz])
Tc=200[s] f :System frequency [Hz]
=1

Fig. 5. Load frequency control model

4. WIND TURBINE MODELING

In this paper, the MOD-2 model [8] is consideredtfee CpA characteristics, which is represented
by the following equations and shown in Fig. 6 different values off. The captured power from the wind
can be obtained from eq.(1). Tip speed ra#lg,and power coefficienCp, can be expressed as eq.(2) and
eg.(3). Since&Cris expressed in feet and milE, is corrected as eq.(4).

P =5 PC TR, @
_ WwR
3= @
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Fig. 6. G- A curves for different values of pitch angle

The torgue coefficient and the wind turbine torque shown as follows.

c = (5)
A
fu =5 PG TR, (6)
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Where, B,,, is the wind turbine output [W]R is the radius of the blade [m}y,, is the wind turbine
angular speed [rad/s]3 is the blade pitch angle [ded¥,, is the wind speed [m/s]p is the air density
[kg/m?, and 1,, is the wind turbine output torque [Nm].

5. PITCH CONTROLLER

In the simulation analysis, conventional pitch colér as shown in Fig. 7 is used. The purpose of
using the pitch controller is to maintain the odtpawer of the wind generator at rated level bytaahing
the blade pitch angle of turbine blade when thedvépeed is over the rated speed. Generally, thie lgdach
operation system is complicated, but this papewukitas the pitch operation system by using a @rser
time delay system with time constaii=5 seconds. In addition, the pitch angle cannoth@nged instantly
due to the rotationahertia of blade and mechanical limitations. Theref the rate of change of pitch angle
is limited to 10 degrees per second in the simuati

90

- 1 Rate
1 900 1+sTw Limiter

\

P itch actuator (Max + 10/sec)
IG

Fig. 7. Conventional pitch control system

6. SMULATION RESULTS

Simulation analyses have been carried out to ilyest the performance of the power system
frequency with the increased wind power penetratisimg real wind speed data. The wind speed dad us
in the analysis is the real data, which is measimédbkkaido Island, Japan. The wind speed datdiepjo
the wind generator is shown in Fig. 8. The conwaral pitch controller as shown in Fig. 7 is used to
maintain the output power as describe in section 5.

Simulation analyses have been carried out for magerns shown in Table VII in order to
investigate the influence of the governor systeradwtrol power system frequency. The simulationyses
have been performed by using PSCAD/EMTDC [9].

Figure 9 shows the wind generator output for défeércapacities. Figures 10 through 12 show the
performances of SGs output and power system frequfor the cases 1, 2 & 3 respectively. Figureddl3
15 show the performances of SGs output and poywsem frequency for cases 4, 5 and 6 respectively.
Similarly, results for cases 7, 8 & 9 are studigithally, the evaluation of the results have beessented in
Table VIII. From the table it is seen that systeeqgtiency becomes better when both SGs operate in GF
condition. It is also seen that power system freagyebecome severe when wind generator capacitynbeco
more than 10% of the total capacity.

TABLE VII. CONDITIONS FORGOVERNOR CONTROL OPERATION OSGS
Cases IG SG1 [MVA] Frequency Control SG2 [MVA] Foemcy Control
Case-1| 3[MVA]

Case-2| 5[MVA] GF GF

Case-3| 10[MVA]

Case-4| 3[MVA]
Case-5| 5[MVA] 30 GE 70 LEC

Case-6( 10[MVA]

Case-7( 3[MVA]
Case-8| 5[MVA] LFC GF

Case-9( 10[MVA]
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Fig. 9. Wind generator output power
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Fig. 10. SG1 output power for GF operation [Casgs3],
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Fig. 11. SG2 output power for GF operation [CasBt13]
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Fig. 13. SG1 output power for GF operation [Casesi4)
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Fig. 14. SG2 output power for LFC operation [Casé®8]
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Fig. 15. Frequency fluctuations for cases 4, 5 & 6

Table VIII. Evaluation of Simulation Results

[Cases] '0’ and 'x’ of frequency fluctuations
Case-1 o
Case-2 0
Case-3 0
Case-4 0
Case-5 X
Case-6 X
Case-7 0
Case-8 x
Case-9 X

'0’ means withint 0.2 [Hz] and X" means beyondt 0.2
[HZ]
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7. CONCLUSION

As the wind power penetration influences on powstesn frequency, some countermeasures must
need to be considered in near future by the powidragpmpanies, to improve the reliability and gtyabf
electric power. In these cases (i) performanceéhefgovernor control system should be improved,n@jv
pitch control system can be used to improve théopmeance, upto a certain percentage of wind poet,
the problem is that some energy need to be lossedaintain frequency, (iii) energy storage devitiks
battery energy storage system (BESS) [10], eledajgacitor system (ECS) consisting of electric deub
layer capacitor (EDLC) [11] or superconducting metgnenergy storage (SMES) [12] system can reduce
the fluctuation of output power without any lossesfergy, but these devices are expensive. So, gover
control with a combination of energy storage dedod new pitch control system may be the good fmol
reducing frequency fluctuations with large wind mowwenetration.

References:

[1] Yamazaki, T., Takahashi, R., Murata, T., Tamural-dkushima, T., Sasano, E., Shinya, K., and tdatsto, T.
2009. Smoothing Control of Wind Generator Outpuicklations by New Pitch ControlldEEJ Trans. on Power
and Energy129(7) : 880-888.

[2]  Luo, C., and Ooi, B.-T. 2006. Frequency DeviatidrTbermal Power Plants Due to Wind FarmZEE Trans.
Energy Convers21(3) : 708-716.

[3] Carrillo, C., Feijoo, A.E., Cidras, J. and Gonzalé 2004. Power Fluctuations in an Isolated Wriaht.IEEE
Trans. Energy Conversl9(1) : 217-221.

[4] Inoue, T. 2004. MW Response of Thermal Power Pfiamh Viewpoint of Power System Frequency Control,
Trans. |IEE of Japanl24-B(3) : 343-346.

[5] M.R.I. Sheikh, R. Takahashi, and J. Tamura, “StadyFrequency Fluctuations in Power System with Ey&a
Penetration of Wind Power Generation”, acceptedpfablication inlInternational Energy JournalPaper 1D
IEJ_10-03-005.

[6] IEE of Japan, Technical Reports Vol.754: Standacdiéls of Electrical Power System, pp. 40-43

[7] Sheikh, M.R.l., Muyeen, S.M. Takahashi, R., Maraf., Tamura, J. 2009. Minimization of Fluctuasoof
Output Power and Terminal Voltage of Wind GenerdigrUsing STATCOM/SMES2009 IEEE Bucharest
PowerTech ConferenceCD Records, Bucharest, Romania.

[8] Anderson, P.M., and Bose, A., 1983. Stability Siatioin of Wind Turbine SystemtEEE Transaction on Power
ApparatusSystem, PAS-102(12) : 3791-3795.

[9] PSCAD/EMTDC Manual. 1994lanitoba HVDC Research Center

[10] Murakami, A., Yokuyama, A., Tada, Y., 2006. Bastad on Battery Capacity Evaluation for Frequenonttol
in Power System with a Large Penetration of Wind/@oGenerationlEE Trans. of Japar26-B(2) : 236-242.

[11] Muyeen, S.M., Shishido, S., Ali, M.H., TakahasRi, Murata, T., Tamura, J. 2008. Application ofekgy
Capacitor System (ECS) to Wind Power Generatigimd Energy11(4) : 335-350.

[12] Sheikh M.R.l., Muyeen S.M., Takahashi R., and Tandr 2010, “Smoothing Control of Wind Generator
Output Fluctuations by PWM Voltage Source Conveatedt Chopper Controlled SMERuropean Transactions
on Electrical Powerpp.1-18, available online in www.interscience.witom DOI: 10.1002/etep.469.

BIBLIOGRAPHY OF AUTHORS:

Dr. M.R.l. Sheikh was born in Sirajgonj, Bangladesh on October 3571 He received his
B.Sc. Engineering and M.Sc. Engineering Degreeas fRajshahi University of Engineering &
Technology (RUET), Bangladesh, in 1992 and 2003eetively, all in Electrical and
Electronic Engineering. He carryout his Ph.D dedireen Kitami Institute of Technology,
Hokkaido, Kitami, Japan in 2010 in the field of Rerable Wind Energy. He published more
than seventy papers including Transactions, Joammalinternational Conferences. He was the
) Editor of the book Energy Storage. He also pubtisheo book chapters. He is recently
a working to publish a book based on his researdWimd Energy. He is currently Professor and

working as the Head of Electrical and ElectronigiBeering Department, RUET. His research
interests are, Power system stability enhancenmmeiding wind generator by using SMES,
FACTSs devices and Load Frequency Control of mukiagpower system.
Mr. Sheikh is the member of the IEB and the BCBafigladesh.

Performance of Governor System on Minimizing Fregyd-luctuations with Wind .... (M.R.l. Sheikh)



56

ISSN: 2088-8708

Md. Mgbaul Haque was born in Kushtia, Bangladesh on September 288.1He received
his B.Sc. Engineering Degree from Rajshahi Univgrmsi Engineering & Technology (RUET),
Bangladesh, in April 19, 2010 in Electrical and ditenic Engineering. He published three
conference papers. He is currently working as aturec in Electrical and Electronic
Engineering Department, KUET. His research interese Power system stability, Power
quality improvement and Renewable Energy. Md. MejBbéaque is the associate member of
the IEB of Bangladesh.

Md. Amzad Hossain was born in Chuadanga, Bangladesh on 23th Noveni®86. He
received his B.Sc. Engineering Degree from Rajshitiversity of Engineering & Technology
(RUET), Bangladesh, in April 19, 2010 in Electricahd Electronic Engineering. He is
currently working as a Part time Lecturer in El@etand Electronic Engineering Department,
RUET, Bangladesh. He has been actively involvedthia study, research, teaching and
consulting project works to undergraduate studehts. Hossain is experienced in doing
research on Renewable energy, sustainable respuandsindustrial energy analysis. His
research interests are Renewable Energy, Powansygability, and Nanotechnology.

IJECE Vol. 2, No. 1, February 2012 : 46 — 56



