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The Effect of Wind Power Integration on the
Frequency of Tap Changes of a Substation
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Abstract—As the capacity of wind power installed in a radial Pt minimum yalue of active power production at
distribution system (DS) increases, there is a concern that it busi and timet
may introduce more frequent tap change operations in substation PkF active power flow from buk to busj at timet

transformers. The increase in the frequency of tap changes (RT) Qiiiﬁt reactive power produced at busnd timet
reactive power consumed at buand timet

can accelerate the wear and tear of the tap changers. As a result  <p
the introduction of wind power to DSs may be hindered. Hence it ) ) ]

the aim of this paper is to investigate the effect of wind power Q> maximum available values of reactive power at
integration on the FTC in a radial DS. A case study shows that the busi and timet

changes on the FTC in DSs connected to relatively strong exterha imtin minimum available values of reactive power at
grid is negligible up to significant level of penetration. But in ’ busi and timet

DSs connected to a relatively weak external grid, a significant F . . .
increase in the FTC has been observed as wind power penetration Qi j: reactive power flow from buk to busj at time

increases. Hence a further investigation is carried out to limit t
the FTC by using reactive power from local wind turbines. The R resistance between node ‘1’ and ‘2’
results have shown that the methodology is very effective. X reactance between node ‘1’ and ‘2’
Index Terms—wind power, tap changer, reactive power, load S The maximum MVA output capability of the
flow analysis, power transformers wind turbine at bus
t time index
NOMENCLATURE Vit voltage magnitude at nodeand timet
bej series susceptance between kund busj Vime - the maximum voltage limit of the tap changer
£,  shunt susceptance between kuand busj V™t the minimum voltage limit of the tap changer
okj series conductance between tuand busj Wk jt the change in the tap position from-1 to't
I a set containing all buses in the network between busk and bus;
i cl W ;¢ the continuous substitute of the integer variable
u el Wt
J the set of all buses excluding the buses connected Yiu ~ magnitude of the(i,u)"" element of the bus
to the tap side of a transformer admittance matrix
j el Yiu series admittance between buand busu
K the set of all buses excluding the buses connected Ot  Voltage angle at nodeand timet
to the non-tap side of the transformer AUy voltage difference between reference node ‘1’
Kk cK U1t and node ‘2',Uy;
ncj: tap ratio of the transformer between bisnd AV voltage change in per unit value for one tap step
bus j at timet AV the deadband voltage magnitude in per unit
n'@  the maximum tap ratio of the tap changer € a very low value chosen based on the sensitivity

of the tap operating system

®™n  allowed minimum power factor

¢xj  angle of the series admittance between lbasd
bus j

Giu angle of the(i,u)th element of the bus admit-
tance matrix

nﬂ?}” the minimum tap ratio of the tap changer
P active power consumed at node ‘2’
Q.  reactive power consumed at node ‘2’
R active power produced at busand timet
P2 active power consumed at busnd timet
PiTaX maximum value of active power production at
busi and timet
I. INTRODUCTION

This work was financed by Chalmers energy initiative. "
S. Nursebo is with Chalmers University of Technology, Swe@email: RANSFORMERS are the most critical components of a

Shemsedin.nursebo@chalmers.se). distribution system (DS). Since they are capital intensive
peiyuan@chalmers.se). . . . Lo

O. Carlson is with Chalmers University of Technology, Swedemail: customers m_ a glven DS. Hence high ava"ab'“'Fy of these
Ola.carlson@chalmers.se). components is given utmost importance by any given DSO.



The failure of a transformer, besides jeopardizing the reljrid strength. However this has not been presented before.
ability of the DS, will expose the DSO to a huge amount dfloreover, the use of reactive power compensation to reduce
cost. The causes of transformer failure are numerol#§q]. the FTC is not investigated either.

However the majority of transformer failures can be traced Thus this paper tries to fill the gap in this area. A detailed
back to a faulty tap change¥]f[7]. Hence, in terms of the analysis of the effect of wind power integration on the FTC
reliability of the transformer, tap changers can be considle is carried out based on one year measured wind power and
as the critical part of the transformer. This is evident friva load data obtained from a DSO in Sweden. Moreover, most
extensive literature that is devoted for condition moritgr variable speed wind turbines have the capability to pro@de
and maintenance of tap changei$-{13]. considerable amount of controllable reactive power suppor

The main reasons for the failure of tap changers are tiaus, a further investigation is carried out to use this itgad
erosion of the diverters contact due to switching arcs, tlaailable reactive power from the wind turbines to decr¢lase
wear and tear of the mechanical components such as FEC, wherever there is the need to do so. Such investigation
energy accumulator springs, carbon formation in the divertis valuable because, as mentioned above, tap changers are
oil caused by arcing, and breakdown of the insulating materi exposed to wear depending on the number of operation they
due to accumulation of sludge. Among these the first thréave undergone. Moreover reactive power can provide arbette
directly relate to the number of tap operations that occurreoltage regulation at secondary side of the transformegesin
in the tap changer. Especially the wear in the diverter aistaunlike tap changer, it does not have a time delay in operation
depends not only on the number of tap changes but also orThis paper is organized as follows. In Sectidn the
the transformer load during the tap chand@é]| problem is formulated mathematically. Sectidinprovides the

With the increased introduction of wind power in DSstesults from the case study where the effect of wind power
some DSOs are concerned about its possible effect on tre the FTC is discussed in detail. It also investigates the
wear and tear of the tap changers. This concern mairggssibility of using reactive power from the wind turbines t
arises from a fluctuating nature of wind power as well as thiecrease the FTC. Finally Sectiovi provides the conclusion
possible increase in the power flow through the transformer. the paper.

The fluctuating power output from the wind turbines can
introduce high power flow fluctuation through the transforme Il. PROBLEM FORMULATION

This may ultimately lead to an increase in frequency of ta ) . . . .
Y y q Y p-Thls section has two subsections. The first subsection

changes. If this is the case, considering the power system is ) .
already vulnerable to wear and tear due to aging, the D sents the mathematical model that can be used to determin
’ the number of tap changes in a given distribution. The model

may limit the integration of wind power to its network for work. load and wind dat out. Th i
fear of increased maintenance costs or unexpected tap@&ha €s network, load and wind power data as an input. 1he nex
bsection develops the model further to incorporate ikeact

failures. Hence, such concerns may hinder the integration )
renewable energy sources at a time governments are workﬁcﬁjéf"er compensation (RPC) as a means to reduce the FTC.
to increase the share of these energy sources.

However the investigation of the effect of wind poweA. Model set up for analyzing the effect of wind power on
integration on the frequency of tap changes (FTC) is givérequency of tap changes

only a minor attention. There arc_a only a few papers, to th_e-l—o analyze the effect of wind power on the FTC one has
authors’ knowledge, that have given some focus to FTC {g getermine the FTC with and without wind power. Thus, a
the presence of wind powet {-{17]. mathematical model is needed to determine the FTC in each
In [14-[1€] the aim is on how to better regulate the voltagase. Such a model can be used to carry out a series of load
of a DS in the presence of wind power. Some focus is giveR,y calculations using the network, load and wind power data
to the effect of different voltage regulation approachest®n 5 inputs. The main aim of these load flow calculations is
FTC. However, these papers have not investigated the eﬁﬁ%&ermining the tap position at each time step satisfyirgg th

of wind power introduction on the FTC. _ different equality and inequality constraints.
Thus, it is only [L7] that have analyzed the effect of wind

power variability on the FTC. The analysis is done for wind

turbines installed in meshed sub-transmission systemmFrq, . arid ‘ /ﬂ\
the result of the analysis, it is concluded that, in genevaid k 'i‘

power injection increases the FTC. The increase is found ﬁ_@ I_'P_Fkt

be significant when the wind turbines are involved in voltage —— ol /l; = L

regulation. Okju ) Ok

In [17] the change in the FTC due to wind power is analyzedg. 1: A simple distribution network with wind power and load
based on only one month data. However we have observed:@mnected.
our analysis that wind power can increase the FTC in one
month and decrease in the other. Hence an analysis based dburing a load flow calculation at time steépthe difference
one month data cannot give the full picture of the effect dfetween the tap ratiog j; andny j¢_1 needs to be as small as
wind power on the FTC. In addition, as we can see latgrpssible (see Figl). Let this difference be the tap step taken
the effect of wind power on the FTC also depends on ta time ti.eW ;. Thus the load flow calculation at each time



. . . F .
step,t, can be formulated as an optimization problem with the Fr.j Y/, P/A .1
— " J1M

objective function to minimize the number of tap changes |atrap side  Of ; — ijNon tap 51de

each time step: | (l_nk’f)y — (i —1)
P k,j
A 2. M, j M. j
o= 3 3 W, ®

Fig. 3: Equivalent circuit of a tap changing transforme#][
Subject to equality and inequality constraints described a

follows.

1) The inequality constraintsThe inequality constraints Hence, for the network which contains both of these ele-
include the limit on secondary side voltage of the transtarm ments, i.e. power lines and transformers, the link betwesn a

Vimm < Vg < VM (2) two buses can be represented by the model shown indFig.
the limit on the available range of tap ratio, . P P/Fk
min F Yk /nk
ngj’ < ngje < g (3) o) J J Q,k
L 1
and the limit on the available active and reactive power J)fl_”k.j) Vi J_ be iBe J_ (g, ; =1
generators at each node in the network n/%,j o J ;, J k/ I Iy
Pmln < Plt < Pmax —_ =
Qm'” <Qu< maX 4 Fig. 4: An equivalent model for a link between any two nodes.
|

In the case study, it is only at the slack bus (infinite grid) 1o power flow from bus to any other bug at timet is
that the active and reactive power is produced. Heéfgeand given by:

Qj is limited to zero at all buses except the slack bus. Wind
power generation is included into the load flow equations asg (E)Z C VieVig _
a negative load with unity power factor. E)klt nee) 96T gy Yij COOjt — Oer + P )
b b Vi
2) Equality constraints:The equality constraints consist of Qk = th kJ + k;) rk1kt JttykJS|n(5jt_5kt+¢kj)
the load flow equations,

()
b and power flow from bug to any other busk at timet is

Ri—PRi= %Yi,uvi.,tvu,t cog6 y+ At —Git) given by:

. 5
Qit —Qil?t = _%Yi,uvi,tvu,t sin(6y+dut —dit) (
and Plie=Vi9ik— ;11; tty kCO(&t — Ojt + P j)
= . ViV
Mhojit = Mje-1+ WV ©) jF.k,t = *VJZ (bJ K+ ) rj'ui lityj kSIN(&t — Ojt + Pk )

In the load flow equations the tap ratio of the transformer (8)

may change from one time step to another. This changedn (7) and @), if the link between two buses is a cable
certain elements of the bus admittance matrix from one tinog overhead line, the tap ratio is one and the equations will
step to another, which increases the number of variablesr@present the power flow in the circuit shown in FigOn the
the model. Clearly, this imposes extra computational burdether hand, if the link between two buses is a transformer the
on the simulation. Hence the load flow equations 5ip 4re  shunt capacitance is equal to zero. Théngnd @) represent
modified so that they do not use the bus admittance matthe power flow in the circuit shown in Fig.
directly. The discussion of these modified load flow equation Now the load flow equations irb) are replaced by9) and
is provided as follows. (10) below as equality constraints.

3) Modified load flow equationsThe link between two For bus ink € K:
buses is usually either a power line or a transformer. The
power line can be represented by an equivalemodel as Pt Pkt ZPth

shown in Fig.2. 9
QkJ - Qk,t %Qk’ it ( )

k Pij P/F./\’ ]
| —>ij Vi, of, | For busj € J:
K, | — Jo
o Pt —PP = P-F
| T JbE | T g (10)
2 2 Qi — Q= ZQJk,t
Fig. 2: -model of a power line. Equations 7) - (10) do not contain the variable bus admit-

tance matrix. In other words, there is no need to recalculate
A transformer between two buses is represented by thdmittance matrix any more. This leads to a reduction in the
equivalentr-model shown in Fig3 number of decision variables in the optimization model.



B. Modeling the use of RPC to decrease the frequency of tapnsformers at different locations there could be an ogittgn
changes problem. Hence under such situation the problem should

In this section we develop the model for analyzing the uf¢ Solved as mixed integer nonlinear programming model

of reactive power from the wind turbines to decrease the FTEMINLP).
1) The objective functionWhen there is a continuously

! H U
controllable reactive power from wind turbines, it can bedis roundW ),  if ‘Wk,J,t‘ S¢
to decrease the FTC. In principle, reactive power is consume Wejt = cell(W ), If W >¢€ (15)
to avoid a tap increase during low load condition and produce floor(We ), if W, <—¢

to av_0|d a tap d_ecrease during high load condition. Howev?he flow chart of the overall simulation is presented in FEig.
reactive power is not consumed or produced when there is

no potential tap change or the available reactive power is no
sufficient to prevent a tap change. In the latter case, ittiebe

to use tap regulation directly as unnecessary reactive powe

Initialize
t=1 , n k,j,() =
v

flow increases system power losses. In order to model this, _ —
the objective function is modified as follows: M, j0 = Mk, jr-1
¥
minG; ;= Z z aV\{fj,t + z Qst (11) Run optimization for time ¢, with
wQ ] ' T objective function (1) or (11)

The term on the far right side is added to produce or
consume as minimum amount of reactive power as possible
from the wind turbines. On the other hamdis a constant
of sufficiently large value added to prioritize using RP(,

whenever possible, instead of tap changing. In our analysis

Determine Wk!/.’[ as in (15)
1]

Nt =Nk ju1 W ke ji *AV

¥
Run optimization, with

selecting the value o& to be above 1000 gives the requireq

result. objective function (1) or (11)
2) The constraints:The equality constraints discussed ir N

(6), (9), (10) and the inequality constraints discussed 2, ( v

(3) hold true here as well.
The reactive power Iimits(’\){‘}in and Qi”ftax in (4), can be

defined in terms of a given minimum operating power factgfig. 5: The flow chart of the proposed sequential load flow simulation.
limit, @™". These limits can also be constrained by the thermal

capability of the wind turbineg"®. This happens when the
wind turbines are operating around the rated power output. I1l. CASE STUDY
Hence for a given wind turbine at busthe reactive power
limits are given by {2) and (3).

A. Network and data description

The case study is based on a rural 11 kV network operated
—QP < Q< QY (12) by Falbygdens Energi located in Fajing area in Sweden.
The network is fed by a 40 kV grid through a 10 MVA
45+8x1.67%/11.5 kV transformer with percentage impedance
cap_ i <\/@nax)72_|:,2 Py (1— (¢mi”)2)> (13) of 8%. The tap changer regulates the voltage at the secondary
Lt R pmin side of the transformer with the set point voltage of 10.7 kV
) and +1.2% deadband. In this DS, there are 13 wind turbines
In case®™" is extended to zero, i.e. when the wind turbinefstalled, with an overall installed capacity of 12.225 MW.
are providing reactive power support even when they are nclom these wind turbines there are hourly measured time
producing active power,1¢) and (L3) can be reduced tdl{). series data available for one year in 2011. Hourly measured
2 o2 2 o0 active and reactive power data at the substation are also
-/ (™) —R3 < Qe </ (§")° = Rt (14) available for the same year. Active power consumption in the
network is then calculated by adding the measured wind power
C. The flow chart of the proposed sequential load flow simdata and active power measurement at the substation. @yrren
lation the wind turbines operate at unity power factor (PF) setting
The model formulated in this paper is to be used i{1us the reactive power is assumed to come from consumer
radial DS where there are usually one or two transformef@@ds only. Thus the wind power and load data so obtained
in parallel. Under such condition the binary variab¥d |, have been used in the load flow analyses done in this paper.
can be replaced by a continuous variaMQ,j,t, and (L5) can .
be used to calculat® j;. This results in a model which B- Effect of wind power on frequency of tap changes
can be solved more efficiently using solvers developed for The aim here is to find out if wind power can contribute to
nonlinear programs, e.gl{]. However whenever this modelan increase in the FTC. Thus no reactive power compensation
is used in networks where there are a couple of tap changiingm the wind turbines is considered.

where




With the data described in the above subsection, the ma 2}
ematical model developed in Sectioh is implemented in
GAMS. Two cases are investigated:

« Case 1: only consumer load is assumed to be connec
to the network without wind power in the system.

« Case 2: both load and wind power are connected to t
system. This is the existing system condition.

Fig. 6 shows the number of tap changes at each hour of

day summed over one year. It can be seen from Fithat
Fig. 8: Tap position of the tap changer at specific day of the year.

Tap positions
=
-

0 L L L L L L L
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
time

140 : : : : : :
[%]
& 1207 ' || N case 1: up-regulated and 16:00, there are three tap changes in Case 1 compared to a
£ 100+ : A1 BN case 1: down regulated. . single tap change in Case 2 (see Fy.From Fig.7, one can
2 g0 . . I cose 2: up-regulated make two observations. On one hand, the variability of load
5 g0 , M B [ ] case 2: down regulated follows the variability of wind power. These results in ades
3 variable net active power. On the other hand, during pattisf t
E 40 period (for example between 14:00 and 20:00) when the net
< 20+ : active power increases, the reactive power decreases aad vi
0- in I = [ , versa. This, according tal€) [2(], results in lower voltage
0:00 3:.00 6:00 9:00 12:00 15:00 18:00 21:00 change on the secondary side of the transformer compared to
Time Case 1.
Fig. 6: Number of tap changes on each hour of a day summed over
a year.

AUt =~ RBt + X Qxt (16)

for both cases, the diurnal variation of tap changes follawsMoreover wind power causes fluctuation mostly in active
similar trend: with a large number of tap changes at 6:00 apa@wer. Fluctuations in active power, according fig)( will
7:00 in the morning and at 23:00 and 0:00 during the nighot lead to a significant voltage fluctuations when the X/R
There are also considerable tap changes at 15:00 and 16:08tio of the external grid is high.

Usually the tap changes in the morning (specifically be- In Fig. 7 and Fig.8, the aim is to show how wind power
tween 5:00 and 10:00) are down regulations to boost tkgn contribute to a decrease in the number of tap changes in
voltage on the secondary side. During this period, the lo&dme days. But wind power do also contribute to an increase
increases due to the startup of a factory, connected to thisthe number of tap changes on some other days. However,
DS, and residential loads. During the rest of the day, the tapthis case, wind power has led to the reduction in the total
is usually up-regulated due to the dominance of lighter loatimber of tap changes.
conditions than in the morning.

The t(_)tal number of tap changes for Case _1 Is 585 and f@r g frequency of tap changes for varying level of wind
Case 2 is 505. Thus, contrary to our expectation, the FTC t}ﬁi/ver and grid strength
decreased when there is wind power in the DS. The reason o i o )
for the decrease in number of tap changes is explained using € analysis in the previous section is done assuming the
Fig. 7 and Fig.8. short circuit capacity (SCC) and the X/R ratio of the extérna
grid to be 171 MVA and 10 respectively. For this DS, it is
seen that wind power does not pose a significant threat to the

=
(=]

8 FTC. In fact, it may reduce the FTC. In this subsection the
= 6 same investigation is done for grids with different SCCs and
< . . .

g 4 with varying X/R ratios.

% 2 Fig. 9 shows the trend in FTC as the power penetration

528 & S &8 S8 S48 & 8 8 level increases for gnqls with dlffer_ent SCC. Thg figure sho_w_

E. ¥ E T VNS F S W that, overall, the FTC increases with decrease in SCC. Bhis i
- understandable as a higher impedance leads to a highegeolta
8 drop for a given loading condition. In other words, for the

same variation of transformer loading, the voltage vasrati
will become larger in a weaker grid.

Fig. 7: Load and wind power profile at specific day of the year. On the other hand, it may incorrectly be concluded from
Fig. 9 that wind power contributes to reduction in the FTC.

Fig. 7 shows the load and wind power profile for a specific , _ . .
d d Fio.8 shows the tap positions of the tap chanaer i In this equationR and X can be considered the resistance and reactance
ay an 9. p _p p h g B the transformer plus the external grid. Herldtg, is the voltage difference
the same day. It can be seen in Figbetween the period 5:00 between the secondary side of the transforbiyar and the external grit)y ;.

time
—+—|oad(active) -w-wind power net(active) —<Load(reactive)



The above analysis shows that for X/R of 10 no significant
1100} - - - S increase in the FTC is expected due to introduction of wind

[}
:’%v 1ooow power operating at u_nity_pow_er factor. Fig0 _provides the
5 o00l. . — results of the analysis with _dlfferent X/R ratios. The rdasgl
=X show that when the X/R ratio gets lower the effect of wind
= soww power on the FTC changes becomes considerable. This is clear
g 700 T from (19) that for a given active power change, the lower the
E 600w X/R ratio the bigger is the change in FTC.
z o —— . scCzi7oMvA|

500} - - - A —

0 20% 40% 60% 80% 100%

Wind power as a percentage of the current installed capacity

Fig. 9: Number of tap changes per year for different SCC of exterr §

grid with X/R=10. 2

g

o

g
However that is not always the case. An analysis with &
different reference voltage, e.g. 10.8kV, at the secondeg 1600F o
side of the transformer has shown a different result. But e 140QN%A’/,JE{;E;§A
significant increase in FTC is observed. Z 100l , , ,

Moreover, the curves in the Fidd show similar profile 1000———5———-5—= X/R=5__

as the wind power penetration level increases. Multipleoth 800 ‘ ‘ ‘ " XIR=10 "
analyses (not shown here) have shown similar results. Bhat 0% 20% 40% 60% 80% 100%
the overall percentage change in FTC with increasing wir Wind power as a percentage of the current installed capacit

pov_ver Capacny IS. roughly the s_ame whenever the SCC? #Fg 10: Number of tap changes per year in a DS connected to 80
varied while keeping the X/R ratio constant. The reasoningya eyternal grid having different X/R ratio.

for this observation is as follows.
A tap change occurs when there is a voltage change ab

th 4 ide of a t ¢ due to ch . ased on the analysis so far and using Hi@, it can be
€ secondary side ot a transformer gue 1o change In POWR, q,ded that for distribution networks with X/R ratio gter
flow. Hence one can roughly approximate the FTC to b[

fian 5 there is no real danger of increase in FTC due to wind

proportional to the voltage change that occurs at each tIrBSwer. But for distribution networks with X/R ratio less tha
stept due to power flow changes.

The voltage change that occurred originally Fig. 9 due 5, there could be some problems of increase in FTC due to
t0 load flow changes is given by ). Now due to wind power, wind power introduction. This is especially true for thosilg

. g L . "’ with X/R ratio | than 2.5.
there is additional fluctuation in active pow&s®, ;. Hence this th X/R ratio less a 5. .
. I ' Hence, when planning wind power connection, the DSOs
fluctuation causes an additional voltage fluctuaid; at the . .
. ; " of such DSs need to pay attention to the effect of wind power
secondary side of the transformer which can be giveniiy. . i
. .on the tap changers. The DSOs need to find ways to deal with
The percentage change in voltage change can thus be given

: . . is problem. The current practice is to extend the deadband
by (18). Since the FTC is proportional to the voltage changoef thg tap changer, say frofn 1.206 to 1.6% or more. However
at the transformer secondary,y follows from (18). ' X ' X

this solution may pose voltage quality problems. In the next
subsection we investigate the use of reactive power from the

Ay~ AP xR (17) " \wind turbines to decrease the ETC.
AU APy
AU, Pot + Qe % (X/R) x 100% (18) p, Using reactive power compensation to reduce the number
’ ‘ of tap changes
and
A . . . . .
AETCO Pt % 100% (19) Among the available wind turbines in the network, a wind

Pot +Q2¢ % (X/R) farm composed of four 0.8 MW wind turbines is chosen to

Equation (9) implies that the percentage change in FT@rovidg reactive power gupport to the grid. These wind hebi
is proportional to the X/R ratio and is constant for a giveﬁre variable speed design (full converter based) from Emerc

X/R ratio irrespective of the SCC of the grid. However thé‘nOI are recently installed at a site close to the_substé[hmy
P g stgtrted production as of March 2011. The wind power from

t h d t only d d th It h
ap change coes not only cepend on the vorage cnangs rest of the wind turbines is aggregated with the load. The

the secondary side of the transformer but also whether lified di fh i is sh in Ei
resulting voltage will be outside of the deadband. Hencedas® MPlified diagram of the resulting system is shown in Eig.

on (19) one can only roughly expect the implications to hold.

Fig. 9 proves the same. The majority of grid codes require that wind turbines should

have a capability of operating between 0.95 PF lagging and
2when there is no wind power in the system leading at full productionZ1]. This indicates that, for these



the magnitude of the impedance between the wind farm and
the substation has some effect on the proposed solutiorr. Ove
all, the results provided in Tablelll shows that RPC can be
used for reducing the FTC in any grid.

Slutarp
substation

Infinite grid

. o . o TABLE I: Effect of using reactive power compensation to reduce the
Fig. 11: Simplified diagram of the 10 kV distribution network. FTC in a distribution system connected to a stronger grid (SCC=171
MVA, X/R=10)

Change in the|Average Average reactive

wind turbines, the rated power of the converter should be &t .. | pmin |Frc (AFTC)  |power Loss |power from the wind

least five percent higher than the full power output of thedwin AETCl %arTC| (kW) turbines (KVAr)
turbines. Henc&"?, for each wind turbine, is taken to be five [7 1 0 0 16 0
percent higher than the rated power output. 2 095 -86 21 16 15
Fig. 12 compares the number of tap changes with ancg 0.90| -124 30 16 25
without RPC when the wind turbines are controlled to operatey 0.80| -166 -40 16 36
between 0.95 lagging and leading power factor so as to avoig 0| -410 -100 14 176

a tap change whenever possible.

TABLE II: Effect of using reactive power compensation to reduce the

120 ! SR .
§ FTC in a distribution system connected to a weaker grid (SCC=80
§ 100 MVA and X/R=1)
S 80
8 ~ |Change in the|Average Average reactive
5 60 Case |®™n |FTC (AFTC)  |power Loss |power from the wind
g 40 AFTCl vearTCl (kW) turbines (kVAr)
§ 20 I I 1 1 0 0 86 0
o LHALIN. o PRSI 11 I TR P 2 0.95 -394 -22 85 33
QQ‘QQ Q’L’QQ QNQQ Q@'QQ Q%‘QQ \Q'QQ \'DQQ \D«'QQ \GQQ \%'QQ nyQ'-QQ "):)J‘QQ 3 0.90] -502 -28 85 64
Time 4 0.80] -663 -37 85 121
With NO RC (total=410) m With RC (0.95 pf)(total=324) 5 0.0/-1 738 97 o1 724

Fig. 12: Number of tap changes on 24hr basis with and without
reactive power compensation. TABLE llI: Reactive power compensation from wind turbines located
15 km away from the substation (SCC=171 MVA, X/R=10)
. The'figure shows a decrease in the FTC by 21%. From the Change n_the] Average Average reactive
figure it is clear that RPC can be used to effectively all@viat|case |omn |FTC (AFTC)  |power Loss |power from the wind
the voltage regulating stress from the transformer tap géan AFTC|| %AFTC| (KW) turbines (KVAr)
Reactive power is consumed at light load or at windy1 1 0 0 28 0

conditions when there is a potential tap up-regulation.sThi|2 0.95| -90 -22 28 16
brings down the voltage at the substation busbar and avoigi 0.90] -120 -29 28 25

4

5

an up-regulation of the tap. Reactive power is supplied tzsbo 0.80] -166 -40 28 36
the voltage during high loading condition to avoid a potainti 0.0 -416]  -100 27 176
tap down-regulation. In this way, reactive power contrisut
to the reduction in the number of tap changes. In terms of achieving a specific level of reduction in the
It can be seen that RPC sometimes only delays a tap chafkg&, the distance of wind turbines from the substation has
to a later time. This is seen in Fi@2 when the number of tap no effect at all. That is, almost the same amount of reactive
changes decreases at 23:00 while the number of tap changewser is necessary to achieve the same level of reduction in
increases at 00:00. However, this delay of tap changes adesthe FTC. Thus, the cable does not make any significant impact
appear to be a significant issue. Moreover, it could be ratlucen the reactive power requirement from the wind turbines.
if accurate load and wind power forecasts are available. However, compared to strong grids, in weak grids more
Table | summarizes the main points that can be used iractive power is required from the wind turbines to achieve
the comparative analysis of using RPC to reduce the FTC.lie same level of reduction in FTC. This is because, in weak
also includes results from some more scenario analysis. Tgréds, higher number of tap changes need to be avoided to
results in Tablel are for a grids with SCC=171 MVA and achieve the same percentage of reduction in the FTC.
X/R=10. Tablell provides the results of the same analysis for Generally, the change in the network loss relative to the bas
a weaker grid having SCC=80 MVA and X/R=1. Moreover irtase (Case 1) is found to be negligible in all cases except in
Tablel andll, the wind turbines are located 2.3 km from th&€ase 5 of Tablél. This is evident from the fact that, in this
substation. On the other hand, Tableprovides the results of case, the network resistance is relatively large and theuamo
the same analysis for wind turbines located 15 km from the# reactive power consumed or produced by the wind turbines
substation. The analysis with longer distance is used tafseeelatively high.




Finally, the analysis presented in this paper is carried oub] P. Kang and D. Birtwhistle, “On-line condition monitognof tap

assuming constant power loads however similar results are changers-field experience,” iBlectricity Distribution, 2001. Part 1:
Contributions. CIRED. 16th International Conference anghibition

obtained assuming constant impedance load. on (IEE Conf. Publ No. 482)vol. 1, 2001, p. 5 pp. vol.1.
[10] M. Foata, C. Rajotte, and A. Jolicoeur, “On-load tap raer reliability
IV. CONCLUSION and maintenance strategy,” Paris, 2006.

. . . [11] M. Redfern and W. Handley, “Duty based maintenance feloaa trans-
In this paper an analysis of the effect of wind power on  former tap changers; ifPower Engineering Society Summer Meeting,

the FTC is carried out. In general, for distribution netwsoork 2001 vol. 3, 2001, pp. 1824 —1829 vol.3.

connected to external grids WitD(/R >5 no significant [12] P. Kang and D. Birtwhistle, “Condition assessment of powansformer
-7 onload tap changers using wavelet analysis and self-aiganimap:

effect on the FTC is seen due to introduction of wind power. field evaluation,IEEE Transactions on Power Deliveryol. 18, no. 1,
However, in a DS connected to grids with lower X/R ratio  pp. 78 — 84, Jan. 2003.

; S i ; 3] B.Handley, M. Redfern, and S. White, “On load tap-charggmditioned
wind power can affect the FTC significantly as wind DOWe[fl based maintenancef3eneration, Transmission and Distribution, IEE

penetration increases. Proceedings-vol. 148, no. 4, pp. 296 300, Jul. 2001.
An analysis is done to decrease the FTC using RPC frdit4] E. G. Romero, “Voltage control in a medium voltage systerithw

the wind turbines. Two types of DSs are considered: one distributed wind power generation,” Master thesis, Lundiversity,
’ ’ Lund, 2007.

connected to relatively strong (SCC=171 MVA, X/R= 10)i5] p. carvalho, P. Correia, and L. Ferreira, “Distributeghctive power
external grid and the other to weak (SCC:80 MVA, X/R= generation control for voltage rise mitigation in distrilout networks,”

1) external grid. The results show that RPC can be used Eq‘;";ezrogésmms' IEEE Transactions, aol. 23, no. 2, pp. 766 772,

to effectively reduce the FTC in both cases. However, thes p. s. Romero, “Voltage regulation in distribution syste- tap changer
reactive power required to reduce the FTC by a specific percen and wind power,” Master thesis, Lund University, Lund, 2010

depends on the SCC and the X/R ratio. The reactive povxﬁé?] S. Baghsorkhi and I. Hiskens, “Impact of wind power vaiiigdy on sub-
’ transmission networks,” iffroceedings of the IEEE Power and Energy

requirement decreases with higher SCC and X/R ratio. Society General Meetingluly 2012.
A further investigation on RPC is carried out for wind farm$18] H. Saadatpower system analysis PSA publishings, 2010.
located farther from the substation. However, the change [ff] A- Wachter and L. T. Biegler, “On the implementation of an interior
. . . point filter line-search algorithm for large-scale noninprogramming,
reactive power requirement and network loss is found to be athematical Programmingvol. 106, pp. 25-57, 2006.
only minor. Hence the RPC method is found to be effectivigd] P. Chen, “Stochastic modeling and analysis of power esgswvith
even when wind farms are far away from the substation renewable generation,” PhD thesis, Aalborg university|bdey, Jan.
; L . ' 2010.

Finally the practical implementation of RPC_: to reduce thgi) B. singh and S. Singh, “Wind power interconnection intte power
number of tap changes depends on the maintenance cost of system: A review of grid code requirementShe Electricity Journal
the tap changers involved, the cost of reactive power fraen th V0! 22, no. 5, pp. 54 — 63, 2009.
wind turbines, and the change in power loss that occurs nvithi

the network due to RPC.
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