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Abstract- In this paper, sudden voltage changes studiesaréd out for a 20 MW grid-connected photovoltplant to
assess the impact of energization of the steparmstormers, which may cause a voltage dip thatdcbala nuisance to the
point of common coupling (PCC) of the transmisssgatem. In addition, the flicking performance of filant is checked. At
the design stage, these studies are necessaryrifginge compliance of a planned photovoltaic pladcording to the
regulatory grid codes and international standaydgesigning its grid connection. Based on the stedylts, the main breaker
which is connected to the PCC should be ordereld ¥#80 Ohm Pre-Insertion Resistor to make the pluitave plant comply
with grid code requirements of sudden voltage ckandhe plant is compliant with the FICHTNER staddfor long-term
flicker severity and with the short-term flickerveeity requirements of Engineering Standard P28.

Keywords- Grid Codes, Grid-Connected Photovoltaic Plantgrfimation, Flickering.

1. Introduction grid-connect photovoltaic plant which is one of thégoing
renewable energy projects in Jordan. KAYAN Power
Recently due to lack of fuels and environmentalSystems Solutions Ltd has been invited to conchist®IS.
pollution produced by greenhouse gasses, renewabferid interconnection of photovoltaic plants is aogished
resources have widely used. The wind energy andr solthrough the inverter, which links between DC pholtaic
energy play a significant role in the current dima  modules and AC system. Inverter system is conselyuen
However, the interconnection of large photovolfalignts to  very significant for grid-connected photovoltaicssms [3],
the power grid may cause problems concerning thigilsy  [5]. The design and controllers of inverters antlles layout
and safety of the utility grid, as well as poweralijy have been provided by the plant manufactures tongee
problems. Likewise, the solar irradiation variaiomay accurate simulation results of the planned plamindé this
source power oscillation and voltage flicker. Tliere, the enables the transmission system operator and thst pl
interconnection of these projects with variableagators to  planner to take the proper actions and design.difitian,
the power system is a challenge both for the trisson  these results could get the guidance to the treszsom
system operator and the producers of the projedtf3].  system operator to approve compliance of the pludtme
Also, the technical requirements from both theitythower  plant with the grid codes requirements and alsa@pthe
system grid side and the photovoltaic system sakalrio be final design of the plant from the manufacturers.
satisfied to guarantee the safety of photovoltagtaller and

the reliability of utility grid [3], [4]. The grid code requirements for photovoltaic plamés

prepared to provide guidance for the assessmenthef
These challenges led transmission system opergtors impact of fluctuating loads on the quality of supgken by
oblige the grid impact studies (GIS) to limit theoblems other customers connected to the same part of éhgork.
that maybe appear in the grid from this penetrat®i® are The aim of this study is to show the dynamic efeat the
necessary to plan the photovoltaic plant intercotioe at energization of a single 3.15 MVA, three windingitun
the design stage and verify the plant compliancéh wi transformer on the plant, and then to show how many
governing standards. The current work is part o @r a transformers are able to be energized simultangaouighout
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exceeding the grid requirements. The dynamic effe€the impedance values are assumed to be 90% of theiveosit
transformer energization were studied under nomaaivork  sequence values. The delivery station will be cotetewith
operating conditions to calculate sudden voltaganges PCC substation located by approximately 13 km dsubl
(voltage step changes) at the point of common d@ogpl circuit overhead transmission line (OHTL). The gahen
(PCC). The PCC is the 33kV bus bar as defined ley thconsists of two 80 MVA, 33/132 kV grid transformavhkich
Jordanian grid code compliance for photovoltaicntda step up the voltage to 132 kV. The maximum and mmirm

connected to the medium voltage [6], [7]. tap settings were given in as +/-15% with a tofa3® steps,
each step being 1%with about 13 % short circuitddgnce.
2. Implemented System Modelling The impedance values have been calculated on 80 MVA

system base. A 45 MVAr capacitor bank has beeradjre
The components data of the photovoltaic plantconnected to the PCC in the transmission grid.

transmission grid, and configurations, and usedlitmms in
this paper were taken from the manufacturers ofqaitaic
and from the utility to ensure more practical cdasations.
Consequently, the results lead to respectable rectand
arrangements to comply the photovoltaic plant djmra
with the grid code. As the design stage is not detag and
information has not been provided, so acceptabld al
feasible assumptions have been made based on lprsewol.
experience and typical values that provide the actu
performance of the plant as of now.

Figure 1 shows the 33kV collector array cables. The
design cabling arrangement of internal collectsrmade up
of 400 mm2 cables, Aluminium conductor, single ¢caned
XLPE cable installations. The cross-sectional avéaach
circuit of the OHTL is 200 mm2. The model of transsion
rid for the year of 2016 including all generatiplants has
een implemented in the Power system analysis aoftw
his grid model is incorporated with all the renévea
projects committed in the period of 2014-2016 te grid.
The composite control farm of the static generator

The considered photovoltaic plant is a gird-coneéct (Photovoltaic Generator) is presented in Fig.2sThodel is
plant. The plant consists of 18 x 1.56 MW invertmits. the manufacturer’s controller to be used in thewpdal plant
Each 1.56 MW inverter will be connected to 289ngfsiand ~ with the aim of evaluating the influence of investen the
each string contains 20 photovoltaic modules. Bach1.56 transmission grid. It includes the static behavigith
MW inverters will be equipped with a 3.15 MVA three considering the inverter capability curve (before tL-C
windings unit transformer that allows raising thengrated output filter), shown in Fig.3, which has been pded by
voltage from 0.69 kV to 33 kV depending upon the ta manufacturers. In addition, the model includes REIgI
setting, with settings of 5 taps, each with 2.5 %ailable EMT behavior and the shown controllers.
with 5 % short circuit impedance. The zero sequence
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Fig. 1. SLD of the photovoltaic plant implemented by DIgENLT.
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Fig. 3. Capability curve of the photovoltaic inverterswiifferent voltage level.

3. Transformer Modelling

The inrush current magnitude and duration when
transformer is energized are affected by four factehich
are the starting time of energization, the transiois system
impedance, and the energized transformer
saturation characteristics, and the residual flushe core of
the energized transformer. First and second factoes
determined by the circuit breakers and the gridadtaristics
to which the transformer is energized, respectiv€lther
factors are dependent upon the magnetic core dbasdics
of the energized transformer. The required paramete the

non-line

core loss and the magnetizing current at ratedagelt the
magnetization curve, and its knee point, and therated air
reactance of the windings that are the most impoffactor
determining the peak inrush current. The tatalstance of
the transmission grid and the energized transforimdhe
<,!‘<rey of determining the decay time of the inrushrent [8].

3.1. Representation of transformer core saturation

The real non-linear characteristic of the transfarcore
is shown in Fig.4.a. This is the relationship betwdux and
current. The air core or saturated winding inducéab, is
represented by the straight line which intersewtsfiux axis
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at ®x. The knee point is defined b, and |}, which
represent the maximum of magnetizing flux and ouret
rated voltage. An asymptotic function for curremthe non-
linear saturating region LS can be defined 4f ©x, @\ and

The knee point voltage and linear reactance halteesa
1.2 and 500 pu and 1%, respectively, for 2.35MVépsitip
three winding unit transformer. For 80 MVA grid
transformers, the knee point voltage and linearcteee

Iy are known. The non-linear characteristic of thehave typical values of 1.15 and 500 pu and 1%,ecsgely.
transformer core is specified in the used prograingithese Saturated reactance and saturation exponent areneds
variables. 0.25 pu and 15, respectively. This approach wonhbke the
calculation of total inrush current and resultaoltage dip at
%he PCC during the energization of different nursbaf the
transformer to be readily made available for furthealysis.

The saturation of the transformer core could b
represented by a varying inductance which is camdec
across the transformer core and calculated at gaehstep
depending on the conditions of the core flux. Big method
is computationally expensive. Another method is allgu
used to represent saturation of the transformee doyr a
dependant current source as shown in Fig.4.b. Thei$
calculated as the integral of the winding voltagehe
magnetizing current characterized by the currentck(t),
is related to the flux through the non-linedrs — Ig
characteristic which can be derived from the vatand
current measurements taken during a no-load by t
manufacture, i.e. open circuit, test [8].

4. Sudden Voltage Changes

Sudden voltage changes study provides monitoring of
voltage changes at the time of unit transformergination
that could be a nuisance to the network and mitigatf the
violated changes according to the requirementsifigeédn
the grid codes. Voltage flickering provides an asegent of
htge calculated short-term flicker and long-terntkér and
assessing these against the grid code requireméhts.
paper presents the results of the suite of anafysities that
¢, has been carried out for the photovoltaic planagsess its
performance against the Jordanian grid code regeints.
Sudden voltage changes and voltage flickering studire
carried out to ensure that the photovoltaic plaitit @mply
with the relevant requirements specified in the HFTGIER
grid code [6] and Engineering Standard P28 [9].

It was assumed in this study that the energizaion
compliant if the voltage step change (sudden velEtange)
is less than 2% after energization of a unit trarmsér and
less than 5% after energization of the photovolant. It
should be noted that the voltage changes would rakgme
upon the external grid characteristics. The aimtlodse
studies is also to show approximately how many
transformers can be energized at the same timestwatill
meeting the grid requirements. It is also worthimpthat the
magnitude of the inrush current strongly dependstton
exact time that electrical connection to the nelwisrmade.
If a transformer happens to have some residual etegn in
(b) ¢ its core at the moment of connection to the netwdile
inrush current could be very different.

(@)

D]

4.1. Scenario 1: single unit transformer energization results
Fig. 4. Saturation characteristic of transformers core;

. In this scenario, a single transformer has beerméares.
() Curve (b) Modeling. Figure 5 shows the voltage change when a singhsfoemer

is energized after 0.1 seconds under intact network
conditions at fault level. The steady-state voltage the
33kV bus is 1.0 pu and the maximum voltage after
energization is 1.008 pu, giving a voltage ris® &% on the
33kV bus. The voltage rise is due to the capacitasfcthe
internal 33kV cables and 13 km OHTL connecting phamnt

to 33kV PCC and due to the 45 MVAr Capacitor Bank
connected at PCC. The minimum voltage after enatigia

is 0.988 pu, giving a voltage dip of 1.2% on th&\3dus.
The voltage dip is due to inrush current. The \gstaise at
the PCC caused by a single unit transformer eretigiz is
within the 2% of the grid code. Figure 6 shows therent
flow during transformer energization, with a maximu
current of 101A.

3.2. Representation of residual flux

The residual flux effect is modeled by injectindb&
component of current into the winding of the tramsfer
model on which saturation is modeled. This curdgiivers
the ampere turns required in the model to estakhish
desired level of residual flux linkage within thesformer
core. This is generally considered to be the “woeste” that
might be expected on any random transformer eregigiz
[8]. The residual flux is simulated in the simidat program
by defining a parameter event of the energizedsfoamer
and set the variable psimd for residual flux witle highest
value 0.9.
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1,020 fmmmmmmm o e -~ 4.2. Scenario 2: the plant energization results
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1.012 -------—"f In this scenario, the main circuit breaker that remis

OHTL with the PCC has been closed with connecting H

1,004 |-~ -3y -] : , :
side of all unit transformers or all unit transf@ams have
0,996 1 T3 been energized at the same time. Figure 8 dehietsdltage
change when the plant is energized after 0.1 sacander
[ e s b intact network conditions. The steady-state voltagethe
i . 0, ! ! . . 33kV_ bu_s i_s 1.0 pu ar_1d_ the minimur_n voltage after
20000 0500 1200 1800 20 [ 3000 energization is 0.913 pu, giving a voltage dip of & on the

33kV bus and maximum voltage reach to 1.063, givng
Fig. 5. Voltage changes at PCC after single transformer voltage rise of 6.3 %. The voltage changes at tb€ Paused

energization. by the plant energization are higher than the gridie
requirement (5 % due the switching the entire plarigure
9 shows the current flow during transformer enextin,
with a maximum current of 773 A.
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Figure 7 shows the variation of the voltage changes Fig. 8. Voltage changes at PCC after plant energization.
calculated at the PCC against the number of eredgimit

transformers. Grid code requirements for photowolpdants 982 fj7===2===—rq g5 ~7TTTTTTTTTTTTTTTTTTTTTTTTTT
allow for a maximum of 2% transient voltage changesich 0513 --hA-----—-{--O-773kA---{- --------- tremmrneen drmrrmmrr .
is shown in Fig.7 as a dashed red line. The voltssgeand g5 [ S N — . L — |
voltage dip on the PCC bus when energizing twc a1 L L — Tr— Trs— Tres— .
transformers  simultaneously are 2.3% and 15% | F T T T i
respectively. The voltage rise violated the maximun 0332 Ff=------ e s e RSISARCEEE i
permissible voltage change. From the voltage change-0ss1 ' ' . ‘ : '
calculated at the PCC during the transformers éretign, 0.000 0.600 1.200 1.800 2400 [ 3000
only one transformer could be energized at the gime In s D0Uble Circuit OHTL: Phase Current A'Terminal i in kA

accordance with the grid code, there must be ait [280 s DoUble CircLit OHTL: Phase Current B/Terminal i in kA

seconds between each single transformer energizatio = Double Circuit OHTL: Phase Current C/Terminal i in kA

0.09 1 . Fig. 9. Current flows after the plant energization.

0.08 1 Voltage Rise In general, mitigation of transient voltage changes
30071  eeeeees Voltage Dip planned usually by the closing resistors that aserted in
< 0,06 - -’ series with the cable connecting the transformemduthe
& energization, normally being short-circuited, thire
J:J 0.05 - damping the switching voltage changes. This resigtas
% 0.04 - called pre-insertion resistor. Another method cdmédused
£ 00 to mitiga_te the _transient voltage Qhanges_b_y meahs
> synchronized switching controllers in energizingd ade-

0.02 - energizing procedures. Synchronized circuit breakesn

0,01 control the point-on-wave position to mitigate hérm

transients. The suitable instant for controlledtsking is the

0 ' ' ' ' ' ' ' ' ! time in which the voltage across the circuit breat@ntacts
t2 3 4 5 6 7 &8 9 for each phase is zero and the predicted time bpameen

No of energized transformers simultaneously the closing instant of the first and the last pislas small as

possible. The third method is shunt reactor to dahm®
transient voltage changes and to keep the systdtageo
within the permissible limits. Finally, the surgerester
provides a path to earth which removes the excesdiarge

Fig. 7. Variation of voltage changes with the number of
energized unit transformers.
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from the system [10], [11], [12], [13]. All privus methods
have been compared economically. The pre-inserésistor
is recommended to limit the transient voltage clesnig the
current study, because it is the most economichitieo.

The value of pre-insertion resistor effect was exaoh by
changing the value of the resistance from 0 todtis [12].

Figure 10 is the voltage change at PCC after thatpl
energization with different values of the Pre-Itiser
Resistor with insertion time 20 milliseconds. Basedthe
study results, as shown in Fig.10, a breaker isetmrdered

with specified values of 150 Ohm Pre-Insertion Resiand

a minimum of 20 milliseconds insertion time. Theltage
rise at the PCC when the plant is energized with dbm
Pre-Insertion Resistor is 4.5 %. The voltage dip@C is 4.0

% when the plant is energized with 150 ohm Prertitse
Resistor. These values are within the grid codelirement

(5 % due the plant switching). Based on these waltiee
main breaker at PCC is to be ordered with specifaddes of
150 Ohm Pre-Insertion Resistor and a minimum of 20
milliseconds insertion time.

i
|
!

!
—
|
|
|
|
|
—

(a) With 50 ohm (b) With 100 ohm

(c) With 120 ohm (d) With 150 ohm

Fig. 10. Voltage change at PCC 33kV after the plant enetigizavith different values of Pre-Insertion Resisto
(a) 50 ohm, (b) 100 ohm, (c) 120 ohm, and (d) 15®.0

5. Flicker Analysis

In order to check the compliance of the relevantises
of the Jordanian grid code, the short-term flickeverity and
long-term flicker severity are concerned a flickssessment
which has been carried out on the power system huddie
photovoltaic plant. As the magnitude and frequerudy
supply voltage fluctuations increase it will causmsumers
to notice that their lights are flickering. All gemrators must
comply with the FITCHNER Grid code which sets lismin
the voltage flicker. There are two important partere
constrained in grid code; PST, the short-term #ickeverity
(typically measured over a 10 minute period) and Pthe
long-term flicker severity (typically measured oR hour
period) [14]. In the case of the photovoltaic pléioth the
parameters of short-term and long-term values ssessed.

The PST values are calculated as follows:

PST = \/LP0.1P0.1+ LIJ 1P1+ LIJ P3+ LIJ lE 10+ LIJ SE 50 (1:

Where ¥i is the weighting coefficient of the ith
percentile exceedance flicker level (Pi). The petit points
are calculated from the instantaneous flicker, Wwhis a

measure of flicker over a very short period (typicd0
milliseconds). PST is dimensionless and measuregein
units (pu); a PST value of 1.0 pu being the thréshaf
human perceptibility. The PLT value can be derifredh the
PST using the below formula:

PLT = 3/(PST?/12)

Based on the FITCHNER standard the PST value must
not exceed 1.0 pu at the PCC of the photovoltaatpivhile
PLT should be less than 0.46 based on Engineetangd&rd
p28.

(2

The assessment is based on a statistical appré@ch.
order to proceed with the studies, a set of acpesver
measurement would be required for photovoltaic nesju
these active power measurements should be provated
continuous 10 minutes period as a minimum witheast 10
Hz resolution giving the total number of measuretmen
points of 6000. The procedure itself requires aesenf
power flow studies based on the active power measeints.
Ideally, 6000 measurements need to be providedeh&dg0
power flow studies need to be assessed.
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For the assessment of the flicker (calculation &TP standard for PLT. Furthermore, it is also compliaith the
values) at the PCC of the photovoltaic plant akelimeter PST requirements of Engineering Standard P28.
tool in Microsoft Excel format has been developEade input
data for the Flickermeter are the active power flatwthe
PCC and the voltage deviation (from 1.0 pu nomiale)
at the PCC caused by the associated active powsr TThe
active power flow (P) needs to be entered in MWlevkie
voltage deviation (dV) as % (from the nominal valukn
order to calculate the PST values for 10 minutéogsrt the
data needed are entered in 10 Hz resolution, gisirigtal
number of 6000 data points for each PST value. r€Relts

(P at the PCC and deltaV % at the PCC) have bdem tand .
entered into the Flicker meter tool and the PSTuevdias The author acknowledges all KAYAN team for their

been determined. Based on the PST value, the PWE haunlimited support during the grid integration sesliof the
been calculated according to the formula provideava. photovoltaic plant.

To conclude, a more accurate decision-making of the
photovoltaic plant complying with regulator griddes and
its grid connection design could be taken by thagmission
system operators from these accurate results geaiag
that there are no violations during different opien
conditions and in the switching cases.
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