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Abstract: wind power generation source differs in severapeess from conventional sources of energy like byaind
thermal. Furthermore, wind generators are usuadlyel on different generator technologies other thanconventional
synchronous generators. The stochastic natureraf, wiakes it very difficult to control the genergpower output. Most wind
turbines are based on induction generators whiosuwme reactive power just like induction motordmysystem contingency,
which in turn deteriorates the local grid stabilithis paper proposes to study and analyze thedngfalistributed generation
using high speed wind turbines on power systemsiteat stability. This is achieved using a simplifimodel of the IEEE 30 bus
system which replicates the Kenyan grid system. Gdee line case simulations were carried out uSiggSILENT Power
factory version 14.0 software and results recordéereafter, a Double Fed Induction Generator (DF®del was integrated
to the system and various faults introduced instfgtem. The results showed that, the addition@DXRIGs to a power system
network, does not negatively affect the stabilifytlie system. It was evident that even with inceglapenetration of wind
power up to 10.2%, the system showed a high degfréansient stabilityConsequently, from the simulation results, as the
system approaches stability, the swings are mohessrof equal magnitude. As the penetration le¥&FIGs increased from
0% to 10.2%, the critical clearing time also ina@@ This clearly shows that the transient stgbdftthe power system is
improved by DFIG penetration in the power network.

Keywor ds. DFIG Model, Dig SILENT, Stability, Synchronous Geator

1. Overview of Wind Resourcesin Kenya

Of all renewable energy sources, wind power isrttest and 30MW Daewoo Ngong’ wind. The Best wind sites in
mature in terms of commercial development in theldvdhe  Kenya are Marsabit district, Samburu, parts of lpé Meru
development costs of wind power have decreasatbrth, Nyeri, Nyandarua and Ngong hills. On average
dramatically in recent years. Potential for devatept is huge, country has an area of close to 90,000 square &ilers with
and the world’s capacity is far larger than the Idiertotal  very excellent wind speeds of 6m/s and above [1].
energy consumption. Worldwide, total capacitiesabbut Researchers on non-grid-connected wind power/water
60,000MW have been installed, with a yearly promucof electrolytic hydrogen production system showed thatd
about 100 TWh [1]. There is still litle experientceusing power grid connection is the only application ofgkrscale
wind for power generation in Kenya, however, awassnand renewable sources in the world [2].
interest is steadily growing. The most recent itwent in The random effects of wind affect the quality ohdipower
wind energy in Kenya is Ken Gen’s 5.1MW farm in dgo and the contribution rate of wind power on the gsidhardly
comprising six 850kW turbines installed in Augu€i02. A beyond 10%. The wind powered generator needs &b the
further 610MW are to be developed by IndependentePo requirements of power grid such as stabilizatiofreduency,
Producer’s comprising; 300MW by Lake Turkana Windyoltage and phase, which increases complexity. a Assult,
60MW Aeolus Kinangop wind, 100MW Aeolus Ngong’ wind the “Non-grid-connected wind power was inventedsdech
60MW Osiwo Ngong’ wind, 60MW Aperture Green Ngong'showed that hybrid systems e.g. wind and solar ¢emmgnt
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each other effectively that is saying, "either $h@ is shining
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(4,3) and can be easily adapted to other orderseemple, a

or the wind is blowing, so there is always somaghinpure AR(2) model [8] which was implemented befama also

producing power” [4].
1.1. Introduction

Global warming is occasioned by burning of fossiéls
such as oil, coal etc. These has resulted to théugtion of
greenhouse gases. Consequently, affecting the cerméent
and people’s health. The advent of renewable ermespurces
is a promising mitigation to the problems. The chdf
increased application of renewable energy techietods
growing due to the global warming. Global warmiefgers to
an unequivocal and continuing rise in
temperatures of earth climate system. There arerakv
renewable energy resources for the electrical paystem.
Among those, wind energy is one of the fastest grgw
renewable energy resources [1, 3, 4]. This papsygqses to
study and analyze the impact of distributed germraising
high speed wind turbines on power systems transtability.

Generating realistic wind speeds is an importask t@hen
the effects of the wind productions in an electyigystem
have to be analyzed. The fluctuating wind spedti@sorigin
of the temporal variation of the power injected thjis
production type and thus has direct effect on tiek gjability.
One of the challenges of wind speed simulatorsamiy to
reproduce the different scale fluctuations, as rilesd in [4].
In this regard, different models have been develogaring
the past decades. The model considered here iaipuit two
stages, comprising two components, a slow andtfastsame
as in [5]. With some minor modification, more acaterwind
models (that take into consideration e.g. long-t¢6h or
cross—correlations [7] are of this nature. An oi@mof some
more approaches can be found in [8]. It is impdrtauadd that.
However, to get a realistic simulation of a specifte, records
of historical data are needed to obtain the parameif the
model, because even the best model is uselessdtnorately
fitted.

2. Sochastic Wind Speed Simulation
2.1. The Slow Component

The first part, which was already used by authdriga
generator of hourly mean wind speeds. This timesenodel
is based on an ARMA (Automatic
Moving-Average) model that is given by

Y St BYio T T RYon + 0 O3, 600, +. G, (1)

the average

be seen as an ARMA model with= 2 and m = 0.The order of
the model depend on the quantity of historical datailable,
since if there is only a little data, an accuratelal cannot be
reached even with higher orders. There is a rahljeemture
available regarding parameter estimation. Fittimdeds are
normally based on least square regression methati$ry to
minimise the error value. For AR parameter estiomtthe
Yule-Wallker equations are widely used. The simadatourly
mean wind speed [6] can be obtained by

)

Where is the mean wind speed of all the observed dfta. |
observed hourly mean speedsand standard deviatiors,
are available, a more realistic simulated wind dpe&n be
calculated as

V() =u+y,

V,(t) = 1, + 0,y (3)

This method is explained in detail in [6].
2.2. The Fast Component

Being able to compute hourly mean wind speeds niight
enough for several application of the energy systemdel,
but as temporal scalability was a requirement ffier latter, a
more detailed model was needed. The ability toaepce
realistic wind speeds in real time can be gaineddging the
so called fast component to the previously desdridewly
varying signal. For this purpose turbulent phencanamne
modelled by a highly fluctuating signal given in| [y the
following differential equation.

dw_ _al) | kv, (t)\/gf(t)

dt T )

Where T = L/v, L being the turbulence length scale, v is
the velocity of wind, k a factor that depends ore th
geographical location of the wind turbine site [€](t) a
Gaussian white noise and (t) the hourly mean wind speed.
The equation describes a stationary Gaussian Eoddss
component allows us to generate a time continuiguakthat
represents area time wind speed.

Regressive

3. System Modelling

The power extraction from wind turbine is a funaotiof
three main factors: the wind power available, tbe/gr curve

The data series;ys used to build the model, that is toof the machine and the ability of the machine tspoed to

calculate the auto—regressidg i = 1, 2...,n and the moving
average paramete@, j = 1, 2...,m{« }is a Gaussian white
noise process with zero mean and standard deviafien
which is part of the moving average (MA) part oé tmodel.
Considering the orders, the process is referred ®RMA (0,
m). The parameter used in this study were chosem fio
ARMA (3,2) approach, but the model was developedaip

wind fluctuation. The expression for power produbsdthe
wind is given by [12, 13]:
P (1) =5 Co A B) TR (5)

Wherep is the air density is radius of turbine rotor isev
speed,C, is power coefficient of wind turbiné, is the tip
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speed ratio anfd represents pitch angle. The tip-speed ratio is

defined as:

oRe
\Y

(6)

Wherew is the turbine rotor speed. Therefore, if the roto

speed is kept constant, then any change in the sgadd will
change the tip speed ratio, leading to change afepo

— Pm(v) — Pm(v) _ 2
Tm(v)_ w - ﬂ _K/V (14)
R
Where
1 R?
K, —ECP,OITT (15)

coefficientC, , as well as the generated power output of the Now let us consider the systems electrical equatitmthis

wind turbine. However, if the rotor speed is adjdst
according to the wind speed variation, then thesgiped ratio
can be maintained at an optimal point, thereby dyiel
maximum power output from the system.

For a typical wind power generation system, théofeihg
simplified elements are used to illustrate the imdntal
working principle. The system primarily consistsaf aero
turbine, which converts wind energy into mechanizargy, a
gearbox, which serves to increase the speed amda$ecthe
torque and a generator that convert the mechagieahy into
electrical energy.

The mechanical equation is characterized by [14]:

Jua+B.aw=T, +T @)
‘]ea‘e + Bea‘e = -rt +Te (8)
T, =-Tw 9)

study we used a double feed induction generatorlGPF
whose characteristic matches the metrological ¢mmdi in

Ngong. The induction machine is feed from bothostaind

rotor. The stator is directly connected to the gad a

standalone MV line. While the rotor is fed througlvariable

frequency converter (VFC).

In order to inject electrical power at constanttagé and
frequency to the utility grid, over a wide rangeo(h
sub-synchronous to super synchronous speed), ttiee ac
power flow between the rotor circuit and the gridisthbe
controlled both in magnitude and in direction. Teéfere, the
VFC consist of two four-quadrant IGBT PWM convester
(Rotor side converter (RSC) and grid side conver(&@SC)
connected back to back by a dc link capacitor 5],

3.1. DFIG Control Scheme

In order to extract the maximum active power frome t
wind, the shaft speed of the Wind Turbine Gener@térG)

Wherel,, andJ.are the moment of inertia of the turbine andgMust be adjusted to achieve an optimal tip-speédirz,,

the generator respectivelB,,and B, are the viscous friction
coefficient of the turbine and the generafby, is the wind
generated torque in the turbine, T is the torquetha
transmission shaft before gear b@xjs the generator torque,

G is the angular velocity of the turbine shaft ang is the

angular velocity of the generator rotor.
The relationship between the angular velocity efttirbine

G and the angular velocity of the generaigr is given by
the gear ratio:

Y= (10)
Then, using equation 7, 8, 9 and 10 we obtain
J,*tB,=T,-YT, (11)
With
J =Jm+Y2Je (12)
B=Bm+YzBe (13)

From equation 5 and 6 we deduce that the input varglie
is:

which yields the maximum power coefficient Cpmaxd
therefore maximum power (17). In other words, given
particular wind speed, there is a unique wind tuebspeed
required to achieve the goal of maximum wind power
extraction. The value ol.y, can be determined from the
maximum of the power coefficient curves versus gjeed
ratio, which depends on the turbine modeling charéstics.
The power coefficient £ is approximated by Equation (16)
based on the modeling turbine characteristics (18).

-Gy

Coh P =G -C-Cet +Cy (16)

Where the coefficients@o C; depends on the wind turbine
design characteristics andis defined as

1 1

A A+ 0088

_ 0035
B+l

(17)

The value ofs,,; can be calculated from the roots of the
derivatives of equation (16). Then, based on thedveipeed,
the corresponding optimal wind turbine speed refeeen*
for maximum wind power tracking is determined by:

o = AtV

= (18)

The DFIG wind turbine control system generally dshef
two parts: the electrical control on the DFIG arke t
mechanical control on the wind turbine blade pitsigle.
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Control of DFIG is achieved by controlling the \arle

frequency converter (VFC) that includes control thie

rotor-side converter (RSC) and control of the gsidie

converter (GSC) [19]. The objective of the RSCoigjbvern

both the stator side active and reactive powerpgaddently.

Whereas the objective of the GSC is to keep thdindc-
voltage constant regardless of the magnitude oflifextion

of the rotor power. The GSC control scheme can &kso
designed to regulate the reactive power or therstatminal

voltage of the DFIG. A typical scheme of a DFIG ipgad

wind turbine is shown in Figure 1 [10].

AC 30Hz Network
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Figure 1. DFIG equipped wind turbine scheme
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Figure 2. Turbine power Characteristics

The RSC control scheme is designed in order tdaegthe
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Wind turbines provide a relatively inexpensive wayproduce
electricity compared with (photovoltaic) PV, thelypmther
truly green technology. Wind turbines are expedtedeep
this cost advantage in the futy)]. One of the major costs
associated with a wind turbine system is the tothat the
turbine must be placed on. A rule of thumb is tseahe
turbine 30 feet above any obstruction within a 83 radius

[5].

4. Classification of Power Systems
Sability

Power System
Stability
Steady State Transient Dynamic
Stability Stability Stability

Figure 3. Classification of Power system Stability

Power system stability can be divided into threeinma
categories as shown in Figure 3 below;

The stability of a system refers to the abilityaoystem to
return back to its steady state when subjecteditstarbance.
A generator is synchronized with a bus when bottthefn
have same frequency, voltage and phase sequence.

4.1. Seady Sate Sability

These studies are restricted to small and gradzalges in
the system operating conditions. In this we bakical
concentrate on restricting the bus voltages claseheir
nominal values. We also ensure that phase angiegée two
buses are not too large and check for the overgadf the
power equipment and transmission lines [4]. Théseks are
usually done using power flow studies.

wind turbine speed for maximum wind power captureq.2 Transient Sability

Therefore, a suitably designed speed controllesgential to
track the optimal wind turbine speed referens& for
maximum wind power extractioriThe drawback to using
wind turbines is that they rely on a variable anthewhat
unpredictable source. If the wind speed is noticefit to turn
the shaft in the generator, electricity will not peoduced.
However, systems are now being developed thatawiér the
minimum wind speed threshold [4]o compensate for the
unpredictable nature of wind conditions, batterprage
systems are being integrated to provide electrigityen the
turbine is not turning. Voltage regulators haverbdeveloped
and are being improved so that the turbine canargehthe
batteries while simultaneously producing electyicithese
should ultimately make wind turbines more afforéafb].

It involves the study of the power system followegnajor
disturbance. Following a large disturbance the nmecpower
(load) angle changes due to sudden acceleratidneofotor
shaft. The objective of the transient stability dstuis to
ascertain whether the load angle returns to a gteatle
following the clearance of the disturbance [18].

4.3. Transient Stability I ndicators

The transient stability of a system can be assdsgattans
of certain indicators. In this project, four diféert indicators
have been chosen to analyze the stability of the dgstem
[18].

The four transient stability indicators chosen are:
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i) Rotor Speed deviation-is the maximum amount ohigh-energy fossil fuels such as oil, propane, mrwtgas,

deviation in the rotor speed during fault.
i) Oscillation duration -is the time taken by the tatibns

gasoline or diesel), combustion gas turbines, ¢edls, solar

photo voltaic, and wind turbines. Distributed getion is an

to reach a new equilibrium after the clearancehef t approach that employs small-scale technologiesroayce

fault.

electricity close to the end users of power. DGtextogies

iii) Rotor angle-The response of the rotor angle of theften consist of modular (and sometimes renewaiézesy)

generator to different types of faults is considere
iv) Terminal voltage—The variation in the terminal agi
of the DG due to different fault conditions is mioned.

generators, and they offer a number of potentiakbts. In
many cases, distributed generators can provide rioos
electricity and higher power reliability and setyrvith fewer

The voltage stability is analyzed by taking intoenvironmental consequences than can traditional epow

consideration the drop in voltage level during fard
the time taken by it to settle down after the ceae of
the fault.

4.4, Dynamic Sability

This is the ability of a power system to maintatabdity

generators.
4.6. Benefits of Distributed Generating Systems

i) Flexibility - DG resources can be located at nuraero
locations within a utility's service area. This esjpof DG
equipment provides a utility tremendous flexibility

under continuous small disturbances. (Also known as match generation resources to system needs.

small-signal stability) These small disturbancesun due
random fluctuations in loads and generation leviisan
interconnected power system, these random varstaam
lead catastrophic failure as this may force therraingle to
increase steadily [4, 18].

4.5. What is Distributed Generation

Distributed generation (or DG) in this papers cafte
generally refers to small-scale (typically 1 kW 8 W)
electric power generators that produce electriaitya site
close to customers or that are tied to an eledistribution
system. Distributed generators include, but arelinoted to
synchronous generators, induction generators, nazating
engines, micro-turbines (combustion turbines that pn

i) Improved Security - The utility can be served bypeal
delivery point. This significantly decreases the
vulnerability to interrupted service from imported
electricity supplies due to natural disasters, §epp

5. M ethodology

Figure 4, shows simplified model of an IEEE 30 pasver
system used as the base case in this paper. Témnresathat
the entire Kenyan Grid system replicates a 30 busep
system. The model was developed using Dig-SILENWé?0
factory version 14.0 using available load data.eAfivhich
load flow studies were carried out on the systerhjckv
incorporates the DFIG turbines.
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Figure 4. IEEE model with DFIG

A model of NGONG wind farm was also developed. The ¢ Dynamic and static data of the systems are not well

types of wind turbines used in the study are végiapeed documented.

(DFIGS). The DFIG model was constructed from thétiu * Calculations of numerous scenarios are difficuk doi
components of power system simulation software.tidl 6 large set of data.

wind turbines of power approximately 5.1MW. Restio a * Lack of software capabilities for handling large sé
total power of 36MW were aggregated into one edeiva data.

DFIG machine. * Less generic results from practical power system.

An IEEE 30 bus system is used for this study toesgnt The size and type of the test system play a vegy role in
the Kenyan power system. This is a test systemlyigsed in  the analysis of the transient stability. A largesteyn may
power system research and education. The reasonsifty  increase the time and complexity of the analysierels a
test system rather than using a model of pradciigstem are as small system may lead to neglecting necessary racto

follows: Therefore, a medium sized representative IEEE 30spstem
* Practical power systems data are partially confidén  has been chosen for the study.
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6. Result and Discussion
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Figure 5. Generator 1-fault on line 2-6

The disturbance investigated is a three-phase -shrottit

on different lines close and far away from the n@énerators.

This three-phase fault represents the most sevstelthnce
for transient stability problems between the wiardhf and the
IEEE 30 bus system. The parameters analyzed inolitige,
active power, reactive power, rotor angle with refiee to
reference bus voltage. These were chosen for sindg they
are the most common transient stability indicatdise base
case was first simulated to determine the initiahditions
then followed by a load flow calculation. The reasuare
shown in Figure 5 below. In the next scenario, &G

model was connected to the IEEE 30 bus systemoautflow
calculations were also performed. The results Amwa in
Figure 6 below. Transient stability was then perfed on the
base case scenario with and without wind poweeterdhine
the critical clearing time with and without windyger.

In evaluating transient stability, the critical ateng time
(CCT) is calculated for all cases i.e. with andheiit wind
power. The base case represents the normal opeustidne
system without any wind power connected to theesysiThus
the network is characterized by synchronous geoexalhe
generators are dispatched in away, that most aredsving a
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balanced power flow. After performing transient ity
simulations, the critical clearing time (CCT) ftietbase case

was found to be 20ms.
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Figure 6. Generator2-fault on line 4.1

In the next scenario the IEEE 30 bus used as the tase

was integrated with wind turbines and run for tiens Table 1. Penetration Level Vs. CCT

simulation. Active and reactive power flows werenabt  penetration Leve CCT( Milliseconds)

equal to those of the base load-flow. The anabfsise CCT 0% 20
resulted in an increased stability limit comparedhe Base 1-7? 30
Case which had only synchronous generators incerivihe iblz/g/o 22

corresponding increases depending on penetratiah ik as
shown in the Table 1 below.

This means, that the transient network stabilitgrifanced
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when DFIG are connected instead of synchronousrgtre.
Figure 5, shows the results for penetration le¥¢he DFIG.
Figure 5, above shows the graphs for active powaxtive

power, voltage magnitude and rotor angle of gepnerlatvhen
a fault occurs on line 2-6. It also reveals how flystem
responds at different penetration levels. When mmwygower
is introduced the power output from the generagdnighest
since there is no alternative source of power. H@rethe
introduction of wind power reduces the amount ofveo
generation from generator 1. From the graphshalkiystems

return to stability when the fault is cleared. Tiember of
swings in each case is seen to remain constartaitinlj that
introduction of wind power up to penetration lee¢l10.2%
does not affect the system negatively. The mageiwfdthe
swing at penetration level of 10.2% wind powellighgly less
than when no wind power is introduced. This is biseawith
the introduction of wind power there is an alteivasource of
power to the system and hence the shock experientdhe
system is reduced.
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Figure 7. Generatorl-fault on line 8-28
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Figure 8. Generator2-fault on line8-28

Figure 6, above are graphs, for monitoring of thef fault on line 2-6 on generator 1 only that théng occurs

parameters in the system by generator 2. This gaarehas
lower rating than generator 1 and the deviatiopafer from
the 0% power generation and 10.2% is insignificdihis is
evident from the complete overlapping of all thegrs as
shown above. This suggests that if the system lzas/ fow
rated power generators, the effect of a fault eandystem is
reduced since there are alternative sources of powwethis
case, again we noted that the magnitude is smafidrthe
number of the swings before the fault is clearedraduced.
This shows generator 2 does not experience muatk stioen
the fault occurs. This is because the bulk of tkeegated
power is from generator one the graphs are simiitir those

for a shorter period (about 2 cycles).This is beeahe fault is
triggered on line 8-28 which is far away from gexier 1
hence the impact of the fault is less felt (seaifedg and 8).

7. Conclusion

In conclusion, the addition of the DFIGs to a powsgstem
network, does not negatively affect the stabilityre system.
From the results and discussion it is evident than with
increased penetration of wind power up to 10.2%,system
showed a high degree of transient stabilitys evident from
the simulation results, as the system approachéedist, the
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swings are more or less of equal magnitude. As tHE]
penetration level of DFIGs increased from 0% ta2W). the
critical clearing time also increased. This cleathows that
the transient stability of the power system is ioyad by
DFIG penetration.Looking at the results, it showthat
DFIG’s sudden disconnection could result to pole €r
non-convergence of the system. This is due to loks
equilibrium between the produced power and the wowes [8]
power. With an increased number of DFIGs and aethre
phase fault on line 8-28, the fault temporarilycdisnects the
DFIGs which were catering for the loads close td\itarger
shock is felt by the synchronous generators sihd®s to
increase its generations to cater for more loadiés Tould
eventually result to pole slip with cyclic fluctimts in
voltage subjecting torsion stresses on the shaftthef
synchronous generatora. Small disturbance was observed
when DFIGs were incorporated in the power systehis T
was visible from the simulation graphs which weeers to
increase with increase in number of DFIGs. Thiglug to
hunting in a synchronous generator as a resuhjettion of
harmonics in the power system by the DFIG.
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