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Introduction

The widespread of the Distributed Generation (Di@3$talled in Medium Voltage (MV)
Distribution Networks, impacts the future developinef modern Electrical Power Systems. A
massive DG installation, typically based on Rendevdbnergy, completely changes power
flows and, consecutively, network voltages and gnérsses.

Focusing on the MV network, we can say that tod&y mrmally exchanges only active
power to the grid, i.e. it works at unitary powexctor. However, due to the MV grid
resistance/reactance ratio, network voltages ase mfluenced by active power injections.
Therefore, in case of high active power injectioigh voltage levels may occurs so potentially
causing DG disconnection by means of interfaceyrétgoping.

Controlling the grid voltage, the above mentionedbfems should be solved. Moreover,
voltage regulation allows to increase the netwargting capacity.

In this PhD Thesis, which has been developed italcotation with Enel Distribuzione
S.p.A. (the major Italian DSO), an MV grid Voltagentrol Criteria is proposed, discussed and
analyzed using a Real-Time Digital Simulator (RTDB)e Voltage Control Criteria consists in
three voltage control strategies, which works irrelate way:

1. MV busbar voltage regulation in Primary Substation

2. “Local” Voltage Control, along feeders

3. “Centralized” Voltage Control, which involves thetee MV grid

The MV busbar voltage regulation in Primary Sulietgtwhich is treated in Chapter 1,
allows to maintain the MV busbar to the minimum #sible voltage set-point. It is based on
“daily load flow” calculation performed by the Didiution Management System (DMS) by
means of load curves derived from the Electronit¢eve

The Local Voltage Control allows to control voltagleng feeders, at the DG delivery point,
varying the exchanged reactive power as a funatiothe delivery point voltage. Two local
regulation functions will be presented: the UPG #mlRQV. Both functions will be treated in
Chapter 2.

The “Centralized” Voltage Control allows to supptre Local Voltage Control. In case of
Local Voltage Control is not able to maintain theltage between pre-defined limits, the
Centralized Voltage Control try to help generatandifficulty” asking the “closest” generators
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to operate. The “closest” concept is based on &iBaty Approach particularized for radial
distribution feeders. The Centralized Voltage Calntill be presented in Chapter 3.

The proposed Voltage Control Criteria will be apglito the “Ciccalento” MV line, located
in the Italian Puglia region, and fed by the “Saiov@nni Rotondo” Primary Substation. The
“Ciccalento” line has been taken into account foe t'‘POI-P3” Pilot Project (the Italian
acronym of “Interregional Operative Project”) on &inGrids, funded by the Italian Ministry of
Economic Development, which involves some GD plamfsur Regions of the South of Italy.

Before the real field application in the pilot pFof, Real-Time Digital Simulations have
been used to validate the presented criteria. Amalyave been performed using the Real-Time
Digital Simulator installed in the Enel Distribun@ Test Center of Milan (ltaly). The RTDS
model of the considered grid is presented in Chiapt®&lumerical results have been shown in
Chapter 5.

Finally, in Chapter 6, the MV network Sensitivityppproach has been generalized for a four-
wires LV network, in order to extend the Centratizéoltage Control to LV application.



Chapter 1

Distributed Generation influence on MV
busbar Voltage Regulation Criteria

1.1 INTRODUCTION TO CHAPTER 1

Medium voltage distribution networks (MVDN) workgdigally in a radial configuration. The
supply point is the MV busbar of the primary subieta

The HV/MV transformer of the primary substatioreiguipped with an on-load tap changer
(OLTC) driven by an automatic voltage regulator RV This system allow to regulate the
voltage along the MV feeders of the MVDN settingarticular voltage set-point on the MV
busbar. Typically this set-point can be constanvamable with a function which depends on
the transformer MV side current. In the first cage can say that the voltage is “constant
regulated”. In the second case we can say thatdltege is “compound regulated”.

The compounded busbar regulation can crate prolblém DG, as shown in the follow.
However a completely constant busbar voltage réignlae.g. daily constant regulation, is not
possible because in case of high DG injected p@aerrproduces over-voltages. The proposed
busbar regulation criteria, which will be appliedthe MV grid of the POI-P3 pilot project on
Smart Grids, is presented in this chapter. It igsin a “busbar set-point daily profile
calculation” performed using load flow algorithmsnglemented in the Distribution
Management System (DMS).

1.2 COMPOUND VOLTAGE REGULATION AT THE MYV BUSBAR

1.2.1 The total compound

The compound voltage regulation allow to regul&te toltage, on a particular line section,
regulating a voltage in another section. For exameferring to Fig. 1.2-1-a the (compounded)

AVR can maintain a constant voltage at the load busbar (LB) performing the regulat@n

the MV busbar (MVB). It is clear that the MV bushartage must be variable in function of the
load. In other words its set-point must be:

E.=f(R,cosp, )= E;= f(A) (1.1)
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where A is the load apparent power.
The set-point voltagd, can be calculated using the approximate voltage dormula.

Referring to Fig. 1.2-1-b, which represents theleisphase equivalent circuit of Fig. 1.2-1-a,
we can write:

E,=E + I, (Rcosg + X sing,) (1.2)

where:
* E,, R and X, are constant values set into the AVR
» the line current, can be measured using a current transformer (Q@Stalled at the
MVB section
+ the power factocosg, cannot be measured at the MVB section; in sulbistitwof this

variable, the power factarosg, can be used, i.e.:
E.=E + ||(Rcos¢L' + X siny)L') (1.3)
otherwise, in term of line-to-line parameters:
vV, =V, +J§|,(R cosp, + % sir¢L') (1.4)

The equation (1.4) represents twmpound functianThetap positionerimplemented in the
AVR choose the OLTC tap in order to obtain a vadtagror referred to the measured voltage

A/
& =V~ V, (1.5)

close to zero. The small difference betwagnandV, (from which we can have, [10) is due
to the discrete tap regulatiakV, ;. and is not taken into account in this treatmermabee it
creates only a differenceAV, ;. on the load voltage (and this difference is a spmicentage

of the power system rated voltage).

According to (1.4) and (1.5), the block diagramha AVR is represented in Fig. 1.2-2.

It is important to note that if (1.4) is implemedtas a compound function, we obtaitotal
compound effectin other words, from the load point of view amdsteady-state, the supply
equals to an ideal voltage source with phase welggconnected to the load with a zero-

impedance line (as reported in Fig. 1.2-3-a). Toleampeére (V-I) characteristic “viewed” from
the load is reported in Fig. 1.2-3-c and the MVlarsvoltage set-point necessary to obtain the
V- characteristic (calculated using (1.4)) is stheed in Fig. 1.2-3-b.
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MV busbai

Fig. 1.2-1. MV distribution line with OLTC on the MV busbar. Power system schematic (a), and
single-phase equivalent circuit (b).

AVR

~3(R cosp,” + X sirg,)

Fig. 1.2-2. AVR of the OLTC.
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V3(R cosp,” + X sirg,)

Zero- impedanc Load
line

Fig. 1.2-3. Thetotal compound effect in terms of equivalent circuit (a), the MV busbarvoltage set-
point (b), and the load “viewed” volt-ampeére charateristic (c).

1.2.2 The partial compound

Sometimes it is necessary to have, at load termirapartial compound effectin the
practice this operation mode is calleslith compound function enablédrhis king of voltage
regulation avoid that the voltage overcomes theimam admissible voltage in all network
nodes. In fact, as said before, if we want to raguthe end of the line at constant voltage, we
need to increase the busbar voltage after a laadnment. If the line is very long, or the load is
very heavy, the needed busbar voltage can be ealydrigh and can overcomes the maximum
admissible voltage. This problem can be avoidedguie partial compound. It is clear that we
cannot regulate the load node at constant voltagigev In the follow the compound regulation
is described.

The V-I characteristic of the circuit depicted iigFL.2-1-b, is:

V. =V, =31, (R cosp, + X sirg) (1.6)
and in terms of MV busbar voltage set-point (inesrtb obtainV, at the load) we can write:
Vs =V, +~/31 (R cosp, + X sirg, ) (1.7)

Let us now suppose that the desired partial comgedivV-I characteristic is:
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V. =V -+/31, (kR cosp_ + kX sirg, ) (1.8)

where0<k <1 is an impedance reduction factor.
Substituting (1.8) in (1.6) it is possible to cd&te in order to have, at the load terminals, the
partial compounded characteristic described by) (& have:

Vs =V, +/31,((1- k) (R cosp, +( + KOX sim, )=

=V, ++/3, (a[R cosp, +a 0% sirg, ) 9
where:
(1-k)2a (1.10)
is thecompound factorln particular we can say that:
a=0(k=1) no compound
O0<a <1 partial compound effect (1.11)

a =1(k = 0) total compound effe

As said before, the power factoosg, cannot be measured at the MVB section; in sulbstitu

of this variable, the power fact@osg,” can be used. We have:
Vi =V +43], (aER cosp, +a X sing,’ (1.12)

In terms of equivalent circuity (or K) regulates the line impedance (see (1.8) and Y)1.10
The consequent equivalent circuit is reported i Bi2-4-a. The V-l characteristic “viewed”
from the load is reported in Fig. 1.2-4-é\(is the load apparent power) and the MV busbar
voltage set-point necessary to obtain the V-I attersstic (calculated using (1.12)) is stretched
in Fig. 1.2-4-b.

The complete AVR block diagram, with partial compduis reported in Fig. 1.2-5.

10
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T | l Xl /v P
E\i B | coss,

\

—_— —————
Variable— impedanc Load
line

VB

A

\3(a R cosp,” +arx sig,')

a=1

Fig. 1.2-4. Thepartial compound effect in terms of equivalent circuit (a), the MV busbarvoltage
set-point (b), and the load “viewed” volt-ampére chracteristic (c).

AVR

30 R cosp,’ +arx sing,)

Fig. 1.2-5. AVR of the OLTC with thepartial compound effect.

11
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1.2.3 Compound effect in terms of V-I characteristic

The total and partial compound effect can be regkin terms of V-l characteristics. For
both cases the analyzed single-phase equivalentitcis that depicted in Fig. 1.2-1, where, as
said before, the AVR acts on the MV busbar volt&ge In normal operation this voltage
equals the set-poir, .

The external characteristic (or source characieyjsviewed” at LB terminals, is:

£, =E - I,(Roosp,’ + X sing’) (113)

which is represented in Fig. 1.2-6 (functiagd, c, d) for constant load power factor. For each
characteristic, théctitious short circuit current is:

*

EB
R cosp,'+ X, sing,'|

le =1 = (1.14)
=

This current idictitious because is not the real short circuit at LB teatsn
Let us now suppose that the AVR is set to obtagntetal compound effect (section 1.2.1), in

order to haveE, on the load LB side. The situation is represeimeig. 1.2-6-a. Ifl , is the
load current, the working point of the power systemp,. Let us now suppose a load
increment. The new current Is, and the new working point will b@,. In the first case the
AVR set the voltage busbar &, , and the external characteristic at LBajsn the second case
the set-point will beE; , and the external characteristic at LBis

If the AVR is set to obtain the partial compoundeef (section 1.2.2), the situation is
sketched in Fig. 1.2-6-b. If , is the load current, the working point of the powgstem isp, .

Let us now suppose the same load increment of iévqus case. The new currentljs and

the new working point will bep,. These points lie on the V-I compounded charastieri
(similar to b, c depicted in Fig. 1.2-4) relative to the AVR. Iretfirst case the AVR set the
voltage busbar aE,, and the external characteristic at LBjsn the second case the set-point

will be E;, and the external characteristic at LRIisThe set-point difference:
AE, =E,, - E;, (1.15)

of this second case is less than the same differaziative to the first case. In other words, if a
compound function is set in the AVR, at the sanaal lourrent increment follows a voltage less
set-point variation.

12
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E E. 1, Egt E E. 1, Egt
A A
‘ OLTC taps (HV side _ OLTC taps (HV side
p E \ p
Epp—— o
2 B, — , Es.— V-I compoundec
x 2 P foti
E — a E ,— 4 characteristic
P, b L1 D
| =/ P < i |
l 1,1 ‘ I SC1 ‘ ! I 11 ‘ I SC,l\I !
l)2 Isc,z |2 saz

Fig. 1.2-6. Compound effect in terms of V-1 charaeristic. Total compound (a) and partial
compound (b)

1.2.4 Compound regulation on the entire MV network

The previous example refers to a single MV linds limportant to note that the compound
voltage regulation is normally implemented in tfansers (equipped with OLTC) which feed,
by means the MV busbar, an entire distribution wekwThe compound regulation is necessary
to compensate the voltage drops along the MV fexeddre situation is sketched in Fig. 1.2-7.

In this case, all of the principles illustratedtive sections 1.2.1 and 1.2.2 are still valid, but
the resistancdy and the reactanc¥, have a different meaning. They can be calculasiaigu

the concept oélectricalbarycentreof the lines supplied by the MV busbar.

MVB MV Network

L e

oo

e —gq — 35— ——

AVR
Fig. 1.2-7. Compound regulation on the entire MV atwork.

1.3 DISTRIBUTED GENERATION EFFECT ON THE MV BUSBAR VOLTAGE REGULATION

1.3.1 DG effect in terms of voltage compound regulation

Let us now suppose that the MVDN is active, i.ensadistributed generators (DG) are
present. Moreover let us suppose that the AVR liawecompound function enabled (the AVR

sense the machine curreljt and the MV busbar voltagé, ). Fig. 1.3-1 represents a very

13
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simple situation. Let us suppose that the generatonitially out of service (because, for
example, the renewable primary energy is not ptesew) and that the load can be modeled
using the constant-current model (with currép). According to Fig. 1.2-6-b the voltage on the

load busbar (LB) is sketched in Fig. 1.3-2-a. Te ltbad current,, corresponds the voltagét'

and, in this case, the transformer current coirscigigh the loads current.

When the generator begins its service, it tendsotopensate the load and the transformer
current tends to decrease (let us suppose thageherator power is comparable to the load
power). The MV busbar voltage set-point followsstliurrent decrease, as reported in Fig.
1.2-4-b and the same effect occurs on the loa@dgeltaccording to Fig. 1.2-6-b. In other words

the load voltage becamé” <\

Generator R Q

Fig. 1.3-1. Simple MVDN with GD presence. MVDN samatic (a) and single-phase equivalent
circuit (b).

Fig. 1.3-2. Compound effect on MVDN with GD presere. Without and with generator (a), (b).

14
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The voltage reduction frod,' to V." can be a problem from the load point of view. In

other words the voltage compound regulation camter@roblems when the in the network
some DGs are present, i.e. this technique cannosée in the Smart Grids context.

1.3.2 DG effect with constant MV busbar voltage: the proposed approach to regulate
the MV busbar in primary substation

As said before, the voltage compound regulation @aate problems with DGs. The new
approach, proposed in this treatment, consistsdiotain the MV busbar to a constant voltage.
The necessary AVR voltage set-point is calculateihgithe Enel Distribuzione Distribution
Management System (DMS) as follow: let us suppbatdill of the DGs of the MVDN are out
of service, i.e. also loads are connected to thtk(tire described situation is represented in Fig.
1.3-3 where the dot-sketched generators reprekerdevices out of service). The MV busbar

voltage set-poinE, must be calculated in order to guarantee thatvtiage on thecritical
node(CN), i.e. the network node which have the ledtage, is at least equal to the minimum
admissible voltag®/ %

min

Vo, 2V, (1.16)

MVB
|
|

>

i Tr VB

Fig. 1.3-3. MVDN with constant-regulated busbar ad critical node concept.

In other words when the busbar is setHg, all of the nodes work correctly in terms of
voltage. If we switch-on one generator, and waidtt tthe AVR act on the OLTC in order to

! In this PhD work, the chosen value\df,, is 0.96 p.u.

15
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maintain toE; the MV busbar, i.e. the new steady-state conditiccurs, the voltage grow up

in all network nodes with respect to the initiainddgion. This phenomena occurs also if the
generators inject only active power, i.e. it woids unitary power factor, due to the non-
negligible value of the network series resistanith vespect to the series inductive reactance.

If we want to reduce a nodal voltage along the éegdle needs to locally absorb reactive
power. In this last case the network “see” the 8 & real generator in terms of active power
and like an inductor in terms of reactive poweng.Hi.3-4 expose schematically these concepts,
referred on a node of the grid depicted in Fig-3..3

The E; calculation procedure, which is performed by tHd$) can be described using the

following steps:
1. deactivate all of generators
2. run aload flow satisfying (1.16), for the entirayd

3. calculate the dailyE, profile

4. send the dailyE; profile to the AVR which stores it in a memory

It is clear that the loads power PQ profile muskbewn in order to compute the MV busbar
set-point using the load flow. This is not a prablan the Enel Distribuzione network because
all of the loads are represented with a daily pedfiefined every quarter of hdustored in the
DMS database. The load daily profiles are buildieg the electronic meters installed at the
customers delivery points. Fig. 1.3-5 represent & busbar voltage set-point calculation
scheme. The loads daily profile is composed by @fues. Then also th&, profile is
composed by 96 voltage values.

In this paragraph the proposed criteria to regutée MV primary substation busbar has

been presented. In the following chapters, voltaggilation criteria necessary to regulates the
nodal voltages along feeders will be presented.

<

v
—

J7+G J7+éi) J7+é)
P.=0 P, >0 P >0
{QG =0 {QG =0 {QG <0

Fig. 1.3-4. Voltage variation in the node.

2 Then a daily load profile is defined by 96 values
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Enel Operative Center E’

[AVR ] TM TMP'QTM

Management System | I l I
(DMS)

To the P, Q Data Base

Fig. 1.3-5. MV busbar voltage set-point calculatio scheme.
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Chapter 2

Proposed Local Voltage Control along MV
Lines

2.1 INTRODUCTION TO CHAPTER 2

The voltage control strategy designed for the Hdistribuzione POI-P3 pilot project on
Smart Grids, consists in three types of regulations
e the Primary Substation MV Busbar Voltage Regulataescribed in Chapter 1
* the Local Voltage Regulation, which is treatedhis iChapter
« the Centralized (or remote) Voltage Regulation,chihivill be explained in Chapter
3
The local voltage regulation acts on distributedegator in function of the local delivery
point (or “interconnection point”) voltage. In th@roposed approach there are two types of
possible local voltage controls:
« the UPG regulation, which is a threshold-based robrdtrategy. It changes the
generator power-factor set-point when the voltageeeds some thresholds. The
UPG is described in Paragraph 2.2
« the RQV regulation, which is a droop-based constrhtegy. It changes the
generator reactive power set-point in functionta tnterconnection point voltage.
The RQV is treated in Paragraph 2.3
Generally, the local voltage regulation try to libcadjust the delivery point voltage in case
of both “high voltage” and “low voltage”. However is possible that the voltage exceeds its
limits also after the local voltage action. In tligse the Centralized Voltage Regulation must
act in order to try a new voltage adjustment. Thent€lized Voltage Regulation is
hierarchically higher than the Local Voltage Regola It is based on a “Sensitivity Table”
which is related to the “electrical proximity” ccemt. The Centralized Voltage Regulation is
performed by a DMS functionality called “Voltage 1@l System” (VCS) which will be
treated in Chapter 3.

2.2 THE “UPG” LocAL VOLTAGE CONTROL TECHNIQUE

It is well known that, if reactive power is absadbfeom the network, its voltage decreases.
This simple concept can be used to reduce the mketvadtage, in case of high voltage, varying
the absorbed reactive power when the voltage escaegarticular threshold. Moreover the
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reactive power can be generated, in case of lotage) when the network voltage is less than a
minimum threshold. The UPG local voltage regulatigehnique is based on this simple
concepts, and can be classified as a thresholdibasal voltage control.

In order to explain the UPG function, let us cossidrig. 2.2-1, which represents high
voltage case. Let us suppose an interconnectiant poltageV,,, increment, that can occur in

case of high generated power injection or loachlpsiWhenV,,; exceeds the thresho\dg_ ¢,

for the time periodT,s ., the UPG switches its controlled generator “re@ctpower

absorption mode” (RAM = ON). The RAM correspondsat@onstant inductive power factor
generator operation; in other words when RAM is @i¢, UPG send an inductive power factor
set-point to the generator regulators, and it dissaractive power from the network
proportionally to the generated active powir The RAM inductive power factor set-point is

cosg, ., - Considering a positive generated reactive po@grwhen the RAM is ON we can

write:

Q,=-PRtang (2.1)
wheretang, ., is the tangent which corresponds to the phaseeahgl, . In other wordQ, is
a constant percentage Bf. For example, iftosg, , , = 0.5, then:

Q, =—P,tang, ., =—0.484%, (2.2)

In other wordng represents, in absolute value, the 48.43 r}Bgof

After the RAM mode activatiorl,,; tends to decrease, due to the reactive power ladxdor
from the network. However no “bounce” problems oanurs due to:
* the network resistance/reactance ratio, which igalke from 0,75 to 1,65 in
medium voltage distribution network
 the concept explained by (2.2D( is always a constant percentagerj

These observations allow to avoid bounce problesmsactive power injection causes a
voltage increment but the reactive power absorptine to the RAM causes a voltage
decrement which is less than the voltage increm&fiet.can say that the voltage decrement is a
percentage of the voltage increnfent

® This concept can be also derived from the Seityitiveory explained in Chapter 3.
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Virr RAM = ON

Tosu Pelf—\

RAM = OFF

VZS—U PG

TlS—UPG

VlS—UPG

Fig. 2.2-1. The UPG thresholds in case of high vagje

The RAM is switched-off when,,; remains under the thresho\ds_,.; for the time
Ts-ups, @s reported in Fig. 2.2-1.

The low voltage case is represented in Fig. 2.8aan be treated in the analogous way of
the high voltage case, substituting the RAM funttiwith the “reactive power generation
mode” (RGM).

Vvt RGM = ON //////

VlI—UPG

TlI—UPG

T2I-UPG

V2I-UPG

RGM = OFF

Fig. 2.2-2. The UPG thresholds in case of low valje
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WhenV,; is under the threshoM,, .., for the time periodl,,_ . , the UPG switches its
controlled generator “reactive power generation @id®GM = ON). The RGM corresponds to
a constant capacitive power factor generator ojperain other words when RGM is ON, the
UPG send a capacitive power factor set-point togéeerator regulators, and it injects reactive
power in the network proportionally to the genedatetive powerP,. The RGM inductive

power factor set-point isosg Considering a positive generated reactive po@grwhen

g.cap”

the RGM is ON we can write:
Q, =P, tan¢gvCap (2.3)

where tang

o.cap IS the tangent which corresponds to the phasesahgl,. In other words

Qg is a constant percentage Qf. After the RGM mode activationy,,; tends to increase, due

to the reactive power injected in the network. ke to the high voltage case, the bouncing
problems are avoided by the resistance/reactarte@neratio and by the reactive power like a

percentage of the active power concept. The RAMwsgched-off whenV,,, exceeds the
thresholdV,, p¢ for the timeT, g .

The power factor set-points generated by the RAM &M functions, comes to the
controlled plant via the IRE device, which is désed in Paragraph 2.3.

The UPG try to locally mitigate high and low voltagenditions. However, if the local
RAM/RGM activation cannot be able to restore therext voltage value, the Centralized
Voltage Control, based on the Sensitivity technjgaet its strategy choosing the “Best
Generator (BG)”, as described in Chapter 3.

The VCS is able to know the plants voltage statasks to the UPG which sent, to the VCS,
the binary signal VFLS in case of highest voltaag] the signal VFLI in case of lowest voltage
level.

In particular, the VFLS signal is active (VFLS =wWhenV,,; exceeds the voltage threshold

V,<_vcs for the time periodl,¢_,s, as reported in Fig. 2.2-3. The VFLS de-activa(éfLS =
0) is performed whelv,,; remains under the voltage threshdd .. for the time period

-rlS—VCS'
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[ves=1]
Vur t

TZS-VCS
™\

Vasves \
[ vFLs=0]
Vas.upe I
TlS-VCS
Visves /
Vis.ure

Fig. 2.2-3. The UPG/VCS thresholds in case of higloltage

The analogous procedure can be applied to the tovedtsge level case, as reported in Fig.
2.2-5. In this case the VFLI signal is active (VELL) whenV,,; is under the voltage threshold
V,, .vcs for the time periodrl,, g, as reported in Fig. 2.2-5. The VFLI de-activat{dirLI = 0)
is performed whelv,,; exceeds the voltage threshdgl., s for the time periodl, 5.

Fig. 2.2-4 represents the UPG characteristics @svititage-power factor plane in case of
high (Fig. 2.2-4-a) and low (Fig. 2.2-4-b) voltage.

N Cos¢g,ind N Cos¢g,cap
1T A > 1T A
0,9 + ‘ 094+ ° >
: : i > VMT : i : > VMT
Vn VlS—UPG VZS—UPG V2| -UPG Vll -UPG Vn

(a) (b)

Fig. 2.2-4. The UPG characteristics is the voltageower factor plane in case of high (a) and low (b)
voltage
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All of the described function have been implemeritethe RTDS environment, using the
RTDS “C-Builder tool”, which allow to program theaael blocks using the C language. The
UPG dynamical RTDS block is reported in Fig. 2.2¢8ere input and output signals have been
defined using the IEC 61850 criteria (signals draracterized by value and activation bit).

B [veu=o]
Vi I
1-UPG \ Toves
Viives

V ’ I
21-UPG Tyves /

V2I-VCS

t
Fig. 2.2-5. The UPG/VCS thresholds in case of loveltage

Reosfi (setpoint) |—

—A V. MT[pu] U PG Rcosfi (activation hit) %
— UPGON \” Ind. (1)) Cap. (0)  —
—>  RO2UPG (set-point) __“':'E:\ é’j Enel RQ (setpoint)  |—
—N  RQIUPG (activation bit ) k Distribuzione RO (activation bity |—

: Centro Prove Enel ;

Rcosfi2URPG (set-point) Milano RF (set-point) %

—  Rcosfi2UPG (activation bit) RP (activation bity  ——
—  Ind. (1)/ Cap. (0 ROV (activation bity  ——

Vv — ﬁ — @

—>  RP2UPG (setpoiny MT e VLS —
—— RP2ZUPG (activation bit) WELI %
—~ RQV2UPG (activation hit) Inib. URPG %

Fig. 2.2-6. The UPG block implemented in the RTD8nvironment
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In particular:

V_MT is the measured interconnection point voltage;

UPG ON is the “main UPG switch” which allows to coletely de-activate the
UPG functions;

RQ2UPG (set-point) is the remote reactive poweipseéit which can be supplied
by the Enel Control Center in case of remote sattmontrolling necessity;
RQ2UPG (activation bit) is the RQ2UPG (set-poirddivaation bit; RQ2UPG (set-
point) can be applied to the controlled plant oiffRQ2UPG (set-point) = 1;
moreover RQ2UPG (set-point) = 1 de-activates th&UP

Rcosfi2UPG (set-point) is the remote power factirpoint which can be supplied
by the Enel Control Center in case of remote seitpoontrolling necessity. The
power factor typology (inductive or capacitive)dsfined by the “Ind. (1) / Cap.
(0)” bit (signal = 1 corresponds to an inductiveveo factor, signal = 0 corresponds
to a capacitive power factor);

Rcosfi2UPG (activation bit) is the Rcosfi2UPG (peint) activation bit;
Rcosfi2UPG (set-point) can be applied to the cdieoplant only if Rcosfi2UPG
(set-point) = 1;

RP2UPG (set-point) is the remote active power settpyvhich can be supplied by
the Enel Control Center in case of remote set-pmntrolling necessity;

RP2UPG (activation bit) is the RP2UPG (set-poirtiivation bit; RP2UPG (set-
point) can be applied to the controlled plant ahiRP2UPG (set-point) = 1;
RQV2UPG (activation bit) is the signal which derzate de UPG (leaving
activated the VFLS/VLFI signals) and activate th@\Rfunction implemented in
the IRE device (see Paragraph 2.3). The RQV adativas performed by the RQV
(activation bit) signal, which is always equal tQ¥®R2UPG (activation bit);

Rcosfi (set-point) is the power factor set-poinh@eted by the RAM and by the
RGM

Rcosfi (activation bit) is the RAM/RGM activationtbWhen one of this functions
is activated, Rcosfi (activation bit) = 1;

Ind. (1) / Cap. (0) is the bit which describe theoBfi (set-point) typology; when the
Rcosfi (set-point) is due to the RAM, Ind. (1) /@C40) equals 1 (inductive power
factor). When the Rcosfi (set-point) is due to R@M, Ind. (1) / Cap. (0) equals 0
(capacitive power factor);

RQ (set-point) is equal to RQ2UPG (set-point)sithe (remote) reactive power set-
point which is sent to the generator regulators

RQ (activation bit) is equal to RQ2UPG (activatlat). It is the activation bit of the
(remote) reactive power set-point

RP (set-point) and RP (activation bit), are anatogo RQ (set-point) and RQ
(activation bit) substituting Q with P

RQV (activation bit) is equal to RQV2UPG (activatibit)

VFLS and VFLI are VFLS and VFLI threshold signals
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* Inib. UPG is the inhibition UPG signal. The UPGinkibited when V_MT is very
low
The subdivision in “set-point” and “activation bi based on the Enel IEC 61850 protocol
profile philosophy.
The UPG parameters, used in the POI-P3 projectlations, will be presented in Chapter 4.

2.3 THE“RQV” LocAL VOLTAGE CONTROL TECHNIQUE

As said in Paragraph 2.2, the UPG regulates thergams voltage acting a constant power
factor, i.e. the reactive power exchanged withnéevork is direct proportional to the generated
active power. Another modality to locally reguldtee generator voltage can be performed
proportionally varying the reactive power in furmctito the generator voltage. In other words
we can define a reactive power-voltage droop. Thésl voltage regulation mode, which is
described in this chapter, is called RQV technicpfger the theoretical treatment of the RQV
regulation technique, a numerical simulation using RTDS will be explained, in order to
validate the presented theory. In the POI-P3 pilaject the RQV local voltage regulation is
implemented in the IRE (“Energy Regulation Integf§cdevice, which has been implemented
in the RTDS simulation environment using the “C{Bai” tool.

2.3.1 Definition of Q-V curves

2.3.1.1 Network Q-V curves

Generally, Q-V curves relate the voltage magniticdthe reactive power. These curves can
be defined also for the network and generatorthérfirst case the curve parameters depend to
the network data. In the second case the curvaneaess are defined by the reactive power
regulator in the steady-state condition.

In order to study the Q-V curves, we can considg. R.3-1, where the network is
represented by means the Thévenin equivalent tifouithis figure we have line-to-line
voltages and three phase powers). In particular:

* V, is the Thévenin equivalent voltage source (or thetwork equivalent voltage”),
which coincides to the no-load voltage.
* 'V, isthe voltage at the interconnection point (orwgo delivery point”)

» P, is the active power at the interconnection point

+ Q, isthe reactive power at the interconnection point
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Network equivalen

Interconnection poir

Fig. 2.3-1. The network equivalent

Using the industrial voltage drop calculation foteywe can obtain:

R X
Vo=V, +B—+Q— (2.4)
9 ng Vg

butV, is normally close to the network rated voltage Then the previous relation can be

approximated to:

R X X R
V.IV+P—+Q—=Q—+| P—+ 2.5
[¢] r g Vn (% Vn (% Vn ( g Vn \{J ( )
This equation indicates that, for small voltageiatéons, the interconnection point voltage
linearly varies in function of the exchanged reaxfpower with a proportional relationship. In
particular:

. X is the slope (measured ﬁnv—})
V VAr

n

. PgE+\/r is the intercept in the origin (measured[m]). Then this parameter
Y/

n

depends to the equivalent network voltage andea@itthanged active power.

The slope indicates the reactive power-voltage Urstdroop” of the network. Fig. 2.3-2
graphically indicates (2.5).
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Network Q-V characteristic

Q, =0 Q
Fig. 2.3-2. The network characteristic

IncreasingF, orV,, the network Q-V curve is shifted along the y afdsming a curves
family. Related to the reactive power exchangedh® interconnection point, we have a
variation of the working point and so the voltagechange its magnitude.

Now we can consider th&, =cost condition. This hypothesis maintains the treatment

generality. Increasing the equivalent network \gdtéhe Q-V curve is shifted to the positive y,
only in function toV, . For example, iQ, =0, the working point changes from “a” to “c”.

Similarly, if the generator absorlﬁ'gg', the consequent voltage will be less than theipusv

case, and the working point changes from “g” to."Ahalogous behavior occurs in casevpf

decrement and/or in case Qg" reactive power generation.

2.3.1.2 Generator Q-V curves

As said before, the Q-V generator curves depentheéobehavior of the reactive power
regulator in steady-state condition.

Fig. 2.3-3 indicates network-generator coupling, terms of Q-V curves. The D
characteristic, with3 droop, is a result of the reactive power regulaeitings. This is the
generator Q-V curve.

If A is the network Q-V curve, the actual workingipt will be “d". Increasing the
equivalent network voltage (this condition corresg® to the curve B), the new working point
will be “b”.
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It is important to note that now the voltage vadatAV, at the interconnection point is less

with respect to the equivalent network voltadyé . This is the advantage of a regulation with
Q-V droop.

Network Q-V characteristic -

AQ,
AV, <AV, , AQ #0

Fig. 2.3-3. The network-generator coupling, in tems of Q-V curves

If no regulation is activated, i.e. the generatot waries the reactive power, we exactly
obtain:

AV, =V, (2.6)

It is clear that, in order to perform the descrilgzd regulation, reactive power always must
be exchanged, also when the generator voltag®se ¢b its rated value. Generally, in order to

obtain the “reduced’AVgj variation,AQg must be exchanged. To avoid this inconvenient, we

can define a “voltage dead-band” (or “no regulati@md”, see Fig. 2.3-8 and Fig. 2.3-9); this
solution will be discussed in the follow.
The discussed generator Q-V curve works good alsase ol/, decrement, as reported in

Fig. 2.3-4. In this case the new working point vl “f", and the consequedtV, will be less
than AV, .
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Network Q-V characteristic -~ A

AV

AQ K >
« R
g

Generator Q-V characteristi

AV, <AV, , AQ #0

Fig. 2.3-4. The network-generator coupling, in tems of Q-V curves. The network voltage
decrement case

2.3.1.3 Generator Q-V curve droop calculation

The AV, reduction, with respect taVv, , is related tog , which is set, as a parameter, into

the reactive power regulator. Now we show a metbazhlculates this parameter, in function to

the desiredAV, .
Fig. 2.3-5 show a “zoom” of the working area of R23-3. We can write:
AV
tany = —29 (2.7)
AQ,
The slopef refers to the angley, then the previous equation can be rewritten:
AV
tany=-4= g (28)
AQ,
Similarly, for the generator, we have (Fig. 2.3-5):
AV -AV
tand=—— — ¢ (2.9)
AQ,
and then:
AV -AV
tan5=é=# (2.10)
\A AQ,
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Substituting (2.8) in (2.10) we can obtain:

AV,
ﬁ:—[—gJiz_;l (2.11)
& =8 Vo (av, |
AV,

Equation (2.11) allows to calculate the generate¥ Qurve slope, in function to the
AV, /AV, ratio.

If we want a 0.5 times voltage variation at thesiobnnection point (with respect to the
equivalent voltage variation or, which is the samith respect to the absence of reactive power
regulation), we must write:

AV, =£A\/r = AV, =2 (2.12)
2 AV,

g

then, from (2.11):
X
=—— 2.13
B V. (2.13)
in other words, if the slope of the generator Qe is equal (but with the negative sign) with
respect to the network Q-V curve, we will guarartes condition (2.13). In order to reach this
goal, the equivalent network reactance (which @poeds to the short circuit reactance at the

interconnection point) will be known.

Network Q-V characteristic

Generator Q-V characteristi _ -
N - AV
et r
AV, - f =
_ - - - V ﬂ
-
- 5/ 7
— -
X
Vn
AQ,

Fig. 2.3-5. Working point “zoom”

It is important to note that the term:

tand = X (2.14)
Vv,

n
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used in (2.11) and (2.13), can be calculated ugiagensitivity matrix presented in Chapter
3. In fact the term (2.14) represents the voltaggation, in the node, in function of the
reactive power variation in the same node (itssuawe V/VAr); in other words (2.14) represents
the auto-sensitivity term (in absolute value). dsihe sensitivity rule explained in Chapter 3,
we can say that (2.14)s'the arithmetic sum of the reactances of the tias in which the

powers absorbed by nodeflow, multiplied byl/V, .

From the electrotechnic point of view the previalservation corresponds to calculate the
Thévenin reactance (or the short circuit reactaneyed from the nodg neglecting load and
generator contributions.

2.3.1.4 UPG and RQYV regulation modalities in the Q-V plane

In the normal operation, a UPG controlled generati@hanges no reactive power. However
it exchanges a reactive power proportional to theegated active power when the voltage
exceeds its maximum threshold. Fig. 2.3-6 and Eig-7 represent this behavior (in Fig. 2.3-7

the reactive power exchanged proportionally to dbtive power has been nam&y,..). In
Fig. 2.3-6 the normal operation is depicted; iis tase no reactive power is exchanged and then
AV, =AV,.

If the generator voltage reach its maximum admissilalue, the UPG commutates the
generator in order to absorb a reactive poweraélad the generated active power, and the

working point will be “f* (see Fig. 2.3-7). The ne\ is less tharv,, and the difference is

related to the reactive power, then to the genérattve power.

AV
[*]
Network Q-V characteristic _ B
-
\ - - A
- - - C
-

-
// // ﬂ=00

_ - ‘// Generator Q-V characteristi
-
-

:Qg

AV, =AV,, AQ, =0

Fig. 2.3-6. Local UPG voltage control technique whout reactive power absorption
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The advantage with respect to the RQV regulatidhas the UPG mode exchanges reactive
power only if the voltage exceeds its maximum thoé$. However the UPG deactivation
thresholds must be carefully chosen in order tacagontinuous activations/deactivations of the
UPG.

Network Q-V characteristic

UPG Mode poin
Steady State poil \

™~

I
8

B

‘// Generator Q-V characteristi

:Qg

AQ, #0

<

AV, <AV, , AQ #0

Fig. 2.3-7. Local UPG voltage control technique \th maximum reactive power absorption

2.3.1.5 Voltage “dead-band” in the RQYV regulation mode

As previously said, an RQV regulated generator yéwvaexchanges reactive power. A
possible solution consists in a “dead-band” (or fagulation band”) definition, as depicted in
Fig. 2.3-8. Using this technique, the RQV worksvito sectors:

» if we have a voltage variation in the dead-bandiidd by “c” and “e” limits), no
reactive power is exchanged

« if we have a voltage variation outside the deaddb#tre generator is regulates using
the Q-V curve. The slope calculation has been ptesly discussed.
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AV

No Regulatim

A 4

g

Network Q-V characteristic

< D

© B
\<1/\./' Generator Q-V characteristi

:Qg

AV, =AV,, AQ, =0 inthe No Regulation Band
AV, <AV, , AQ, #0 out of the No Regulation Bar

Fig. 2.3-8. Generator Q-V curves with dead-band

No Regulation Ban f,

=T ]
- —_1a

-7 _-—1 D

- - - e 18
- . .
_ - — S Generator Q-V characteristi
-
-

:Qg

_Qg,max

AV, =AV,, AQ, =0 inthe No Regulation Band
AV, <AV, , AQ, #0 out of the No Regulation Bar

Fig. 2.3-9. Generator Q-V curves with dead-band ahUPG regulation

The RQV and the UPG functions can be contemporasiyd (however in this thesis this
operation modality is not taken into account). émtjzular the RQV (with the dead-band) can be
always activated and the UPG can operates onlizeifvoltage is “very high”. Let us now
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consider Fig. 2.3-9; if the voltage at the intemection point exceeds a maximum admissible
value (which coincides to the point “g"), the geater is switched in UPG mode.

2.3.2 A numerical application using the Real-Time Digital Simulator (RTDS)

2.3.2.1 Network description

In order to validate the previous discussed theargumerical application, using the Real-
Time Digital Simulator (RTDS), installed in the Efest Center — Milano, is now presented. In
spite of simplicity, but also maintaining the thyeagenerality, the voltage dead-band is not
implemented.

The network schematic is depicted in Fig. 2.3-16 iaits composed by:

* the HV network equivalent. In spite of simplicitligis equivalent is an infinite bus
with vV, =132 kV rated voltage
e HVI/MT transformer, named T1, which have the follogricharacteristic:
0 Vur,=132kV
0 Vyr,=132kV
0 A =40 MVA
0 V.. =155kV

CC%
e generator to grid coupling transformer, named Ta&iclv have the following
characteristic:

0 Vu,=20kV
0 Vyr,=20kV
o A =10 MVA
0 Vg, =15,5kV

* synchronous generator, with PQ regulation, whickeltae following characteristic:
0 maximum generable active powgf,, =5 MW

0 maximum generable reactive powgf,, =5 MVAr
0 maximum absorbable reactive pow@y;, = -5 MVAr

Generator PQ regulators (depicted in Fig. 2.3-1&)cantained on the “G1 Controls” block
of Fig. 2.3-10.
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Fig. 2.3-10. The simulated network in RTDS
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FQ Machine Controls

a3

Voltage Regulator

Frequency Regulator

I-Tj Tm
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EEE Savdard

Governor Turbma

Offset Comection

Fig. 2.3-11. Generator G1 PQ regulators

The group named “G1 voltage measures”, depictdedgn2.3-10, measures and converts in
p.u. the generator voltage.

The group named “G1 Q-V curve droop calculationtakates the reactive power regulator
set-point (depicted in Fig. 2.3-11) by means th¥ @urve. The regulator is a proportional-
integral (PI) type. The generator Q-V curve is ghited referring to the D characteristic
represented in Fig. 2.3-3; the intercept in th@iordf the this characteristic 4 =20 kV. In
other words the generator tends absorbs reactiwempahen the voltage at the interconnection
is greater than the nominal voltage, while it gates reactive power when the voltage
decreases. Then the Q-V equation is:

Vo.ms = BQq et V, (2.15)
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whereV

5.mis IS the line-to-line generator (measured) voltagkile Q, .., is the reactive power

regulator set-point. As said before, (2.13) mustshgsfied. Then, from (2.15), the reactive

power regulator set-point is:

Q _Vn _Vg,mis (2 16)
g,set X/V :

n

The previous equation is implemented in the grdafp Q-V curve droop calculation”.
Due to transformers T1 and T2, the reactance vieatdde interconnection point terminals,
and the “network natural droop” are:

X=818Q = X =041 _ (2.17)
V, MVAr

n

The network natural droop can be also expressqulun (in terms of voltage) obtaining
0,0205 p.y. MVALI.

The reactive power regulator set-point can be mlaoually controlled, using a slider.

2.3.3 Numerical simulation results

Two study cases are now discussed. In the fire,die case A, no RQV regulation is
implemented, an(ﬂggvSet is forced to zero. In the second case, the caseeBRQV regulation is

switched on in order to implement the Q-V charastier

In both cases the generated active power set-pidatMW. Moreover an increment (5%
with respect to the rated HV voltage, which coroesfs to 0.05 p.u.) of the equivalent network
voltage will be simulated, and the following paraemns will be monitored:

» the voltageV,

o.mis at the interconnection point
e the generated reactive power

« the voltageV, ... at the interconnection point, in function of thengrated reactive

g,mis

power

2.3.3.1 Case A results

In this case, the reactive power regulator setipisi® MVAr, then the Q-V regulation is
disabled.

Numerical resultsin case of network equivalent voltage increment

The voltage variation in the interconnection pdaitows the network equivalent voltage, as
reported in Fig. 2.3-12. As depicted in Fig. 2.3-48 reactive power is exchanged in steady-
state operation, between the generator and theorietin the initial condition of the voltage
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transient, the generator voltage is less than éteark voltage. Then the generator is initially
under-excited and absorbs reactive power.

WGlaRLU
106 T
1.04
0,0502 p.u
';‘ 1.0z
=
- 1,049 p.u
1
.ae
[1] 2 4 f B b1} 12

1
0,9988 p.u el

Fig. 2.3-12. Interconnection point voltage

Fig. 2.3-14 shows the voltage at the interconnacpoint in function of the generated
reactive power. The Q-V network characteristichfted along the y axis due to the network
voltage increment.
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Fig. 2.3-13. G1 generated reactive power
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Fig. 2.3-14. Interconnection point voltage vs Glemerated reactive power

Numerical resultsin case of network eguivalent voltage decrement

The voltage variation in the interconnection pdaitows the network equivalent voltage, as
reported in Fig. 2.3-15. As depicted in Fig. 2.3-t6 reactive power is exchanged in steady-
state operation, between the generator and theorietin the initial condition of the voltage
transient, the generator voltage is greater thanrntetwork voltage. Then the generator is
initially over-excited and generates reactive power

Fig. 2.3-17 shows the voltage at the interconnacpioint in function of the generated
reactive power. The Q-V network characteristichfted along the y axis due to the network
voltage decrement.
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Fig. 2.3-15. Interconnection point voltage
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Fig. 2.3-17. Interconnection point voltage vs Glemerated reactive power
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2.3.3.2 Case B results

In this case the reactive power regulator set-pirdalculated using the group “G1 Q-V

curve droop calculation” then the Q-V regulatioremabled.

Numerical resultsin case of network eguivalent voltage increment

As reported in Fig. 2.3-18, the voltage variatiorihee interconnection point is reduced with
respect to the equivalent network variation by fH@tor. The reactive power exchanged in

steady-state is not zero, as depicted in Fig. 2.3-1

The voltage at the interconnection point in funmtiof the generator reactive power is
depicted in Fig. 2.3-20. The final voltage, cor@sging to the final working point, is less with

respect to the case depicted in Fig. 2.3-14 dtiet@-V regulation.

104

103

L 1]

W ]

1.1

(LR

laF

1,025 p.u
0,0256 p.u
v
2 4 i B 10 12

0,9994 p.u t =]

Fig. 2.3-18. Interconnection point voltage
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Fig. 2.3-20. Interconnection point voltage vs Glemerated reactive power
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Numerical resultsin case of network eguivalent voltage decrement

As reported Fig. 2.3-21 in the voltage variatiorthag interconnection point is reduced with
respect to the equivalent network variation by fHetor. The reactive power exchanged in
steady-state is not zero, as depicted in Fig. 2.3-2

The voltage at the interconnection point in funetiof the generator reactive power is
depicted in Fig. 2.3-23. The final voltage, cori@sging to the final working point, is less with
respect to the case depicted in Fig. 2.3-17 dtiegt@-V regulation.

1,025 p.u WG laPL
103 / T T
12
0,0256 p.u
= 1N
=
o
1 . —
0,9994 p.u
pag
(1] 2 4 ] 2 1o 12

1 =]

Fig. 2.3-21. Interconnection point voltage
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Fig. 2.3-23. Interconnection point voltage vs Glemerated reactive power
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2.3.4 RQYV implementation in the RTDS simulation environment

The presented RQV local voltage regulation techmilgas been implemented in the RTDS
environment, using the C-builder tool (which allotesbuild the dynamic model blocks using
the C programming language), in order to analyeeP®I1-P3 pilot project Enel grid.

The RQV block is reported in Fig. 2.3-24, where:

« V_MT is the interconnection point measured voltageit

« Pg is the generated power input. This input is s&mg to activate the RQV only
when the generator produces a minimum active powemwther word Pg it is
necessary for the “active power lock-in (and lock}ofunction. In the simulations
results of the POI-P3 pilot project, presented im@er 5, the lock-in and lock-out
power are, respectively, the 5 % and the 4.5 %h@fibominal apparent powey, of
each generator

* RQVact is the activation bit of the RQV functiohRQVact = 0, the RQV is always
off

* Qout is the generator calculated reactive powepgett (when the value is positive,
the generator absorbs reactive power from the n&jwo

«  RQVout_act is the output activation bit. RQVout_iaotqual to RQVact

The RQV block calculates the reactive power setipeachT, ., which a calculation time
period. Moreover the new set-point will be calcethbnly if the V_MT variation is greater than
the voltage hysteresis, ;. This parameter must be set in function of the sugag voltage

error; in the POI-P3 project the voltage is measuby the RGDM/IC devicéwhich is
characterized by, =+0.5 % voltage measuring error. The in the RQV we hate se

ycle ¥

& wr =26 =1% (2.18)

for all generators.

* The voltage is measured by the RGDM/IC and seattlie optical fiber to the IRE device, as
reported in Fig. 2.3-25.
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Fig. 2.3-24. The RQV block in the RTDS environment

The RQV parameters, used in the POI-P3 projectlations, will be presented in Chapter 4.

2.3.5 The IRE device

In the POI-P3 pilot project, the RQC function wile implemented in the IRE (“Energy
Regulation Interface”) device, designed by Eneltiszione. This device have several
functions, summarized in the follow:

it is necessary to interface the Enel communicatidrastructure to the customer
plant

it allows to distribute the active/reactive setrisj generated by the Enel central
control when the remote regulation is active, ®dmgle generators which compose
the generation plant. In other words the IRE alkaws the voltage remote control

it allows to communicate to the Enel central cantitee capability curves of
generators and energy storage systems instalkbe icustom plant

it implements the RQV regulation technique, usimg interconnection point voltage
measured by the RGDM/IC device. In other word IRf® allows to locally regulate
the voltage

it is able to sent to the generators the powerofaset-point generated by the
RGDM/IC device

it is able to assign a priority to the voltage fdegjon. The remote voltage regulation
have the maximum priority with respect to the localtage control, i.e. UPG and
RQV. It is also able to select the local voltaggutation technique (UPG or RQV)

it is able to regulate the generated active powefunction of the power system
frequency, in order to improve the frequency sigbil
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The Enel communication infrastructure of the POIgH8t project, including the RQV local
voltage regulation technique implemented in IREgj®orted in Fig. 2.3-25.

Distributor secodary substati Customer facility General
rotection
Measured MV voltage > P rela

l_ (interconnection point E / y
Interface
[ E t : protection

: relay

Ethernet ”V:””
UPG function | ,— On optical fibel

I : Inverters

Router

B4 &3

Seconday substatic
connectivity

RQV function

Fig. 2.3-25. Enel POI-P3 project distributor/custoner communication infrastructure
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Chapter 3

Proposed Centralized Voltage Control on
MV Network

3.1 INTRODUCTION TO CHAPTER 3

As said in Chapter 2, it is possible that the \gdtaxceeds its limits also after the local
voltage action. In this case the Local Voltage Ratipn fails its goal Then the Centralized
Voltage Regulation must act in order to try a netage adjustment. The Centralized Voltage
Regulation, which is hierarchically higher than thecal Voltage Regulation, is based on a
voltage Sensitivity analysis approach, which iated in this Chapter. The Centralized Voltage
Regulation is performed by a DMS functionality edl'Voltage Control System” (VCS).

When a generator delivery point voltage exceeds/the . (0r V,, _,cs) limit, its UPG sent

an “highest” (or “lowest”) voltage sigrfalo the VCS, as described in Chapter 2. This signal
VFLS (or VFLI).

When the VCS receive this signals the VCS “calle telectrically closest” generator(s),
requesting a reactive power variation in order &phthe OTG. The “electrically closest”
generator have the greatest influence on the O&d@hbe called “best generator” (BG).

The “electrical closeness” concept is based onrsiféty approach which is implemented
in the VCS. This proposed Sensitivity approach, civhivill be treated in this Chapter, is
different from which applied in the HV grids, due the typical radial topology of the MV
network.

3.2 CLASSICAL SENSITIVITY THEORY OVERVIEW AND PROPOSED SENSITIVITY
APPROACH

The classical Sensitivity theory used in HV netwakalysis to perform primary and
secondary voltage regulation is based on the Jacokiatrix and reveals the relationships
between the nodal voltages (magnitude and phask}rennodal power injections (active and

® The generator which have failed the local voltagatrol will be called “out of voltage threshold
generator” (OTG).

® This signals, described in Chapter 2, are VFLS\ARdI. It is important to note that this signalsliwi
be sent to the VCS also when the UPG is disableddar to activate the RQV regulation. in other dgor
the VCS works correctly also in case of RQV loaaltage regulation.
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reactive). The relationships mentioned above angresented by the following matrix
expression:

[aE]]_ [Z_ﬂ {%} ) [ [o]|[2P'] (3.1)
{[M]} [Z_ﬂ B_(ﬂ {[0] [ﬂ}l[AQ*]}

where[AE| and[A#] are, respectively, the nodal voltage magnitudessyrand phase
variations corresponding to the nodal active octiea power injection{AP*] and [AQ*} (

[1] is the identity matrix).
Equation (3.1) can be rewritten in the followingrqmact form:

]

where:

o o) Los l{m g 6

{O_Q} {G_Q} [0 (4

ov 09

is the (injection) Sensitivity Matrix. The metho@atribed above is generally valid, but its
computational complexity is too high for practicalltage analysis in MVDNSs. For radial

networks, only the voltage magnitude is neededotatrol the nodal voltages. The proposed
theory is easier than classical theory, and itiiable for radial MVDNSs.

3.3 THE PROPOSED THEORY

In this Paragraph, the proposed theory for chootiegBG is outlined. The method is first
described in general and considers the possibitgactive power regulation for all nodes.

After the general treatment, the analysis focusea cealistic network in which the reactive
power can only be controlled in some nodes (geoeratdes).

Let us consider the network depicted in Fig. 3.8Alich is a four-node test MVDN.
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HV/MV Transformer
with On-Load Tap Chang:

\G>_@/? Ly 1 L, 2 Lo 3
il J J
vB,r;'-J v,

Ld, Ld, L, Lo

HV grid

MV busbar MV feeder 4

Fig. 3.3-1. The considered four nodes test MVDN

The general load&d;...Ld, are represented using constant PQ models. Posltii@ Q)
corresponds to the absorbed power by the load.tNeda (or Q) corresponds to the injected
power in the network (i.e., the general load idlyea generator). The per-phase equivalent
circuit is shown in Fig. 3.3-2.

The linesLy;...L,4 are modeled using the RL-direct sequence equivalsmuit, but the shunt
admittances are neglected (as explained in thevipllIThe node O represents the MV busbar,
which is regulated at a constant voltage valjeby the AVR of the OLTC. This reference

voltage coincides with the rated vallg :Vn/\@ :

MV busbar

o

Fig. 3.3-2. The per-phase equivalent circuit

Because the busbar is regulatedEgt we can characterize the generic nodgsing the

differenceV,, between the magnitude of the busbar voltage amdtlde voltages . In other
words, we can write:
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Vo =E-E (3.4)
In radial networks, (3.4) can be calculated asdhen of the voltage differences between

adjacent nodes from th& node toward the MV busbar. For examplei, #3 (see Fig. 3.3-2),
(3.4) becomes:

Vos =B - B (3.5)
By adding and subtractinf, and E, in (3.5), we obtain:
V03=(E0—E1)+(E1— E2)+(E2_ Es)= (3.6)
=V01 + V12 + V23

whereV,, is the sum of the voltage differencég, V,, andV,,.

The voltageV,; can be calculated considering the network parameted the line power
flow as follows:

Vs = B, — By = Ry 15,008p 5+ Xl ;sing =
— Ry B 15,0080, + X5l ;sing 3_ RPst XQ: (3.7)
E, E,

wherecosg,, P, and @, are the power factor and the active and reactiee-§hase) powers of

the loadLds, respectively.l;, R; and X,; are the current, resistance and reactance ofrtee |
Ls.

Normally, the nodal voltages are close to the ramthge E,. Applying this assumption to
(3.7) leads to:

V,, O Rzae,; X3 Q (3.8)

n

Similarly, considering nodes 1 and 2, we can write:

V,, = E = E,= R, 1,080 ,+ X,l,Sip ;=
- R,E l,cosps, + X12E2|25ir¢szm RuR s+ XQ. (3.9)
E, E

where R, and Q,, are the active and reactive powers through thtéoses, and cosg, is

the power factor for the same section. Fyrand Qg, , we can write:
R, =B+RB+ B+ Ryt Ry, (3.10)
Qe =Q+Q+ Q+ Qpt Qo (3.11)
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where P,,; and P;,, are the power losses iR, and R,, while Q,,; and Q,,, are the

reactive powers absorbed b¥,, and X,,. These active and reactive losses are negligible
compared to the load powers. Applying this assuongtib (3.9), (3.10) and (3.11) leads to:

P,0R+R+P (3.12)
Q,01Q+Q+Q (3.13)

and:
VIZDRiz(F’sz R+ B);Xiz( Q+ Q+ Q) (3.14)

n

Finally, the voltage differenc¥,, is:

V,, = E, - EDM (3.15)

where:
P OR+R+R+R (3.16)
QuUQ+Q+Q+Q (3.17)

are the powers through secti&.

Using (3.6) with (3.15), (3.9) and (3.8), we caly #haatV,; is a function of all loads and
active and reactive powers, i.Bs,..P, andQ;...Q,. The same observation is valid fBy:

By =B~V = Eo_(V01+ Vipt Vzg (3.18)
becauseE, is constant. In other words, we can write:
E,=f(R..R.Q,..Q) (3.19)

Equation (3.19) shows that an active/reactive powaeiation (in the generaj node) that is
defined as:

AP =pPf - p° (3.20)
AQ =Q'-Q° (3.21)

whereP" (Q,") and P° (Q°) are the final and initial power values, respeatiy produces

a voltage variation in node 3 that is defined as:

AE,=E,' - E? (3.22)
In this treatment, we only consider the reactivevgovariations (i.e.AR =0) because we
assume that only the reactive power can be useontool the node voltages.
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The variationAE; can be calculated by linearizing (3.19) and ccersidj only the reactive
power variations. In particular, we can write:

ne, =% pq + %5

0Q, 0Q,

[y &
¥ 0Q, £Qy+ 0Q, A

The termsoE /dQJ. in (3.23) indicate the “gain” from the voltage iedion AE in nodei

AQ, +
(3.23)

when a reactive power variatidQ, occurs in nodg. In other words, they are Sensitivity

terms.
According to (3.18), we can obtain:

05 __Xu 08 __ Xut Xy

0 K 0Q E
aES - — X01+ X12+ X23 a E3= — X01+ XlZ

0Q; E 0Q, E,
Substituting equation group (3.24) into (3.23) magortant implications.
If we have a reactive injection in any node, i&Q, <0 (in this casej =1...4), thenAE; >0

(3.24)

in node 3 (i.e., the voltage increases). Then,dfwere to reduce the voltage in any node, we
must absorb reactive power from the network (i&Q, >0) by using, for example, the

distributed generators.

If the above analysis that focuses on node 3 ienebed to all network nodes, (3.23) has a
general matrix relationship:

[0E, 9E OE OE]
0Q 0Q 0Q 0Q
AE,] |9E, 9E, OE, OFE,[[AQ
AE,|_|9Q 0Q, 0Q 0Q(|AQ

= (3.25)
AE, 0E, 0E, 0E 0E | AQ
AE, 0Q, 0Q, 0Q 0Q, | AQ,
0E, OE, O0E, OE,
10Q 0Q 0Q 0Q
which in a compact form yields:
[2E]=[ % ][2d (3.26)

Where[sQ] is the reactive Sensitivity Matri*AQ] is the reactive power-variations vector

and [AE] is the nodal voltages vector.
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Calculating the partial derivatives containec[isg] , we have:

X X

01 01 XOl

X
|:SQ:| :_i XOl X01+ X12 X01+ X12 X01+ XlZ
En xOl X01+ x12 X01+ X12+ X23 XOJ?{- XlZ
xOl X01+ x12 X01+ X12 X01+ X12+ XZ

01

(3.27)

After analyzing this form of (3.27), we can say tthhis matrix can be built using the
following inspection rule:

“The elementi, j is the arithmetic sum of the reactances of thenbiha@s in which both the
powers absorbed by nodeand nodej flow multiplied by-1/E, "

For example, in (3.27), the element 2, 4-{sX,, + X,)/ E, because the powers delivered by

node 2 and node 4 flow in branches 01 and 12.
It is important to note that if we would considésaathe active power variation effect, for the
above discussions (3.26) becomes:

o] =[5 Jlaq+[ s][2 3 (329

where:
AP|=[AP AP, AR AP] (3.29)
1 2 3 4

is the active power variations vector e{ru;] is the active power Sensitivity Matrix, that is
formally identical to (3.27) but replacing the reates with the resistances and maintaining the
same subscript, i.eX,, becameR), etc. Also the inspection rule is identical, coesidg the

resistances instead of the reactances. Then thwe gawer Sensitivity Matrix for the network
of Fig. 3.3-2is:

R Ru R R.
1/Ry RutR: R+ R Rt R
E.|Rn Rut R, R+ R+ R R+ R

R Rt R Rt R Rt R

Typically, in MVDNSs, the resistance is not negligiif compared with the reactance. The

[s:]=- (3.30)

consequence is that in (3.28) the ma[Bg] is not negligible compared WiI[l'SQ], hence an

active power injection variation causes a voltageiation. In other words the so-called
P& -QV decoupling, that is typical of HV networks, is xm&ent in MVDNs because the
variations are “coupled” with the voltage variaton

It is important to note that in the above presentegbretical treatment, lines have been
modeled using the series RL equivalent circuit. Bhcapacitances have been neglected
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considering this elements like constant reactivegragenerators4Q

cap

=0). This assumption

creates a negligible error.
Equation (3.28) allows to calculate the phase gelteariation in function of the active and

reactive power variation. Multiplying the left attte right side of (3.28) by/§ and multiplying

and dividing the right side of the same equatior8p§3.28) can be expressed in function of the
three-phase parameters:

[av]=]s, J[aQ]+[ s 2 | (3.31)

where[AV] is the line-to-line voltage variation vector ajiiQ ], [AR] are, respectively, the

three-phase power variation vectors. The form efSknsitivity matrices in (3.31) is identical to
which reported in (3.27) and (3.30); however thrente'l/ E, must be substituted with1/V, ,

whereV, is the network line-to-line rated voltage. Theethirphase form of the Sensitivity

matrices can be used in Chapter 2, where the R@#& Moltage regulation technique will be
presented.

3.4 THE “B EST GENERATOR" CHOICE

The BG is the generator that has the greatesteinfi@ on nodeé, which is the node where
the voltage exceeds the threshold.

Thus, after analyzing (3.25), we can say that ti& iB the generator that maximizes the
following product, which we call thtSensitivity product:

95
% AQ, (3.32)

For example, if the node with a voltage that exsééd, is i =2 and the BG is connected to

node j =4, the Sensitivity produci{<3E2/<3Q4)A(g4 is the highest compared to the other

products contained in row 2 of the Sensitivity Nbatin addition, in order to choose the BG, it
is necessary to evaluate the single products (2Bf)e row that represents notdeThus, the
value AQ, is needed and is acquired as the VCS polls thesJB&stated previously. Another

possibility is that each generator it is able tol@nge to the network a “guaranteed” reactive
powerQ; , for every generated active power. In this case:

AQ =Q (3.33)

This last hypothesis is taken into account in thizk. In particular, we can say that a
generator is able to guarantee a minimum (induaiiveapacitive) power factmos¢; = 0.Cat

every generated active power. ThenAf is the (three-phase) nominal apparent power, the
guaranteed (three-phase) reactive power is:
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Q, = A sing, (3.34)

which can be inductive or capacitive in function thie power factor type (inductive or
capacitive). When the VCS choose a BG, send teeitr¢active power set—poin;t;, which can
be inductive in case of “high voltage” or capadtin case of “low voltage”.

The procedure above described suggests a way wiirdefthe ‘feactive powerSensitivity
Table [TSQ] that contains the single Sensitivity products aich is necessary to choose the

BG.
For the MVDN represented in Fig. 3.3{2, | takes the following form:

JE, JE, JE, 9E ,
anAQl aQZAQZ 6Q3AQ3 aQAAQA

JE, JE, JE, JE,
anﬂQl anAQZ aQ3AQa 6Q4AQ4

JE, JE, JE, JE,
anAQl anAQZ aQ3AQa 6Q4AQ4

oE, oE, oE, 0E,
anAQl anAQZ anQ* 6Q4AQ“

Row i represents the node in which we want to contrel thitage (the OTG node), and
column j represents the nodes in which we can control #&aetive power. The BG is the
generator connected to nodethat has the maximum absolute value of the Seitgifivoduct
in positioni, j . By finding the maximum (in absolute value) Sewiit product in rowi, we
automatically choose the BG because the locatioresponds to columrj of the maximum

Sensitivity product. The automatic “BG finder algom”, implemented in the VCS, is
explained in Paragraph 3.4.1.

It is clear that, for a general network withnodes, the Sensitivity Table takes the following
form:

(3.35)

[ OE, JE, OE, ,
3000 558 - 552Q
JE,

JE, JE,
B AQ .. oY AQN_

It is important to note that, if it is not possilite regulate the reactive power (e.g., if in that
node there is a load or a non-controllable gengrato a node j , then AQ, =0 and,

consequently, the Sensitivity product in the positi, j of the Sensitivity Table is 0.
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Comparing (3.35) with (3.25), we can say that ezlementi,j of [TSQ] represents the line-

to-ground voltage variation in nodewhen a reactive power variation occurs in ngde
It is clear that also theattive power Sensitivity Tabk{TSP] can be defined. The elements of
this table argoE, /9P, ) AR .

3.4.1 The “Best Generator” choice flow-chart

The BG finding algorithm, implemented in the VC@ndie described using the flow-chart
depicted in Fig. 3.4-1. Let us suppose we havehipeest voltage on the OTGth node sent
VFLS = 1 to the VCS). The Centralized Voltage Cohtnust be activated: as said before, by
finding the maximum (in absolute value) Sensitiyityoduct in the reactive power Sensitivity
Table rowi , we automatically choose the Bfzlf node). When the BG is found, the VCS:

* send to it the reactive power set-point (3.34)
* “locks” the BG because no others reactive poweuests can be sent to it
» repeats the cycle if VFLS is still present, in arttechose the successive BG

This procedure is also represented in Fig. 3.4+&re the OTG is on the node 2 while the
BG is connected to the node 3. It is importantaterthat also multiple OTGs can be present. In
this case the above described procedure will bdiemppn more than one reactive power
Sensitivity Table rows.

When the VFLS signal becomes 0 the CentralizedageltControl must be deactivated: the
above described procedure will be inverted by tRESVIn particular it:

« deactivates the reactive power set-point to the BG
* “unlocks” the BG
e repeats the cycle

If during the Centralized Voltage Regulation deaion a new VFLS incomes, the later BG
will be “recalled” again, sending to it the set4pin(3.34).

In case of VFLI the BG finding procedure is simitarthe previous one. However, in this
case a capacitive reactive power is needed. Theeretittive power set-point sent to the BG will
be:

Q, =—Asing, (3.37)
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VFLS transition
from O to 1?
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Find the BG

Send to it the reactive
power set-point
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Lock the BG

VFLS transition
from 1 to 0?

Si

v

Find the “last”
BG

v

Deactivate its
reactive power set-
point

v

Unlock it

Fig. 3.4-1. The “Best Generator” choice flow-chart
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Fig. 3.4-2. The “Best Generator” choice in termsfareactive power Sensitivity Table
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Chapter 4

Real-Time Digital Simulator model for the
Proposed Voltage Control

4.1 INTRODUCTION TO CHAPTER 4

In this chapter the Real-Time Digital Simulator (R3) model for the proposed voltage
control is presented. The proposed voltage commdiel is implemented on the “Ciccalento”
MV line’ which is installed in the Puglia region, in theigoof Italy. The Ciccalento MV line is
fed by the “San Giovanni Rotondo” primary substatio

The power system modeled in the RTDS is composed by

» the entire primary substation model, which contains
0 HV grid equivalent circuit.
o0 HVI/MV transformer equipped by the on-load tap crean@LTC)
0 automatic voltage regulator (AVR) of the MV busbar
* the entire MV line model, which contains
0 MV line pi-sections model
o0 PQ loads which represent
= MVI/LV secondary substations
= MV customers
o distributed generators, based on renewable energy
0 generators local voltage controllers
= UPG regulation function model
= RQV regulation function model
0 centralized voltage control system (VCS), basethersensitivity approach

In the following paragraphs the RTDS simulator @&hd power system model will be

described.

4.2 RTDS SIMULATOR DESCRIPTION

The Real-Time Digital simulator is a digital machiwhich allows to perform numerical
simulations in real-time. Moreover the RTDS is gmeaid by analog and digital signals interface

" This 20 kV MV line has been analyzed for the PQIgHot project on Smart Grids.
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cards which allow to connect the RTDS to real desjdike protection, regulation and coni
systems. The RTDS simulates the power system berciomnected devices are real dev

The RTDS installed by Enel [tribuzione in the “Enel Test Cenfenf Milan (ltaly), is a
four-rack (twoeubicles) machine, as reportecFig. 4.2-1.

Each rack allows to simule a grid composed by 54 singbdrase nodes. Then the no
capability of the entire RTDS 54x 4= 216single-phase nodes (72 thnelease busbars). Tl
nominal simulation timestep is50us and 2 us for the “smalldt” components, like powe
electronics devices.

Ll
M.

,,?-’

1]

¥

/

\n S
~ ~
S

L/

/1

i
/
4
/

Fig. 4.2-1 The RTDS (on the right side), with the amplifies bank (on the left side), installed in the
Enel Distribuzione Test Center (Milan, Italy)

The processor cards, which allow to perform the enical simulations, contained in t
racks are:
e 3PC Triple Processor Card (40 MHz 40 bit, 3 proces
e GPC Giga Processor Card (1 GHz 64 bit, 2 proce}
A WIF (Workstation InterFace) card synonize the racks and allows the hur-machine
interface, using a personal compt
The analog and digital interface cards
e GTAO (Gigabit Transceiver Analogue Output card)isTtard is necessary to ce-
out analog signals (x10 V) from the RTI

e GTAI (Gigabit Transceiver Analogue Input card). This calidw to read analo
signal using the RTLC

8«“Centro Prove Enel (Enel Test Center), Via Rubatgd, Milano, 20134, Italy
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 GTDO (Gigabit Transceiver Digital Output card). $laiard is necessary to ce-out
digital signals from the RTC

e GTDI (Gigabit Transceiver Digital Input carcThis card allow to read digital sigr
using the RTDS

e GTFPI (Gigabit Transceiver Front Panel Interfaced}arl his card allow to read ai
carry-out digital signal using the RTDS. The interfacénistalled on the front pan
of the RTDS and is equipped plugs.

Carriedeut signals can be amplified using the voltage&niramplifier bank of the RTD
(see Fig. 4.2-1).

HWII:z‘

Fig. 4.2-2. Voltage and current amplifier

4.3 ANALYZED MV NETWORK

4.3.1 Network reduction procedure

The proposed voltage control has been applied éd'@iccalento” MV line. The grid he
been implemented in the RTDS, including the “Saav@nni Rt¢ondo” primary substation. A
said before, the RTDS is able to simulate a 21@&saplid. Unfortunately, the considered grii
bigger than 216 nodes. Then a “network reductioa$ lbeen applied. It is clear that
consequence of this simplification i change of the line topology. Hence the topol
simplification can be performed only if the cong@aierror, in terms of voltage, is negligit

The distribution lines operate in radial topolog\ence two load structures can be pre:

» cluster loads
* successive loads
Fig. 4.3-1represents the two load structures above menti
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Distribution Line Distribution Line N N, N;
N -~ \ /
1 11
\ /
Y s
I:{ot /—f'\ _____ g
Qtot
N~~~ ™ Cluster of Load: Successive Loac

(a) (b)
Fig. 4.3-1. Example of cluster loads (a) and suessive loads (b).

In the following sections the methods to simplifgetwork with cluster loads and successive
loads are presented. In the following treatmentd$odave been considered as constant

(active/reactive) power devices.

4.3.1.1 Cluster loads simplification

Let us suppose that the entire active and reaptiveers absorbed by the cluster &g and
Q.. (see Fig. 4.3-1-a). There powers include the bsdeng all of the branches of the cluster
and can be calculated using a load-flow softwaraowing R, and Q,, it is possible to

substitute the cluster with an equivalent load #ieorbs these powers (see Fig. 4.3-2).
It is important to note that the power losses eftthanches of the cluster are dependant from

the nodal voltages, and then from the load condlitldsing the equivalent load with, and
Q. We lost this dependence causing an error. Howeligz, to the low value of the power

losses, this error can be neglected.
This procedure can be applied only if the voltagerebetween the main nodé\f) and the

of node which have the lowest voltagd,() is less than the maximum admissible voltage error

errV. % ie.

max ?

’\/Nl - VN2

N

<ernvV, . (4.1)

° The maximum admissible voltage error is 0,25 %is TWalue represents the half of the error
committed by the voltage measuring equipments irsdds pilot project.
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Distribution Line N Distribution Line N
\ / 1 \ / 1

$

= |:{Ot Qot

Nz)(\\—//\

Cluster of Load:!

Fig. 4.3-2. Equivalent load for the cluster struture.

It is important to note that this procedure allawréduce the node number request to the
RTDS. For example, if a cluster histhree-phase nodes, the equivalent load need amdy o
three-phase node (three single-phase nodes).

4.3.1.2 Successive loads simplification

Let us now consider a group of loads which are ltagpoally in succession, as reported in
Fig. 4.3-1-b. The boundaries of the group are =pred by the nodl, and N,. The purpose

of the simplification is to substitute the groupttwa single equivalent loadR(;, Q,,). In this
case the concept of equivalent load is relatechéovibltages at the boundary nodes. Let us

consider Fig. 4.3-3-a. To the successive loadf®fféeder it is associated the voltage profile
V,, - The voltages at the boundary nodes \4feandV, . When the successive loads are

substituted with the equivalent load, the voltagefife becomes/pl' and the voltages at the

boundary nodey,' andV, .

The equivalent load must be chosen in order toaguae the same voltage, of the original
feeder, at the boundary nodes. In other words d¢héition:

vV, =V,
oo (4.2)
Vy, = VN3'

must be verified. If the condition (4.2) is veriieall of the voltages along the line remain
unchanged after the substitution of the succedsiad group with the equivalent load. It is
important to note that the voltage profile betwdes boundary nodes cannot remains equal to
the original, but this is not a problem becausectipgvalence is based on the boundary nodes.
It is now necessary to explain the method to chdbeeequivalent load which satisfy the
condition (4.2).
Let us consider Fig. 4.3-3-b. The group of suceeskiads is delimited by the sectio8s

(initial) and S, (final).
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K N, N 2
/ i f /
| \/I/ \Vf |
T J7 \
> XS |
Q> o
Successiv L rx |
| ] | S
Loads S/ 3 1 7 f
/ I I
| \/I Veq Vf |
;X : * - ‘
LN, ‘L P P
v 7 Q ‘ \\
Fl)\/\l\.}L } €q i \(\fo
Qe . '\/l\,‘» | ‘\I/\>Q
T Equivalent Qg | | L f
| |
Load Lo i l
e L

MV busbar positiol

(a) (b)

Fig. 4.3-3. The concept of equivalent load for swessive loads (a). Electrical circuit for the
equivalent calculation (b).

If we neglect the power losses with respect topiwers which interest the group of load,
we can calculate (for the top figure) the powersciified the initial section:

P=P

I tot

Q=Qu+Q (4.4)

where P andQ, are the total active and reactive powers respagtizbsorbed by the group of

+R (4.3)

loads. The voltag¥, at the initial nodeN, depends on these powers. In the bottom figure the
equivalent load is installed. Hence, if we want $hene voltage of the original network in the at

the initial section, i.evi' =V, we must define the equivalent load as:
(4.5)
Que = Qi (4.6)

If (4.5) and (4.6) are satisfie® =P, Q =Q and thenV, =V . In other words the
equivalence at the beginning of the section isBad.

69



Chapter 4: Real-Time Digital Simulator model for the Proposed Voltage Control

It is now necessary to verify the equivalence ateéhd of the section, at the noble . In

other words we warW,’ =V, . This condition can be reached positioning the\adent load in

the correct position, as reported in Fig. 4.3-44, calculating the correct distankg (see Fig.

4.3-3-b).
/\S Correct equivalent loe
2 positioning

s Uncorrect equivalent loe
W positioning
Desired voltage value

— <« atthe end of the sectic
> X

Fig. 4.3-4. Equivalent load positioning along théseder.

For this purpose thealculation of the voltage dropan be used. In particular,iif and x are
the per-kilometer resistance and reactance respctf the feeder (which is considered as a
constant section line), we can calculate the veltdgop between the initial section and the
equivalent load connection point:

V-, = qu[(Peq+ P E\f/+(Qeq+ Q) D<] = (V= V) V= LK (4.7)

eq

where:

Ky 2[(Pq+ P) 0 +( Qe+ Q) ] (4.8)

Similarly we can calculate the voltage drop betw#sn equivalent load connection point
and the final section:

v (AL-1)[P @ +Q, X]
eq f Vf

= (V= Vi) Vi =(8 L= L) 0K, (4.9)

where:

AL=L, -L (4.10)
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and:
K, 2[ P, 0 +Q X (4.11)
From (4.9) we can derivé,
Voo = Ky = K, (4.12)
where:
. K, AL +V,?
K=——— (4.13)
Vf

Substituting (4.13) in (4.7) we can calculate thstashcel _, solving the following second

eq’
order equation:

K2 2+ (K, +V, K, = 20K, K )|+ (K -V K ) =0 (4.14)

Normally only one solution is positive and have gibgl meaning.
Summarizing we can say that the equivalent loac (@foup of successive loads) must have
the power indicated by (4.5) and (4.6), and mugtlibeed at the distandg, derived by (4.14).

The voltages/ andV, , necessary in (4.14) can be calculated, startiom fthe original

network, using a load-flow software.

It is important to note that the proposed approaotks correctly also when the direction of
the active and reactive powers is inverted (thisdittion occurs when distributed generators are
installed along the feeder, after the final sedtioecause the power balance it is also satisfied in
this case. In other words the powers representdeéign4.3-3-b must be considered with its
signs.

In order to define the group of successive loadgtlowing rule has been used: “a group of
load can be reduced in a single equivalent loddeifdifference between all load voltages is less
thanerrVv,__.".

It is important to note that, from (4.14), the distel., is a function of the active and

reactive powers. In other words the positioninghef equivalent load should be varied during
the time, because the powers are typically timéawarlt is clear that is impossible to move the
load during the network operation. $9 will be calculated in a particular load condition,

evaluating the consequent error.

4.3.2 Grid topology and characteristics

The reduced grid is represented in Canvas 1, Caheasl Canvas 3, attached at the end of
this chapter. In the follow of this chapter, th&dgrharacteristics are presented, in terms of lines
parameters, sensitivity table, generators and atgnd characteristics etc.
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4.3.2.1 Primary substation parameters

In this paragraph the primary substation componanésdescribed. In particular Table |
summarizes the HV grid Thévenin equivalent cirquétrameters and Table Il summarizes
HV/MV transformer parameters. The transformer igipged by an on-load tap changer which
allows to vary the voltage by 15 % of the nominaltage using +10 taps. The tap changer is
controlled by an automatic voltage regulator (ARMich follows the MV busbar voltage set-
point.

TABLE |. HV GRID THEVENIN EQUIVALENT CIRCUIT PARAMETERS

Thévenin generator Thévenin impedance Short-cipiter
Nom. voltage [kV] f [Hz] R[Q] L [H] S [MVA]
150 50 1.216 0.02176 2500

TABLE Il. HV/MV TRANSFORMER PARAMETERS

Norm. Nom. voltage|  windings Vee
power [kV] connection Po Pec [%] Wl | fiHz]
[MVA] [kw] [kw] (on central
HV | MV | HV | MV tap)
25 150 20 Y Y 16 122 14.6 1 50

4.3.2.2 Lines pi-section parameters

The “Ciccalento” MV line pi-sections parameters swenmarized in Table Ill, where:
« “SPIRA! Code” is the section ID code

“R1” is the pi-section positive sequence seriestasce

e “X1"is the pi-section positive sequence seriestitle reactance

e “Xcl”is the pi-section positive sequence shuntacdipre reactance

* “RO0”"is the pi-section zero-sequence series rasigta

e “Xc0" is the pi-section zero-sequence shunt capecieactance

* “I"is the pi-section length

* “Material” is the pi-section material (CU = coppéi, = aluminum)

* “S”is the pi-section section

e “0p of cable” is the pi-section cable percentaggthn

1 SPIRA is the CESI S.p.A. load-flow software, ugedreduce the network, as described in this
chapter.
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“% of overhead line” is the pi-section overheacklpercentage length
“% of overhead cable” is the pi-section overheduepercentage length

It is important to note that pi-sections characedli by a “m”, as last character of the
“SPIRA code”, are the modified section necessaryettuce the original MV grid. In these
sections, fields “Material”, “S”, “% of cable”, “%f overhead line” and “% of overhead cable”
are not present.

TABLE Ill. “CICCALENTO ” MV LINE PI-SECTIONS PARAMETERS
SPIRA Colel (ohm) X1 (ohm) | Xc1 (Mohm) [ RO (ohn|X0 (ohm)XcO (Mohm] I (km) Material S (mm2)| % of cablL/u overhead lingo overhead cable
MM678 2,22 1,38 0,026850 3 5,95p 0,0315p5 3,7p5 CuU 35 0 92,095 7,905
SPIRA Colel (ohm) X1 (ohm) | Xc1 (Mohm) [ RO (ohn|X0 (ohm)XcO (Mohm] I (km) Material S (mm2)| % of cablL/u overhead lingo overhead cable
MM679 0,252 0,116 1,175877 0,29 0,484 2,665912 0|3 AL 40 0 100 0
SPIRA Colel (ohm* X1 (ohm) | Xg (Mohm) | R (ohm)[X, (ohm*Xco (Mohm)| I (km) Material S (mf) | % of cable|% overhead Iiri% overhead cable
MM6208 | 1,312 | 0,492 0,338808 1,48 1,9#6 0,908478 172, CuU 16 0 100 | 0
SPIRA Code ‘ R(ohm) | X (ohm) ‘ Xa (Mohm) ‘ R (ohm) ‘ X% (ohm) | X@ (Mohm) ‘ I (km)
MM680m | 1,2124 | 0,5478 | 0,245050 | 1,4258 | 2,34OZI 0,58149 | 1,445
SPIRA Cod¢R1 (ohm) X1 (ohm) [ Xc1 (Mohm)| RO (0hr+<0 (ohm)Xc0 (Mohm) | (km) Material S (mm2) | % of cablé overhead lingo overhead cable
AA6002 0,1596 0,0722 1,829998 0,18612 0,3078  4,28983 0,19 AL 40 0 100 0
SPIRA Cod¢R1 (ohm) X1 (ohm) [ Xcl (Mohm)| RO (0hr+<0 (ohm)Xc0 (Mohm) | (km) Material S (mm2) | % of cablé overhead lingo overhead cable
MM684 1,512 0,86 0,189481 1,824 3,416  0,506057 2,1 CcuU 25 0 100 0
SPIRA Cod¢R1 (ohm) X1 (ohm) [ Xc1 (Mohm)| RO (ohm{X0 (ochm}XcO (Mohm) | (km) Material S (mm2) | % of cablé overhead lingo overhead cable
MM685 1,152 0,656 0,248330 1,388 2,4 0,666338 1p UucC 25 0 100 0
SPIRA Cod¢R1 (ohm) X1 (ohm) [ Xcl (Mohm)| RO (ohm{X0 (ochm}XcO (Mohm) I (km) Material S (mm2) | % of cablé overhead lingo overhead cable
MM6196 0,144 0,084 1,999434 0,173 0,324 4997015 2 O cuU 25 0 100 0
SPIRA Cod¢R1 (ohm) X1 (ohm) [ Xc1 (Mohm)| RO (0hr+<0 (ohm)Xc0 (Mohm) | (km) Material S (mm2) | % of cablé overhead Iiri% overhead cable
MM686 0,072 0,04 3,998868 0,08?1 0,14 10,009y45 01 cu 25 0 100 | 0
SPIRA Code R1 (ohm) X1 (ohm) Xcl (Mohm) RO (ohm) 6bm) Xc0 (Mohm) I (km)
MM687m 1,9048 1,4544 0,076764439 13,224 4,3477 8349291 3,74
SPIRA Code R1 (ohm) X1 (ohm) Xcl (Mohm) RO (ohm) 6Bm) Xc0 (Mohm) I (km)
AB6002m 1,4032 0,5256 0,267955659 1,608 2,064 95,6835 1,26
SPIRA Cod}Rl (ohm‘ X1 (ohm) ‘ Xcl (Mohm)‘ RO (0hr+<0 (ohm*XcO (Mohm* | (km) ‘ Material ‘ S (mm2) | % of cablé overhead Iiri% overhead cable
MM691 | 0,112 | 0,04 | 3,998868 | 0,12?1 0,1614 10,009}745 0,|1 cu 16 | 0 | 100 | 0
SPIRA Code ‘ R1 (ohm) | X1 (ohm) ‘ Xc1 (Mohm) ‘ RO (ohm) ‘ 6bm) | Xc0 (Mohm) ‘ I (km)
MM692m | 1,676 | 0,628 | 0,264772822 | 1,9 | 2,48 | 0,70143209*3 15
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SPIRA Cod¢R1 (ohm) X1 (ohm) [ Xcl (Mohm)| RO (ohm{X0 (ochm}XcO (Mohm) | (km) Material S (mm2) | % of cablé overhead lingo overhead cable
MM6150 0,06 0,012 0,214944 0,194 0,008 0,214944 80, AL 50 100 0 0
SPIRA Cod¢R1 (ohm) X1 (ohm) [ Xcl (Mohm)| RO (ohm{X0 (ochm)XcO (Mohm) | (km) Material S (mm2) | % of cablé overhead lingo overhead cable
MM6151 | 0,112 0,04 3,998868 0,124 0,144 10,009f45 1 O cu 16 0 100 0
SPIRA Code R1 (ohm) X1 (ohm) Xcl (Mohm) RO (ohm) 6Bm) Xc0 (Mohm) I (km)
MM6152m 0,9728 0,3639 0,023642713 2,2273 1,099 24206554 1,34
SPIRA Code R1 (ohm) X1 (ohm) Xc1 (Mohm) RO (ohm) 6dm) Xc0 (Mohm) I (km)
AC6002m 0,3912 0,2081 0,634639697 0,4727 0,904 6085057 0,55
SPIRA Cod}Rl (ohm‘ X1 (ohm) ‘ Xcl (Mohm)‘ RO (ohm{X0 (ohm1><00 (Mohm1 | (km) ‘ Material ‘ S (mm2) | % of cablé overhead Iir{% overhead cable
AD6001 | 0,0112| 0,004 | 39,98867# 0,0138 0,0168 10(44B|7 0,01 | cu | 16 | 0 | 100 | 0
SPIRA Code R1 (ohm) X1 (ohm) Xc1 (Mohm) RO (ohm) 6bm) Xc0 (Mohm) I (km)
AD6002m 0,1808 0,068 2,499684987 0,2072 0,2712 0986599 0,123
SPIRA Code R1 (ohm) X1 (ohm) Xcl (Mohm) RO (ohm) 6bm) Xc0 (Mohm) I (km)
MM6167m 2,088 1,188 0,136919256 2,516 4,712 0,36335 2,9
SPIRA Cod}Rl (ohm‘ X1 (ohm) ‘ Xcl (Mohm)‘ RO (ohm{X0 (ohm*XcO (Mohm* | (km) ‘ Material ‘ S (mm2) | % of cablé overhead Iiri% overhead cable
MM6175 | 0,36 | 0,204 | 0,799573 | 0,436 0,812 2,103&133 0,|5 cu | 25 | 0 | 100 | 0
SPIRA Code R1 (ohm) X1 (ohm) Xc1 (Mohm) RO (ohm) 6bm) Xc0 (Mohm) I (km)
MM6173m 0,664 0,28 0,493580224 0,772 1,172 1,116631 0,724
SPIRA Code R1 (ohm) X1 (ohm) Xcl (Mohm) RO (ohm) 6Bm) Xc0 (Mohm) I (km)
MM6169m 0,54 0,232 0,016258467 1,212 1,124 0,016a@@5 0,951
SPIRA Code R1 (ohm) X1 (ohm) Xcl (Mohm) RO (ohm) 6bm) Xc0 (Mohm) I (km)
MM6171m 0,22 0,112 0,016445789 0,852 0,652 0,016980 0,666
SPIRA Cod¢R1 (ohm) X1 (ohm) | Xcl (Mohm)| RO (ohrr*)(O (ohm)Xc0 (Mohm) | (km) Material S (mm2) | % of cab|é overhead Iir{% overhead cable
MM694 0,632 0,344 0,112936 0,84# 1,396 0,131511 09 cu 25 11,111 88,889 | 0
SPIRA Cod¢R1 (ohm) X1 (ohm) | Xcl (Mohm)| RO (ohrr*)(O (ohm)Xc0 (Mohm) | (km) Material S (mm2) | % of cab|é overhead Iir{% overhead cable
MM695 0,488 0,26 0,119701 0,674 1,072 0,134415 o7 CuU 25 14,286 85,714 | 0
SPIRA Cod¢R1 (ohm) X1 (ohm) | Xcl (Mohm)| RO (ohm{X0 (ohm)XcO (Mohm) | (km) Material S (mm2) | % of cab|é overhead Iir{% overhead cable
MM696 0,152 0,084 0,470316 0,2 0,344 0,547677 0,22 CuU 25 0 90,909 | 9,091
SPIRA Code R1 (ohm) X1 (ohm) Xc1 (Mohm) RO (ohm) (Bim) Xc0 (Mohm) 1 (km)
MM6105m 0,0487 0,0284 0,65428548 0,0729 0,113 (0968699 0,076
SPIRA Code R1 (ohm) X1 (ohm) Xcl (Mohm) RO (ohm) 6bm) Xc0 (Mohm) I (km)
AE6002m 0,9633 0,5516 0,29637792 1,1631 2,178 4802 1,339
SPIRA CodiRl (ohm‘ X1 (ohm) ‘ Xcl (Mohm)‘ RO (ohrr*y(o (ohm1X00 (Mohm{ I (km) ‘ Material ‘ S (mm2) | % of cab|é overhead Iir‘% overhead cable
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MM6109 | 1,08 ‘ 0,616 ‘ 0,264773 ‘ 1,304 2,4|1 0,7014{32 1,F Ccu 25 ‘ 0 | 100 | 0
SPIRA Colel (ohm‘ X1 (ohm) ‘ Xcl (Mohm)‘ RO (ohm{X0 (ohm*XcO (Mohm* I (km) ‘ Material ‘ S (mm2) | % of cab|é overhead Iirié/o overhead cable
MM6123 | 0,612 | 0,348 | 0,470316 | 0,74 1,344 1,2492154 5 0,+ cu 25 | 0 | 100 | 0
SPIRA Code ‘ R1 (ohm) | X1 (ohm) Xcl (Mohm) ‘ RO (ohm) ‘ 6Bm) | Xc0 (Mohm) ‘ I (km)
MM6124m | 1,6761 | 0,628 0,264755204 | 1,9001 | 2,4804 1385731 | 1,5001
SPIRA Cod*ﬂl (ohm' X1 (ohm) ‘ Xcl (Mohm)‘ RO (0hr+<0 (ohm*XcO (Mohm* | (km) ‘ Material ‘ S (mm2) | % of cablé overhead Iiri% overhead cable
AF6002 | 0,0559| 0,02 | 8,013844| 0,06%9 0,0!138 20,05133)40499 | CcuU | 16 | 0 | 100 | 0
SPIRA Code R1 (ohm) X1 (ohm) Xcl (Mohm) RO (ohm) 6Bm) Xc0 (Mohm) I (km)
MM6129m 0,3931 0,1484 1,138854691 0,4453 0,5817 65908484 0,351
SPIRA Code R1 (ohm) X1 (ohm) Xc1 (Mohm) RO (ohm) 6dm) Xc0 (Mohm) I (km)
AG6002m 1,6713 0,832 0,188594553 3,5753 3,232 T BBEB5 2,087
SPIRA Cod¢R1 (ohm) X1 (ohm) [ Xcl (Mohm)| RO (ohm{X0 (ochm}XcO (Mohm) | (km) Material S (mm2) | % of cablé overhead lingo overhead cable
AH6002 0,4116 0,3596 0,454793 0,5594 1,7463 0,8D0B7 0,999 AA 60 0 100 0
SPIRA Cod¢R1 (ohm) X1 (ohm) | Xcl (Mohm)| RO (ohrr*)(O (ohm)Xc0 (Mohm) | (km) Material S (mm2) | % of cab|é overhead ling overhead cable
MM6137 | 0,692 0,26 0,644874 0,784 1,024 1,738448 20, cu 16 0 100 0
SPIRA Code ‘ R1 (ohm) | X1 (ohm) ‘ Xc1 (Mohm) ‘ RO (ohm) ‘ 6bm) | Xc0 (Mohm) ‘ I (km)
MM6138m | 1,788 | 1,252 | 0,112939926 | 2,264 | 5,188| 0,267131 | 3,205

4.3.3 Line sensitivity matrices and line sensitivity tables

The “Ciccalento” MV line sensitivity matrices anabtes are presented in this paragraph. In
particular:
e Table IV represents the line reactive power sarisitmatrix
e Table V represents the line active power sensjtiviaitrix
e Table VI represents the line reactive power seisittable, calculated considering a
single-phase reactive power variation and phastag®lvariation. The sensitivity
table is calculated considering the reactive poveetation which corresponds to the

power factorcosgz); = 0.¢ (see Chapter 3) applied to the generator ratecrapp

power (for generator characteristics see Paragiehh).
The reactive power sensitivity table is implemeniedhe Voltage Control System (VCS),
described in Chapter 3, in order to perform thdre¢imed voltage control.
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G1

G2

G3

G4

TABLE IV. “CICCALENTO " MV LINE REACTIVE POWER SENSITIVITY MATRIX  (UNITS [V/VAR])
Gl G2 G3 G4 G5
Nodes 12 6789 1011 12 13 14 15 2021 22 23 24 25 26 27 28 29 30

1 0|0 o(o|ojojO|Of O] O] O] Of -0,000119510,00011951-0,00011951-0,0001195310| 0| O O O Of O 4 ¢ -0,00011951
2 0|0 0(0|0|j0|O|Of O] O] O] Of -0,000129560,00012956-0,00012956¢-0,000129560 | 0| O O O Of O 4 O -0,00012956
3 0|0 o(o|ojojo|Of O] O] O] Of -0,000177060,00017700-0,00017700-0,000177000 | 0| Of O O/ Of O d O -0,000177/00
4 0|0 o(o|ojojO|Of O] O] O] Of -0,0001832350,0001832%-0,00018325%-0,000183250| 0| 0| O 0| Of O 4 O -0,00018325
5 0|0 0(0|o0j0j|O|Of O] O] O] Of -0,000257730,00025773-0,00025773-0,000257730| 0| O O O/ Of O 4 O -0,00025773
6 0|0 0(0|0|0|O| Of O] O] O] Of -0,000314540,00031454-0,00031454-0,000314540| 0| 0| O O/ Of O 4 O -0,00031454
7 0|0 o(o|ojojo|Of O] O] O] Of -0,000318(60,00031800-0,0003180(-0,000318000 | 0| O O O Of O 4 O -0,00031800
8 0|0 0(0|0|0|O| Of O] O] O] Of -0,000443960,00044396-0,00044396¢-0,000443960| 0| 0| O O/ Of O 4 O -0,00044396
9 0|0 0(0|0|0|O| Of O] O] O] Of -0,000489480,00048948-0,00048948-0,000489430 | 0| 0| O O/ Of O 4 O -0,00048948
10 |00 0(0|0|0|O| Of O] O] O] Of -0,000543860,00054386-0,00054386-0,000543860| 0| O O O Of O 4 O -0,00054386
11 | 0|0 0(0|0|0| 0| Of O] O] O] Of -0,000544960,00054490-0,0005449(0-0,000543860| 0| O O O Of O 4 O -0,00054386
12 | 0|0 o(o|ojoj|O|Of O] O] O] Of -0,000576420,00057642-0,00057642-0,000543860| 0| O O O/ Of O d O -0,00054386
13 | 0|0 o(0|0|j0|O| Of O] O] O] Of -0,000594440,00059444-0,00059444-0,000543860| 0| 0| O O/ Of O 4 O -0,00054386
14 | 0|0 o(0|o0j0j|O|Of O] O] O] Of -0,0005947490,00059479-0,00059479-0,000543860| 0| O O O/ Of O 4 O -0,00054386
15 | 0|0 o(0|o|j0j|O|Of O] O] O] Of -0,000600680,00060064-0,00060068-0,0005438¢0| 0| O O O Of O 4 O -0,00054386
0|0 o(o|oj0jO|Of O] O] O] Of -0,000703360,00060064-0,00060068-0,000543860| 0| O O O Of O 4 O -0,00054386

0|0 ofo|ojojo|0Of 0| O] O] O -0,000600(180,00061831 -0,00060064-0,0005438¢ 0 | 0| O| O] Of Of 4 4 @ -0,00054386

0|0 ofojojojo|0Of 0| O] O] O -0,000600480,00060068-0,0006207' -0,000543860| 0| Of O O Of O 4 4 -0,00054386

0|0 0(0|0|0|O| Of O] O] O] Of -0,000543860,00054386-0,00054386-0,000573660| 0| O O O Of O 4 O -0,00057366

20 |0|0 0(0|0|0|O| Of O] O] O] Of -0,000543860,00054386-0,00054386-0,000573660| 0| O O O Of O 4 O -0,000596117
21 | 0|0 0(0|0|0|O| Of O] O] O] Of -0,000543860,00054386-0,00054386-0,000573660| 0| O O O Of O 4 O -0,00060345
22 | 0|0 o(o|oj0j|O|Of O] O] O] Of -0,000543860,00054386-0,00054386-0,000573660 | 0| O O O Of O 4 O -0,00060591
23 | 0|0 o(o|oj0j|O|Of O] O] O] Of -0,000543860,00054386-0,00054386-0,000573660 | 0| O O O Of O 4 O -0,00065368
24 | 0|0 0(0|0|0|O| Of O] O] O] Of -0,000543860,00054386-0,00054386-0,000573660| 0| O O O Of O 4 O -0,000707/02
25 |0|0 0(0|0|0|O|Of O] O] O] Of -0,000543860,00054386-0,00054386-0,000573660 | 0| O O O Of O 4 O -0,000737[16
26 |0|0 0(0|0|0|O| Of O] O] O] Of -0,000543860,00054386-0,00054386-0,000573660| 0| O O O Of O 4 O -0,00079155
27 | 0|0 o(o|oj0j|O|Of O] O] O] Of -0,000543860,00054386-0,00054386-0,000573660 | 0| O O O Of O 4 O -0,00079328
28 |0|0 o(o|oj0j|O|Of O] O] O] Of -0,000543860,00054386-0,00054386-0,000573660 | 0| O O O/ Of O 4 O -0,000806(13
29 |0|0 0(0|0|0|O| Of O] O] O] Of -0,000543860,00054386-0,00054386-0,000573660| 0| O O O Of O 4 O -0,00087818
30 |[o[0 0(0|0|0|O| Of O] O] O] Of -0,000543860,00054386-0,00054386-0,000573660| 0| O O O Of O 4 O -0,00090933
GS- 0|0 o(o|oj0j|O|Of O] O] O] Of -0,000543860,00054386-0,00054386-0,000573660 | 0| O O O Of O 4 O -0,00101775
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TABLE V. “CICCALENTO " MV LINE ACTIVE POWER SENSITIVITY MATRIX  (UNITS [V/W])

G1 G2 G3 G4 G5
Nodes 12 78910111213 14 15 2021 22 23 24 25 26 27 28 29 30
1 0|0 0|0|0|0| 0| O| Of O] O -0,000192260,00019226-0,00019226-0,000192260| 0 0| 0| Of O O d ( -0,00019226
2 |00 0|0|0|0| 0| O| Of O] O -0,0002140180,00021408-0,00021408-0,000214080 | 0 0| O] Of O O d ( -0,00021408
3 |00 0|0|0|j0| 0| O| Of O] O -0,000319080,00031908-0,00031908-0,000319080| 0 O O] Of O 4 d ( -0,00031908
4 |0f0 0|0|0|j0| 0| O| Of O] O -0,000332960,00033290-0,00033290-0,000332900 | 0 O O] Of O 4 g ( -0,00033290
5 (0|0 0|0|0|0[ 0| O| Of O] O -0,000463840,00046384-0,00046384-0,000463840| 0 0| O] Of O 4 d ( -0,00046384
6 |0|0 0|0|0|0| 0| O| Of O] O -0,000563410,00056361-0,00056361-0,000563610|0( 0| O] Of O 4 J ( -0,00056361
7 |0|0 0|0|0|0| 0| O| Of O] O -0,000569840,00056984-0,00056984-0,000569840| 0 0| O] Of O 4 d ( -0,00056984
8 |0|0 0|0|0|0| 0| O| Of O] O -0,000734§10,00073481-0,00073481-0,000734810| 0 O O] Of O 4 g ( -0,00073481
9 |0|0 0|0|0j0| 0| O| Of O] 0O -0,000856330,00085633-0,00085633-0,000856330| 0 0| O] Of O 4 g ( -0,00085633
10 |0j0 0|0|0|0| 0| O| Of O] O -0,001001470,00100147-0,00100147-0,001001470| 0 O O] Of O O d ( -0,00100147
11 |0j0 0|0|0|0| 0| O| Of O] O -0,001006470,00100667-0,00100667-0,001001470|0f O O] Of O 4 d ( -0,00100147
12 |0j0 0|0|0|j0| 0| O| Of O] O -0,001090910,00109091-0,00109091-0,001001470| 0 O O] Of O 4 g ( -0,00100147
13 |0j0 0|0|0|j0| 0| O| Of O] O -0,0011247190,00112479-0,00112479-0,001001470| 0 0| O] Of O @4 g ( -0,00100147
14 |0j0 0|0j0oj0| 0| O| Of O] O -0,001125760,00112576-0,00112576-0,001001470| 0 O O] Of O 4 g ( -0,00100147
15 |0j0 0|0|0|0[ 0| O| Of O] O -0,001141420,00114142-0,00114142-0,001001470|0f 0| O] Of O O J ( -0,00100147
G1 00 0|0|0|0| 0| O| Of O] O -0,001322250,00114142-0,00114142-0,001001470| 0 0| O] Of O O d ( -0,00100147
G2 o0 0|0j0j0| 0| O| Of O] O -0,001141420,0011726(-0,00114142-0,001001470| 0 0| O] Of O O g ( -0,00100147
G3 o0 0|0|0j0| 0| O| Of O] O -0,001141420,00114142-0,00118819-0,001001470|0f O O] Of O 4 g ( -0,00100147
G4 00 0|0|0|j0| 0| O| Of O] O -0,001001470,00100147-0,00100147-0,001056200| 0 O O] Of O O d ( -0,00105620
20 |0j0 0|0|0|0| 0| O| Of O] O -0,001001470,00100147-0,00100147-0,001056200| 0 O O] Of O 4 J ( -0,00109847
21 |0j0 0|0|0|0| 0| O| Of O] O -0,001001470,00100147-0,00100147-0,001056200| 0 O O] Of O 4 d ( -0,00111163
22 |0j0 0|0|0|j0| 0| O| Of O] O -0,001001470,00100147-0,00100147-0,001056200| 0 O O] Of O 4 g ( -0,00111585
23 |0j0 0|0|0|j0| 0| O| Of O] O -0,001001470,00100147-0,00100147-0,001056200| 0 O O] Of O 4 d ( -0,00119927
24 0|0 0|0|0|0| 0| O| Of O] O -0,001001470,00100147-0,00100147-0,0010562¢00| 0 0| O] Of O O d ( -0,00129280
25 |0j0 0|0|0|j0| 0| O| Of O] O -0,001001470,00100147-0,00100147-0,001056200| 0 O O] Of O O d ( -0,00134580
26 | 0]0 0|0|0|j0| 0| O| Of O] O -0,001001470,00100147-0,00100147-0,0010562¢00| 0 0| O] Of O O J ( -0,00149006
27 |0j0 0|0|0j0| 0| O| Of O] O -0,001001470,00100147-0,00100147-0,001056200| 0 O O] Of O 4 g ( -0,00149580
28 | 0|0 0|0|0|j0| 0| O| Of O] O -0,001001470,00100147-0,00100147-0,001056200| 0 O O] Of O 4 d ( -0,00152984
29 |0j0 0|0|0|j0| 0| O| Of O] O -0,001001470,00100147-0,00100147-0,001056200| 0 0| O] Of O O J ( -0,00167458
30 |0f0 0|0|0|0| 0| O| Of O] O -0,001001470,00100147-0,00100147-0,001056200| 0 0| O] Of O O d ( -0,00171023
GS- o0 0|0|0|j0| 0| O| Of O] O -0,001001470,00100147-0,00100147-0,001056200| 0 O O] Of O 4 g ( -0,00186507
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TABLE VI. “CICCALENTO ” MV LINE REACTIVE POWER SENSITIVITY TABLE (GENERATORS MINIMUM
POWER FACTOR = 0.9, TABLE UNITS [V])
Gl G2 G3 G4 G5
Nodes 12 3456 7 8 9 10 11 12 13 14 15 2021 22 23 24 25 26 27 28 29 30
1 olo|ofo|ofo|O|O|O|OfO| O] O] Of Of -24,6963 -24,696 -24,6963 -3,9360 0] 00 O 0 -20,0851
2 olo|ofo|ofo|O|O|O|OfO| O] O] Of Of -26,7723 -26,772 -26,7723 -4,2668 0] 00 O 0 -21,7734
3 olo|ofo|ofo|o|o|O|OfO| O] O] Of Of -36,5756 -36,575¢ -36,5756 -5,8292 0| 00 O 0| -29,7463
4 olo|ofo|ofo|o|O|O|OfO| O] O] Of Of -37,8677 -37,8671 -37,8677 -6,0352 0] 00 O 0| -30,7971
5 olo|ofo|ofo|O|O|O|OfO| O] O] Of Of -53,2582 -53,258% -53,2582 -8,4880 0] 00 O 0 -43,3139
6 olo|ofo|ofo|O|O|O|O|O| O] O] Of Of -64,9979 -64,997 -64,9979 -10,35p0 | O 0g O 0 -52,8616
7 olo|ofo|ofo|O|O|O|OfO| O] O] Of Of -65,7138 -65,713 -65,7138 -10,4781 | O 0d O 0 -53,4438
8 olo|ofo|ofo|o|O|O|OfO| O] O] Of Of -91,7416 -91,7414 -91,7416 -14,62{13 | 0 0d O 0 -74,6117
9 ojo|ofo|ofo|o|ojoj|OfO| O| O] Of Of -101,147 -101,1476 -101,14f76 -16,120a (0| 0| O q -82,2615
10 [ojo|o|o|jo|o|OfO|OfO| O] O| Of Of O -112,3863 -112,3863 -112,3853 -179116 (0| 0| O q -91,4017
11 |[ojo|o|o|o|o|OfO|OfO| O] O| Of Of O -112,601Q -112,6010 -112,6010 -179116 (0| 0| O q -91,4017
12 |ojo|o|o|o|O|OfO|OfO| O] O| Of Of O -119,1133 -119,1133 -119,11B3 -179116 (0| 0| O q -91,4017
13 |[ojo|o|o|o|o|OfO|OfO|O| O| Of Of O -122,8374 -122,8375 -122,835 -17,9116 (0| 0| O q -91,4017
14 |[ojo|o|o|o|O|OfO|OfO|O]| O| Of Of Of -122,9091 -122,9091 -122,90P1 -17,9116 (0| 0| O q -91,4017
15 |[o0jo|o|o|o|O|OfO|OfO|O]| O| Of Of Of -124,126Q -124,1260 -124,1250 -179116 (0| 0| O q -91,4017
G1 ofo|o|ofo|OfO|OfO|O|Of Of O] O] O] -1453863 -124,1260 -124,1250 -179116 (0| 0| O q -91,4017
G2 ojo|jo|jofo|ofo|ofOojO|Of Of O] O] Of -124,126q -127,7768  -124,1250 -17,9116 (0| 0| O q -91,4017
G3 ojo|jo|ofo|ofo|of0ojO|Of Of O] O] Of -124,126Qq -124,1260 -128,27[8 -17,9116 (0| 0| O q -91,4017
G4 ojo|o|jofo|ofo|ofojO|Of Of O O] Of -112,3863 -112,3863 -112,38p3 -18,892¢ (0| 0| O q -96,4084
20 |[oOjo|o|o|jo|o|OfO|OfO| O] O| Of Of O -112,3863 -112,3863 -112,3853 -18,8926 ( 0 0| O q -100,192
21 |[o0jo|o|o|o|O|OfO|OfO|O]| O| Of Of O -112,3863 -112,3863 -112,3853 -18,8926 ( 0 0| O q -101,415]
22 |ojo|o|o|o|o|OfO|OfO| O] O| Of Of O -112,3863 -112,3863 -112,3853 -18,892¢ (0| 0| O q -101,828
23 |[ojo|o|o|o|o|OfO|OfO|O]| O| Of Of O -112,3863 -112,3863 -112,3853 -18,892¢ (0| 0| O q -109,856)
24 |[o|o|o|o|O|O|OfO|OfO|O]| O| Of Of O -112,3863 -112,3863 -112,3853 -18,892¢ (0| 0| O q -118,822
25 |[O0jo|o|o|o|O|OfO|OfO| O] O| Of Of O -112,3863 -112,3863 -112,3853 -18,8926 ( 0 0| O q -123,887
26 |[0|0|oO|O|O|O|OfO|OfO|O]| O| Of Of O -112,3863 -112,3863 -112,3853 -18,8926 ( 0 0| O q -133,027|
27 |ojo|o|o|ojo|ofO|OfO| O] O| Of Of O -112,3863 -112,3863 -112,3853 -18,892¢ (0| 0| O q -133,318]
28 |[o0|o|o|o|o|O|OfO|OfO|O]| O| Of Of O -112,3863 -112,3863 -112,3853 -18,892¢ (0| 0| O q -135,478]
29 |[o0jo|o|o|o|O|OfO|OfO|O]| O| Of Of O -112,3863 -112,3863 -112,3853 -18,8926 ( 0 0| O q -147,587|
30 |ofo|ofo|ofo(o|OfOjO|OfO| O] O] Of -112,3864 -112,3863 -112,38p3 -18,8926 ( 0 0| O q -152,821
GS- ojo|o|jofo|ofo|OfOjO|Of Of O] O] Of -112,3864 -112,3863 -112,3853 -18,8926 ( 0 0| O q -171,043
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TABLE VII. “CICCALENTO " MV LINE REACTIVE POWER SENSITIVITY TABLE (GENERATORS MINIMUM
POWER FACTOR = 0.9, TABLE UNITS [VOLTAGE P.U.])
Gl G2 G3 G4 G5
Nodes 12 3456 7 8 9 10 11 12 13 14 15 2021 22 23 24 25 26 27 28 29 30
1 olo|ofo|ofo|0|OfOjO|OfO| O] O] O -0,0021 -0,0021 -0,0021 -0,000B8 0f 0) oo Of O] O] O] Of Q -0,0017
2 olo|ofo|ofo|o|OfOj|O|[OfO| O] O] O -0,0023 -0,0023 -0,0023 -0,000¢4 Of 0] oo Of O] O] O] O Q -0,0019
3 olo|ofo|ofo|o|ofojOfOf O| O] O] Of -0,0032 -0,0032 -0,0037 -0,0006 0f 0] ojog Of O] O] O] O Q -0,0026
4 olo|ofo|ofo|o|ofojO[Of O| O] O] Of -0,0033 -0,0033 -0,0039 -0,0006 0f 0] ojog Of O] O] O] O Q -0,0027
5 olo|ofo|ofo|0|OfOj|O|OfO| O] O] O -0,0046 -0,0046 -0,0044 -0,000[7 Of 0] oo Of O] O] O] Of Q -0,0038
6 olo|ofo|ofo|0|OfOjO|[OfO| O] O] O -0,0056 -0,0056 -0,0054 -0,000p Of 0) oo Of O] O] O] Of Q -0,0046
7 olo|ofo|ofo|o|OfOjO|OfO| O] O] O -0,0057 -0,0057 -0,0057 -0,000p Of 0] oo Of O] O] O] O Q -0,0046
8 olo|ofo|ofo|o|ofojO[Of O| O] O] Of -0,0079 -0,0079 -0,0079 -0,001B 0f 0] ojog Of O] O] O] O Q -0,0065
9 olo|ofo|ofo|o|ofojOfOf O| O] O] Of -0,0088 -0,0088 -0,0084 -0,0014 0f 0] ojog Of O] O] O] O Q -0,0071
10 [ojo|o|o|jofo|ofojOfO|O]| O| Of Of O -0,0097 -0,0097 -0,0097 -0,0016 Of 0] 000 Of O] O] O] Of Q -0,0079
11 |ojo|o|o|jofo|ofOo|OfO|O]| O| Of Of O -0,0098 -0,0098 -0,0094 -0,0016 Of 0] oo Of O] O] O] Of Q -0,0079
12 |ojo|o|o|jofo|OfO|OfO|O]| O| Of Of O -0,0103 -0,0103 -0,0109 -0,0016 Of 0) oo Of O] O] O] Of Q -0,0079
13 |[ojo|o|o|o|o|OfO|OfO| O] O| Of Of O -0,0106 -0,0106 -0,0106 -0,0016 0f 0] ojog Of O] O] O] Of Q -0,0079
14 |(ojo|o|o|O|O|OfO|OfO| O] O| Of Of O -0,0106 -0,0106 -0,0106 -0,0016 0f 0] ojog Of O] O] O] O Q -0,0079
15 |[ojo|o|o|jofo|OfO|OfO| O] O| Of Of O -0,0107 -0,0107 -0,0107 -0,0016 Of 0] oo Of O] O] O] O Q -0,0079
G1 ojo|ojojo|jofojofojo|OfOf O] O] O -0,0126 -0,0107 -0,0107 -0,0016 Of 0] oo Of O] O] O] Of Q -0,0079
G2 ojo|o|jojo|ofo|ofojO|Of O O] O] Of -0,0107 -0,0111 -0,0107 -0,0016 0f 0] 000 Of O] O] O] Of Q -0,0079
G3 ojo(o|jojo|ofo|ofojO|Of O O] O] Of -0,0107 -0,0107 -0,0111 -0,0016 0f 0] ojog Of O] O] O] Of Q -0,0079
G4 ojo(o|jojo|ofo|ofojO|Of O O] O] Of -0,0097 -0,0097 -0,0097 -0,0016 0f 0] 000 Of O] O] O] O Q -0,0083
20 [ojo|o|o|jofo|ofojOfO| O] O| Of Of O -0,0097 -0,0097 -0,0097 -0,0016 Of 0] oo Of O] O] O] Of Q -0,0087
21 |[ojo|o|ojofo|ofojOfO|O]| O| Of Of O -0,0097 -0,0097 -0,0097 -0,0016 Of 0] oo Of O] O] O] Of Q -0,0088
22 |(ojo|o|o|jojo|ofojOofO| O] O| Of Of O -0,0097 -0,0097 -0,0097 -0,0016 0f 0] 0jog Of O] O] O] Of Q -0,0088
23 |[ojo|o|o|ojo|ofOo|OfO| O] O| Of Of O -0,0097 -0,0097 -0,0097 -0,0016 0f 0] 000 Of O] O] O] O Q -0,0095
24 |(o|0|o|o|O|O|OfO|OfO| O] O| Of Of O -0,0097 -0,0097 -0,0097 -0,0016 0f 0] 000 Of O] O] O] Of Q -0,0103
25 |[o0jo|o|o|jofO|OfO|OfO|O]| O| Of Of O -0,0097 -0,0097 -0,0097 -0,0016 Of 0] o0 Of O] O] O] O Q -0,0107
26 |[0j0|0|0|OfO|OfO|OfO|O]| O| Of Of O -0,0097 -0,0097 -0,0097 -0,0016 Of 0] 000 Of O] O] O] Of Q -0,0115
27 |ojo|o|o|jojo|ofojofO| O] O| Of Of O -0,0097 -0,0097 -0,0097 -0,0016 0f 0] ojogq Of O] O] O] O Q -0,0115
28 |(o0|o|o|o|o|o|OfO|OfO|O]| O| Of Of O -0,0097 -0,0097 -0,0097 -0,0016 0f 0] ojog Of O] O] O] Of Q -0,0117
29 |(o0jo|o|o|jofo|OfO|OfO|O]| O| Of Of O -0,0097 -0,0097 -0,0097 -0,0016 Of 0] oo Of O] O] O] Of Q -0,0128
30 |ofo|ofojofofojofojO|OfOf O] O] O -0,0097 -0,0097 -0,0097 -0,0016 Of 0] oo Of O] O] O] Of Q -0,0132
GS- ojo|ojolojofojofojo|OfOf O] O] O -0,0097 -0,0097 -0,0097 -0,0016 Of 0] oo Of O] O] O] Of Q -0,0148
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4.3.4 Generators characteristics

In this paragraph generators characteristics véllppesented. Table VIII summarizes the
generators characteristics.
In terms of active power, each generator follovasidy profile. In particular:
» for solar generators, the active power profileke b Gaussian curve
» for the wind generator, the active power profileperiodically modulated. The
modulation period is 30 minutes, and the moduladioplitude is O + -40 % of the
nominal power.
Daily profiles curves will be presented in Chagger
Generators PQ regulators, in RTDS, are contain¢lgeiblock “P, Q reg.” (see Canvas 2 and
3 at the end of this chapter).

TABLE VIlII. GENERATORS CHARACTERISTICS

Generator name Ns(r)nv\ilr;?;ka\l/%ive Primal%gnergy Minir?;crtr;rpower Regulation type
G1 1000 Solar 0.9 (ind/cap) PQ
G2 1000 Solar 0.9 (ind/cap) PQ
G3 1000 Solar 0.9 (ind/cap) PQ
G4 160 Solar 0.9 (ind/cap) PQ
G5 814 Wind 0.9 (ind/cap) PQ

4.3.5 Generators UPG and RQYV local voltage regulation settings

All generators are equipped with both UPG and RQ&al voltage regulation system (see
Chapter 2. UPG settings are presented in TablentKRQV settings are summarized in Table
X.

The RTDS UPG and RQV models are contained, resgdygtiin the blocks “UPG” and
“Q(V)” (see Canvas 2 and 3 at the end of this ofdpt
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TABLE IX. UPG SETTINGS

Parameter name Units Value
Vis.upe p.u. 1.04
Tis-urc S 30
Vos.upg p.u. 1.07
Tas.upc S 30
Visves p.u. 1.06
Tisves S 30
Vos.ves p.u. 1.09
Tosves S 30
Viiupe p.u. 0.96
T1urc S 30
Voruee p.u. 0.93
Tarupe S 30
Vives p.u. 0.94
Tives S 30
Vaives p.u. 0.91
Taves S 30

Inductive power factor in ) 0.9
RAM
Inductive power factor in ) 09
RGM '
Lock-in active power % of A, 5
Lock-out active power % of A, 4.5
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TABLE X. RQV SETTINGS

Parameter name Units Value
Vis p.u. 1.04
Qis kVAr 0
Vs p.u. 1.09
Qzs KVAr +A, Sin¢;
Vi p.u. 0.96
Qu kVAr 0
Vo p.u. 0.91
Q2 KVAr -A Sin¢;
Voltage hysteresis, % of V, 1
Time periodT, ms 200
Lock-in active power % of A, 5
Lock-out active power % of A, 4.5

4.3.6 Loads characteristics

Load (P and Q) daily profiles have been extractgdhe Enel Distribuzione Distribution
Management System (DMS) database. These curvedulte using the Enel Automatic
Metering Management (AMM) system which read elatdttopower meters installed at the
customers delivery point. The active and reactiowgr daily profile is generated using a “load
profiler”, programmed for this PhD work, which reathe DMS database curves and reproduces
them in the RTDS software environment. The loadfilg represented in Fig. 4.3-5, is
contained in the “Load Profiler” block.

In order to show the loads daily profile, avoidithg presentation of each load daily profile,
the active power at some line section is presemegarticular:

» Fig. 4.3-6 represents the active power a the “Fagnchio” section
* Fig. 4.3-7 represents the active power a the “Cagliasection
* Fig. 4.3-8 represents the active power a the “MM@&®&ttion

N

(sample num.)

Load profiler

P [MW)]
or coeff,
units

Q [MVAr
or coeff,
units

o

%

Fig. 4.3-5. Load profiler RTDS block.
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PMM694 [M\N]

Fig. 4.3-8. “MM694" section active power daily pofile.

Load reactive power daily profiles are very similar terms of shape, to the active power

because loads can be represented using a constaeit factor.
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Chapter 5
Real-Time Digital Simulator Tests Results

5.1 INTRODUCTION TO CHAPTER 5

In this chapter tests results, performed usingRbal-Time Digital Simulator (RTD%)are
presented. Tests are performed in order to:
« analyze the voltage regulation efficiency
e calculate the MV grid hosting capacity increment
« evaluate the active energy losses
In order to satisfy this concepts, tests are aedng this order:

1. base case

a. no distributed generation and MV busbar voltagedito 1.06 p.u., which is
the voltage that guarantee the correct voltagehén dritical node in the
maximum load time

b. distributed generation enabled, without local arehtlized voltage
regulatior’”. MV busbar voltage fixed to 1.06 p.u., which ig toltage that
guarantee the correct voltage in the critical nodée maximum load time

2. “UPG” local voltage regulation tests: distributedngration enabled, with “UPG”
local voltage regulation. MV busbar voltage fixe@d1t06 p.u., which is the voltage
that guarantee the correct voltage in the criticale in the maximum load time

3. “RQV” local voltage regulation tests: distributedrgration enabled, with “RQV”
local voltage regulation. MV busbar voltage fixed1t06 p.u., which is the voltage
that guarantee the correct voltage in the criticale in the maximum load time

4. hosting capacity increment tests with local voltagatrol only:

a. with “UPG” local voltage regulation. MV busbar vagte fixed to 1.06 p.u.,
which is the voltage that guarantee the corrediagel in the critical node in
the maximum load time

b. with “RQV” local voltage regulation. MV busbar valije fixed to 1.06 p.u.,
which is the voltage that guarantee the corredigel in the critical node in
the maximum load time

! The RTDS is installed in the “Centro Prove EnehdETest Center), Via Rubattino 84, Milano,
20134, ltaly”
2 The DG power profiles has been described in Chapte
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5. hosting capacity increment tests with both local B/ busbar voltage control:
a. with “UPG” local voltage regulation. MV busbar vadfe regulated in order

to daily guarantee the correct voltage in theaalthode
b. with “RQV” local voltage regulation. MV busbar valie regulated in order

to daily guarantee the correct voltage in theaalthode
6. Centralized Voltage Control tests

Electrical quantities plotted for the study ca3ase summarized in Table XI.

TABLE X|. ELECTRICAL QUANTITIES PLOTTED FOR THE STUDY CASES

Electrical quantity Description Notes
i is the generator number; p.u. are
Vs Generator voltage ’
“ g referred to the rated voltage
. Positive when generatedis the
P.ai Generator active power g »
' generator number
. Positive when generatedis the
Qnai Generator reactive power
‘ generator number
: Positive when power flows to the
Px HV/MV transformer active power P :
MV grid
Q HV/MV transformer reactive Positive when power flows to the
R power MV grid
Powv MV grid lost power -

For each study case the test report will be presentable XII summarizes the report

structure.
TABLE XII. REPORT STRUCTURE SUMMARIZATION
Report quantity Description
Vaxi mum VG val ue Maximum generator voltagéjs the generator
number
Loads pover daily peak Is the peak of the Ioad§ sum active power (daily
profile)
Generators pover daily peak Is the peak of the genergtors sum active power
(daily profile)
Loads daily active energy .
( absor bed) Is the daily energy absorbed by the loads
Cenerators daily active energy .
(gener at ed) Is the daily generated energy
Daily active energy absorbed . .
fromthe HV grid Is the daily energy absorbed from the HV grid

13 For each study, only electrical quantities whicé @ken into account in the study will be plotted.
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Is the daily MV grid lost energy
Is the daily MV grid lost percentual energy. Is

calculated dividing energy losses by the total
absorbed energy, which is the sum of the “daily

energy absorbed from the HV grid” and the

“daily generated energy”

Daily | ost active energy

Daily | ost active energy

(percentual)

5.2 CASE1.ARESULTS

This is the base case without distributed generatitd MV busbar voltage fixed to 1.06 p.u.
This set-point value guarantees the correct voliagihe critical node in the maximum load

condition.
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Fig. 5.2-1. G1 voltage daily profile
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Fig. 5.2-4. G4 voltage daily profile
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Fig. 5.2-5. G5 voltage daily profile
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Fig. 5.2-6. HV/MV transformer daily active power profile
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Fig. 5.2-7. HV/MV transformer daily reactive power profile
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Fig. 5.2-8. MV grid daily active power losses prdag

All of the voltage daily profiles are good. Theiaetpower trough the HV/MV transformer
is correctly always positive, as well as the raectne. The power losses peak corresponds to

the load power peak.

The report, referred to this case, is:

1l.a

Report case:

— e —

Maxi mum VGl va

Maxi mum V& va

Maxi mum VG3 va

Maxi mum V&G va

Maxi mum VG5 va

0. 0000 [ MAJ

3.2157 [ MA]

Generators power daily peak

Loads power daily peak

49.2306 [ MAH]
= 0.0000 [ MM]
= 52.2159 [ MM]

Generators daily active energy (generated)
Daily active energy absorbed fromthe HV grid
Daily | ost active energy = 2.9853 [ MM]

Daily | ost active energy (percentual)

Loads daily active energy (absorbed)

5.7172 [%
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This is the base case with distributed generafible. MV busbar voltage is fixed to 1.06 p.u.
This set-point value guarantees the correct voliagie critical node in the maximum load

condition, when the generation is de-activated.
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5.3 CASE 1B RESULTS
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Fig. 5.3-1. G1 active power daily profile
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Fig. 5.3-2. G2 active power daily profile

t [h]

Fig. 5.3-3. G3 active power daily profile
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Fig. 5.3-4. G4 active power daily profile
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Fig. 5.3-5. G5 active power daily profile
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Fig. 5.3-6. G1 voltage daily profile
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Fig. 5.3-7. G2 voltage daily profile
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Fig. 5.3-8. G3 voltage daily profile
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Fig. 5.3-9. G4 voltage daily profile
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10. G5 voltage daily profile

Fig. 5.3
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Fig. 5.3-11. HV/MV transformer daily active powerprofile
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Fig. 5.3-12. HV/MV transformer daily reactive powe profile
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Fig. 5.3-13. MV network daily lost power profile
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We can observe that the voltage daily profiles psakery high. If no voltage regulation is
active, the interface protection relay risk to tfipaximum voltage threshold trip). We can also
observe the HV/MV transformer active power invensidue to the DG presence. The power
losses profile is characterized by two peaks. Titsé peak is related to the generated power, the
second one is due to the loads power.

The report, referred to this case, is:

Report case: 1.b

Maxi mum VGL value = 1.1120 [p.u.]
Maxi mum V& val ue = 1.1087 [p.u.]
Maxi mum VG value = 1.1091 [p.u.]
Maxi mum V& value = 1.0981 [p. u.]
Maxi mum VG value = 1.1077 [p.u.]

Loads power daily peak = 3.2157 [ MN
Generators power daily peak = 3.9746 [ MA

Loads daily active energy (absorbed) = 49.2306 [ MM]
Generators daily active energy (generated) = 31.9846 [ MAh]
Daily active energy absorbed fromthe HV grid = 18. 9825 [ MAh]
Daily | ost active energy = 1.7365 [ MM]

Daily | ost active energy (percentual) = 3.4070 [

We can observe a daily energy losses decayingynifpared to the case 1.a, due to the DG
presence.

5.4 COMPARISON BETWEEN CASES 1.A AND 1.B

In order to graphically compare cases 1.a andthéfollowing plots are presented. They
represent generators voltage, HV/MV transformer grawand network losses of cases 1.a and
1.b.
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Fig. 5.4-1. G1 voltage daily profile

(no gen.)

096 -L-L_L1_1_1_

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

7 8 9

6

012 3 45

t [h]

Fig. 5.4-2. G2 voltage daily profile
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Fig. 5.4-3. G3 voltage daily profile
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Fig. 5.4-4. G4 voltage daily profile

102



Chapter 5: Real-Time Digital Simulator Tests Results

<
I— N
=3 I
L] @ A Q R 4o
H o~ W - ﬂ Lo
o
Ll @ € | o o i e e e A — - m_ L ___f_ 4
o g
o o
1< %J \\\\\\\\ N -
- = N
-} w L e e | | B — — —
o _0 1
U= > s 2 © LS
- ()
0 S M — S S B D D B _W_ = I
o
[{e) P —
il L e e e I e I S R T B | o -1 "
[ o)
i ottt e ittt e Bl o et B B B T AT T a7 A WJ - - T
[ [
ot A i At By iy B — s Sy i Rt iy i Bl J\J\J\\M._ o - - T
[ [
™ Q
Rt ERERE RS R BIN- R
b —l —l— —lgR = — =~ =~ — = A= —— —— —— —— f~ \L\L\L\\ﬂm. = - +
[ [ )
Lo o _ \L\L\L\\H__ - > Lo 1
[ [
Lo
Y T B B s -— SN (Y Y BN (N DU N B _a_J_1_419 L 1
o [ A O
S By _ I NN_-J_1_1_ 1o . s
o [ ITe)
U = ! 1 ! 4
[ [ <
L o ITe)
T e Ry e R B R J e i B et e ML 3 M~
o [ c
e R A O B I Il o Bl Bt iy Bt Bty Bt Bt B @ ne
LL (o))
[ [ P
 outi A At At Bt et B — v i B S Bl By i B i Bl Bl B 2 ne
[ [ < (\R
ot B Bl el e e B B B BB Sy i e Bl s H
[ [ aF
= —l= —l= == == == == | g — =~~~ —I— A-d-d-d-q M H
[ [
e — d-—d-d-d4--4 N H
[ [
o [ [ R O [ (A 4
[ e T e B A | | [ R |
| L 1 L | L 1 L L 1 1 I L 1 | L o
< MO AN A A0 0O O I ONAdq4 D 0N~ O© W0 <t
4Hddd 000000 Q0o o000
D B B I | R B B I B I B I o | o O O O o
SO
[ndl A

t [h]

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
103

9

8
Fig. 5.4-6. HV/MV transformer daily active power profile



Chapter 5: Real-Time Digital Simulator Tests Results

——Q (ogen)

1.6

1all ™ QTR (gen. no V reg.

10 11 12 13 14 1516 17 18 19 20 21 22 23 24

t [h]

Fig. 5.4-7. HV/MV transformer daily reactive power profile
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Fig. 5.4-8. MV network daily lost power profile
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5.5 CASE 2 RESULTS

In this case the “UPG” local voltage regulatioracdivated. The MV busbar voltage is fixed

to 1.06 p.u. This set-point value guarantees theecb voltage in the critical node in the

maximum load condition, when the generation is ctéated.
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Fig. 5.5-1. G1 active power daily profile
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Fig. 5.5-2. G2 active power daily profile
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Fig. 5.5-3. G3 active power daily profile
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Fig. 5.5-4. G4 active power daily profile
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Fig. 5.5-5. G5 active power daily profile
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Fig. 5.5-6. G1 reactive power daily profile

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

9

8

t [h]

Fig. 5.5-7. G2 reactive power daily profile
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Fig. 5.5-8. G3 reactive power daily profile

v A] S_eo

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

7 8 9

6

012 3 45

t [h]

Fig. 5.5-9. G4 reactive power daily profile
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Fig. 5.5-11. G1 voltage daily profile
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Fig. 5.5-16. HV/MV transformer daily active powerprofile
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Fig. 5.5-17. HV/MV transformer daily reactive powe profile
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Fig. 5.5-18. MV network daily lost power profile

We can observe that the voltage daily profiles peakmited by the local “UPG” voltage
regulation action. The interface protection reldp is impossible. We can also observe the
HV/MV transformer active power inversion, due te thG presence. The HV/MV transformer
reactive power is characterized by an high peajyested from the HV grid, due to the “UPG”
local voltage regulation. In fact the reactive powequested from each generator must be
supplied by the HV grid. The generators requestadtive power curve shape is similar to the
active power (when the “UPG” is active) because“thBG” regulation is a “constant power
factor regulation”. No reactive power is requestedienerator G4 because its voltage remains
less top the “UPG” activation threshold.

The power losses profile is characterized by twakpeThe first peak, which is the highest
peak, is related to the generated power, the semo@ds due to the loads power.

The report, referred to this case, is:

Report case:

Maxi mum VGL
Maxi mum VG2
Maxi mum VG3
Maxi mum VG
Maxi mum VG5

Loads power

2

val ue
val ue
val ue
val ue
val ue

daily

1. 0763
1.0742
1.0745
1. 0660
1. 0709

TR TR T
———————
TOTDTDTDT
ccccc

peak = 3.2157 [MN
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31. 9846 [ MA]
= 19.8162 [ MM]
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We can observe a daily energy losses incremeognifpared to the case 1.b, due to the DG

reactive power request, in order to act the lotH?G” voltage regulation control. However the

energy losses are less than the base case 1.a.
This case is necessary to test the “RQV” localag#tregulation modality. Then the “RQV”

local voltage regulation is activated. The MV busbaltage is fixed to 1.06 p.u. This set-point
value guarantees the correct voltage in the clitiode in the maximum load condition, when

Daily active energy absorbed fromthe HV grid
Daily | ost active energy = 2.5702 [ MM]

Chapter 5: Real-Time Digital Simulator Tests Results
Generators daily active energy (generated)
Daily | ost active energy (percentual)

Loads daily active energy (absorbed)

Generators power daily peak
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Fig. 5.6-1. G1 active power daily profile
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Fig. 5.6-2. G2 active power daily profile
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Fig. 5.6-3. G3 active power daily profile
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Fig. 5.6-4. G4 active power daily profile
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Fig. 5.6-5. G5 active power daily profile
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Fig. 5.6-6. G1 reactive power daily profile
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Fig. 5.6-7. G2 reactive power daily profile
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Fig. 5.6-8. G3 reactive power daily profile
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Fig. 5.6-9. G4 reactive power daily profile
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Fig. 5.6-10. G5 reactive power daily profile

B e e e N A

i e e e e e e e

e A i Bt e S e e R

L )

Y I N e B [

B e i e i H R

T e e e e e

e —_—_——,——e-

0.99+
0.98+
0.97 -
0.96f -

t [h]

Fig. 5.6-11. GL1 voltage daily profile
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Fig. 5.6-16. HV/MV transformer daily active powerprofile
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Fig. 5.6-17. HV/MV transformer daily reactive powe profile
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Fig. 5.6-18. MV network daily lost power profile

We can observe that the voltage daily profiles peadkmited by the local “RQV” voltage
regulation action. The interface protection reldy is impossible. However the “UPG” voltage
regulation effect is better than the “RQV” one.fact the node voltages in “RQV” regulation
mode is slightly high then the “UPG” regulation €48.01 p.u. difference). However the losses
in “UPG” mode are greater that the “RQV” regulaticase (0.3 % difference).

We can observe the HV/MV transformer active powesersion, due to the DG presence.
The HV/MV transformer reactive power is charactedidy an high peak, requested from the
HV grid, due to the “RQV” local voltage regulatiolm. fact the reactive power requested from
each generator must be supplied by the HV grid. géreerators requested reactive power curve
shape is “stepped” (when the “RQV” is active) besmathe “RQV” regulation is characterized
by the voltage hysteresis. In this case reactiwwepds requested to generator G4 and G5
absorbs reactive power more than one time in tige a@s phenomena occurs because the RQV
voltage dead-band (1.04 p.u.) is less than the “UdtBvation voltage threshold (1.07 p.u.).

The power losses profile is characterized by twakpeThe first peak, which is the highest
peak, is related to the generated power, the semoads due to the loads power.

The report, referred to this case, is:

Report case: 3

Maxi mum VGL val ue
Maxi mum V& val ue

1. 0836 [p. u.]
1. 0811 [p. u.]
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Fig. 5.7-4. G4 voltage daily profile
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Fig. 5.7-5. G5 voltage daily profile
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Fig. 5.7-7. G2 reactive power daily profile
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Fig. 5.7-9. G4 reactive power daily profile
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Fig. 5.7-10. G5 reactive power daily profile
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This case is necessary to define the hosting dgpawrement when the “UPG” local

voltage control is activated. The MV busbar voltagdixed to 1.06 p.u. This set-point value
generation is de-activated. The generated activwepchas been incremented (on each

guarantees the correct voltage in the critical nimdéhe maximum load condition, when the
generator) in order to reach, in the highest veltagde, the value 1.09 p.u.

5.8 CASE4.A RESULTS
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Fig. 5.8-1. G1 active power daily profile

T T T T T
| | | | |
i E i == = =~ == = =~ -4 -4 - = - -
| | | | |
e B | = — = = | = — = = L e e
| | | | |
|- — — — |- — — — - — — - = — - —d - — - =
| | | | |
S | |- — — — |- — — — |
| | | |
I _ I _ e
| | |
| | |
| | |
| | |
| |
| |
[ [
| |
[ [
|

1
| |
1 1
| | | |
¢ 1-—-———=1-——-—-- | == = — - |- - - = ==
| | | |
| |
| |
|

|
4
|

1400
1200} -
1000} -
800} -
600} -
400/ -
200

t [h]

Fig. 5.8-2. G2 active power daily profile
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Fig. 5.8-3. G3 active power daily profile
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Fig. 5.8-4. G4 active power daily profile
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Fig. 5.8-6. G1 reactive power daily profile
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Fig. 5.8-7. G2 reactive power daily profile
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Fig. 5.8-8. G3 reactive power daily profile
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Fig. 5.8-9. G4 reactive power daily profile
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Fig. 5.8-10. G5 reactive power daily profile

135



— T~ ¢ A e i M S A A i H

T
|
1
|
|
|
|
|
|
| | | | | | | |
I I e e .

|

|

|

|

|

|

[

|

[

|

1

O o B A

I I I I I I I I I I I I I I I I

i el el B el e B e e Bl il

I I I I I I I I I I I

m—mlm— -k —Hd-— - —l— A - -+ - - - - — = —

I I I I I I I I I I I I

e v v
|

I I I I I I I I I I I
. B e e e e e e e

I I I I I I I I I I I
ol L1l __d__1__—_a__1t__i-_4d
I | I I I | I I I I

t [h]

11. G1 voltage daily profile
I

|
l
8
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
R
|
|
|
|
|
|
|

l
6

Fig. 5.8
l

I I I I I I I I
il Bl i e el B e e B e e I -t
I I I I I I I
R e e e T

I I I I I I I
e +- -k B e Tt T e e
I I I I I I I

| | | | | | |
e el e B e i el s
| | | | | | |
R e e e T
| | | | | | |
- - e —_—__——,——,-
| | | | | | |

Chapter 5: Real-Time Digital Simulator Tests Results

0.99+
0.98-
0.97 -
0.96f -

t [h]
Fig. 5.8-12. G2 voltage daily profile
136



Chapter 5: Real-Time Digital Simulator Tests Results

T
|
1
|
|
|
|
|
|
|
\\\\\ N A
|
|
|
|
|
|
[
|
[
|
1

R e e H S i E e E e R

- - - - e e e i A I I

- — - — e

i Bl i i T [ e e e e
I I I I I I I I I I
i Sl e el T i e e e R e
I I I I I I I I I I I I I
R A e R Sy e i e e e B e
I I I I I I I I I I I I I
i e B e e e e I i R
I I I I I I I I I I I I
e S iy B
I I I I I I I I I I I I
| L L L L L L 1 | L 1 L
- O @O N~ O 1 I MO N d 4 OO © N~ O
4 © © o & © © © © o »> o o O
L T T B I R I © o o o
€9
[nd] A

10 11 12 13 14 1516 17 18 19 20 21 22 23 24

t [h]

13. G3 voltage daily profile
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Fig. 5.8-16. HV/MV transformer daily active powerprofile
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Fig. 5.8-17. HV/MV transformer daily reactive powe profile
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Fig. 5.8-18. MV network daily lost power profile
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We can observe that the voltage rising, due togiweerated active power increment, is
compensated by the “UPG” local voltage regulatidhis phenomenon increments the line
hosting capacity. This hosting capacity incremer2g %.

The report, referred to this case, is:

Report case: 4.a

Maxi mum VGL value = 1.0929 [p.u.]
Maxi mum V& value = 1.0899 [p.u.]
Maxi mum VG value = 1.0904 [p.u.]
Maxi mum V& value = 1.0792 [p. u.]
Maxi mum VG value = 1.0871 [p.u.]

Loads power daily peak = 3.2157 [ MY
Generators power daily peak = 5.0826 [ M\

Loads daily active energy (absorbed) = 49.2306 [ MM]
Generators daily active energy (generated) = 40.9181 [ MA]
Daily active energy absorbed fromthe HV grid = 11.9779 [ MAh]
Daily | ost active energy = 3.6654 [ MM]

Daily | ost active energy (percentual) = 6.9294 [%

It is important to note the losses increment, fhpared to the case 2. This phenomenon is
due to the increment of both generated active p@ndrrequested reactive power, necessary to
the “UPG” voltage regulation. We can also observesses increment due to the generated
power growth.

5.9 CASE4B RESULTS

This case is necessary to define the hosting dgpawrement when the “RQV” local
voltage control is activated. The MV busbar voltagdixed to 1.06 p.u. This set-point value
guarantees the correct voltage in the critical nindéhe maximum load condition, when the
generation is de-activated. The generated activwepchas been incremented (on each
generator) in order to reach, in the highest veltagde, the value 1.09 p.u.

As reported in the following report, the hostingpaeity with the “RQV” regulation is
similar to which can be obtained with the “UPG” eggase 4.a). Then the generators active
power curves will not be plotted (see case 4.a).
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Fig. 5.9-1. G1 reactive power daily profile
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Fig. 5.9-2. G2 reactive power daily profile
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Fig. 5.9-3. G3 reactive power daily profile
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Fig. 5.9-4. G4 reactive power daily profile
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Fig. 5.9-6. G1 voltage daily profile
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Fig. 5.9-7. G2 voltage daily profile
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Fig. 5.9-10. G5 voltage daily profile
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Fig. 5.9-11. HV/MV transformer daily active powerprofile
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Fig. 5.9-12. HV/MV transformer daily reactive powe profile
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Fig. 5.9-13. MV network daily lost power profile

We can observe that the voltage rising, due togiweerated active power increment, is

compensated by the “RQV" local voltage regulatidmis phenomenon increments the line

hosting capacity. This hosting capacity incremertg %.

The report, referred to this case, is:

4.b

Report case:

— e —

Maxi mum VGl va

Maxi mum V& va

Maxi mum VG3 va

Maxi mum V& va

Maxi mum VG5 va

3.2157 [ MA]
= 5.0879 [MA

Generators power daily peak

Loads power daily peak

49.2306 [ MAH]

Loads daily active energy (absorbed)

11. 8305 [ MAA]

40. 9182 [ MAH]

Daily active energy absorbed fromthe HV grid

Generators daily active energy (generated)
Daily | ost active energy

3.5180 [ MAA]

= 6.6694 [%

Daily | ost active energy (percentual)

It is important to note the losses increment, fhpared to the case 3. This phenomenon is
due to the increment of both generated active p@ndrrequested reactive power, necessary to
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1.05 p.u.
1.06 p.u.

1.04 p.u.

from 13:45 hto 14:15 h
from 14:15 h to 24:00 h

from 0 to 13:45 h

This case is necessary to define the hosting dgpawrement when the “UPG” local
voltage control is activated and the MV busbardgutated in order to guarantee (without
distributed generation), in the critical node, thatage 0.95 p.u. in each time instant (as

the “UPG” voltage regulation. The hosting capadityrement using the “RQV” is simildrto
which obtainable using the “UPG” regulation becaths reactive power requested when the

voltage is 1.09 p.u. corresponds to a 0.9 indugitweer factor, which is identical to the “UPG”
regulation power factor. We can observe a lossageinent due to the generated power growth.
described in Chapter 1). In order to reach thid,gbe MV busbar set-point daily profile is (see

Fig. 5.10-1):
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Fig. 5.10-1. MV busbar voltage daily profile
! Really the hosting capacity in the “RQV” case ligltly less than the hosting capacity of the

“UPG” case.
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Fig. 5.10-2. G1 active power daily profile
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Fig. 5.10-3. G2 active power daily profile
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Fig. 5.10-4. G3 active power daily profile
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Fig. 5.10-5. G4 active power daily profile
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Fig. 5.10-6. G5 active power daily profile
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Fig. 5.10-7. G1 reactive power daily profile
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Fig. 5.10-8. G2 reactive power daily profile
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Fig. 5.10-9. G3 reactive power daily profile
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Fig. 5.10-10. G4 reactive power daily profile
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Fig. 5.10-11. G5 reactive power daily profile
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Fig. 5.10-12. G1 voltage daily profile
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Fig. 5.10-13. G2 voltage daily profile
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Fig. 5.10-14. G3 voltage daily profile
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Fig. 5.10-16. G5 voltage daily profile
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Fig. 5.10-17. HV/MV transformer daily active powerprofile
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Fig. 5.10-18. HV/MV transformer daily reactive powver profile
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Fig. 5.10-19. MV network daily lost power profile
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We can observe that the voltage rising, due togiweerated active power increment, is
compensated by the “UPG” local voltage regulatidoreover, the “MV busbar intelligent set-
point calculation” (see Chapter 1) allows to corirmeore generation because it maintains the
lowest possible voltage level, on the MV busbar gach load condition (the DG is de-activated
in the calculation); the lowest voltage level alfpwcrements the line hosting capacity. In
particular the line hosting capacity increment 5593. It is clear that we can observe a losses
increment.

The report, referred to this case, is:

Report case: 5.a

Maxi mum VGL value = 1.0893 [p. u.]
Maxi mum V& value = 1.0851 [p.u.]
Maxi mum VG val ue = 1.0857 [p. u.]
Maxi mum V& value = 1.0706 [p. u.]
Maxi mum VG5 value = 1.0840 [p.u.]

Loads power daily peak = 3.2158 [ MY
Generators power daily peak = 6.9511 [MAN

Loads daily active energy (absorbed) = 49.2307 [ MM]
Generators daily active energy (generated) = 55.9738 [ M\]
Daily active energy absorbed fromthe HV grid = -0.9750 [ M\]
Daily | ost active energy = 5.7681 [ MM]

Daily | ost active energy (percentual) = 10.4877 [%

It is important to note the losses increment, fhpared to the case 3. This phenomenon is
due to the increment of both generated active p@ndrrequested reactive power, necessary to
the “UPG” voltage regulation.

5.11CASE 5B RESULTS

This case is necessary to define the hosting dgpawrement when the “RQV” local
voltage control is activated. Moreover the MV busisaegulated in order to guarantee (without
distributed generation), in the critical node, thatage 0.95 p.u. in each time instant (as
described in Chapter 1). The MV busbar voltagepsétt is described in Paragraph 5.a.
Generators active power plots are similar to whigplained in Paragraph 5.a then will not be
presented in this Pharagraph.

As reported in the following report, the hostingpaeity with the “RQV” regulation is
similar to which can be obtained with the “UPG” eggase 5.a). Then the generators active
power curves will not be plotted (see case 5.a).
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Fig. 5.11-1. G1 reactive power daily profile

bvatl 2%

23 24

6 17 18 19 20 21 22

151

9 10 11 12 13 14

7 8

6

012 3 45

t [h]

Fig. 5.11-2. G2 reactive power daily profile

159



Chapter 5: Real-Time Digital Simulator Tests Results

B e e e e e

-4t -4 -4 -"—-"=""4-"—"~-"4-"—"—"4-"=——-—"4-—— 4 - - ——

e - L

e

-4 -4 -"—-"=""4-"—"~-""4-"—"—"4-"=—=—"4-=—— 4 - - —-

e - L

-100+ -

-200+ -

bvatl £

-900

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

7 8

6

012 3 45

t [h]

Fig. 5.11-3. G3 reactive power daily profile
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Fig. 5.11-6. GL1 voltage daily profile
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Fig. 5.11-10. G5 voltage daily profile
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Fig. 5.11-11. HV/MV transformer daily active powerprofile
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Fig. 5.11-12. HV/MV transformer daily reactive powver profile
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Pva [MW]

Fig. 5.11-13. MV network daily lost power profile

We can observe that the voltage rising, due togiweerated active power increment, is
compensated by the “RQV” local voltage regulatibtoreover, the “MV busbar intelligent set-
point calculation” (see Chapter 1) allows to corirmeore generation because it maintains the
lowest possible voltage level, on the MV busbardach load condition (the DG is de-activated
in the calculation); the lowest voltage level alimcrements the line hosting capacity. Also in
this case the line hosting capacity increment éselto 75 % and we can observe a losses
increment.

The hosting capacity increasing using the UPG faoncts very similar to the hosting
capacity obtainable adopting the RQV regulation atibgl This phenomenon is due to the UPG
and RQV settings; the inductive power factor of tHeG function is 0.9 and the reactive power
set-point, commanded by the RQV in correspondeii¢heovoltage threshold ¢ (1.09 p.u.),
corresponds to same power factor (see Chaptethén TPG and RQV command to generators
the similar reactive power absorption in case aftihvoltage.

The report, referred to this case, is:

Report case: 5.b

Maxi mum VGL value = 1.0944 [p.u.]
Maxi mum V& value = 1.0902 [p.u.]
Maxi mum VG val ue = 1.0909 [p.u.]
Maxi mum V& value = 1.0760 [p. u.]
Maxi mum VG value = 1.0901 [p.u.]
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55. 9725 [ MA]

49. 2307 [ MAh]

10. 0651 [ %

6.9579 [ MAl

3.2158 [ MAl

e
i
e

G1, G2, G3 and G4 power profile is identical to ethéxplained in Paragraph 4.a;
G5 power profile is reported in Fig. 5.12-5. We caloserve that wind power

decreases along the day.
All generators can be “called” by the VCS but UBGctivated only on G1, G2 and G3. The

calling time interval is 1 min.

In this last case the Voltage Control System (VO&)sed on the Sensitivity approach

presented in Chapter 3, has been analyzed in trdest the Centralized Voltage Control.

In this case:

Daily active energy absorbed fromthe HV grid = -1.2322 [ M\h]

Daily | ost active energy = 5.5096 [ MM]

Chapter 5: Real-Time Digital Simulator Tests Results
Generators daily active energy (generated)
Daily | ost active energy (percentual)

Loads daily active energy (absorbed)

Generators power daily peak

Loads power daily peak
5.12CASE 6 RESULTS

t [h]
Fig. 5.12-1. G1 active power daily profile
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Fig. 5.12-2. G2 active power daily profile
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Fig. 5.12-3. G3 active power daily profile
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Fig. 5.12-4. G4 active power daily profile
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Fig. 5.12-5. G5 active power daily profile
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Fig. 5.12-6. G1 voltage daily profile
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Fig. 5.12-9. G4 voltage daily profile
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Fig. 5.12-10. G5 voltage daily profile
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Fig. 5.12-11. HV/MV transformer daily active powerprofile
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Fig. 5.12-12. HV/MV transformer daily reactive powver profile
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Fig. 5.12-13. MV network daily lost power profile
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Fig. 5.12-14. G1 reactive power daily profile
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Fig. 5.12-15. G2 reactive power daily profile
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Fig. 5.12-16. G3 reactive power daily profile
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Fig. 5.12-17. G4 reactive power daily profile
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Fig. 5.12-18. G5 reactive power daily profile

From voltage plots (see figures from Fig. 5.12-6-tg. 5.12-10) we can observe that G1
exceeds the voltage thresholgsVcs (set to 1.09 p.u., as reported in Chapter 4) therowords
G1 is the OT®. After the time Fs.vcs G1 sent the VFLS = 1 signal to the VCS which clear
the BG using the reactive power Sensitivity Tabiespnted in Chapter 4. Entering in the
reactive power Sensitivity Table at the row 16, we can say that the first BG corresponds to
G5'® (nodej = 31). The VCS request to G5 an inductive powetoia0.9. G5 reactive power is
presented in Fig. 5.12-18. After the reactive powalgsorption, G1 voltage remains higher than
Vis.ves(set to 1.06 p.u., as reported in Chapter 4), theriVCS searches the second BG using
the same previous roin= 16; the second BG corresponds to G4 (rjoeld9). The VCS request
also to G4 an inductive power factor J.954 reactive power is presented in Fig. 5.12-18.

When G1 voltage became less thag Ws the VCS firstly switches G4 and, after 1 min, G5
to work at unitary power factor. Plots demonstrates correct Centralized Voltage Control
strategy.

!> From Canvas 2, attached at the end of Chaptee 4aw say that the OTG nodeé is 16.

®G1, G2 and G3 must be excluded because they team $witched in RAM = ON by their UPG
function.

" The reactive power absorption request is perforaftt 1 min.
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Chapter 5: Real-Time Digital Simulator Tests Results

The report referred to the presented case is:

Report case: 6

Maxi mum VGL value = 1.0901 [p.u.]
Maxi mum V& value = 1.0872 [p.u.]
Maxi mum VG3 value = 1.0877 [p.u.]
Maxi mum VA value = 1.0762 [p. u.]
Maxi mum VG value = 1.0774 [p. u.]

Loads power daily peak = 3.2157 [ MN
Generators power daily peak = 4.4437 [MN

Loads daily active energy (absorbed) = 49.2306 [ MM]
Generators daily active energy (generated) = 30.0358 [ M\W]
Daily active energy absorbed fromthe HV grid = 22.9417 [ MAh]
Daily | ost active energy = 3.7469 [ MMAA]

Daily | ost active energy (percentual) = 7.0727 [%
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Chapter 6

The Sensitivity Approach. Application on
four-wires networks

6.1 INTRODUCTION TO CHAPTER 6

The voltage regulation criteria presented in thevjpus Chapters is based on reactive power
variation in MV networks, both Local and Centratiz€oltage Regulation. This approach can
be also extended to the LV. The LV grid is chanazésl by a low reactive power sensitivity
value, due to the low reactance/resistance rati@nTa reactive power variation has a small
influence on the voltage. However is preferablengisieactive power to perform the voltage
regulation in order to avoid active power reductiohhis concept is also reported in the Italian
technical standard CEIl 0-21. For this reason thé&sWhd RQV local voltage regulation
modalities can be extended to the LV ¢ftid

Also the Centralized Voltage Control can be extendethe LV network. In this Chapter the
VCS Sensitivity approach will be applied to a fauire LV grid.

It is important to note that the main Centralizeditsge Control goal is to help the OTG.
Then, in order to guarantee the voltage contra@atifeness on the LV network, this regulation
technique should act on generators active poweweher, in this Chapter, the Sensitivity
approach will be derived for the general case.

6.2 CAN THE SENSITIVITY APPROACH BE APPLIED ON FOUR -WIRES NETWORKS, LIKE
THE LV GRID, IN ORDER TO CONTROL THE VOLTAGE ?

In Chapter 3 the sensitivity approach has beenepted. In order to apply the presented
theory we needs:
* asymmetrical supply voltage system, i.e. a purectlisystem voltage must feed the
grid
e abalanced line current system, i.e. a pure diggstem current must flows along the
feeders
If the grid satisfies these hypothesis, the ente®wvork can be represented using the single-
phase equivalent circuit and the sensitivity appihozan be easily applied. The MV distribution

®1n a second step the UPG and RQV can perform tiveggower variation in order to control the
voltage.



Chapter 6: The Sensitivity Approach. Application on four-wires networks

network practically satisfies the above presentgobthesis, due to the large load balancing.
Instead in the LV distribution grid it is impossibto have load balancing, due to the large
presence of single-phase load. Besides the neuwtied presence constitute another
complication.

But now the question is: “it is possible to modilfye sensitivity approach in order to apply it
to the LV distribution network?” The answer is: $ebut with some modifications”. For
example, as reported in the follow, it is necessargnodify the feeders equivalent circuit and
consider the MV network (which feeds the LV grida & transformer) as a slack bus.

In this chapter the sensitivity theory, appliedtite LV four-wires distribution network, is
presented. This approach is useful to control titage also in LV grids, where a large number
of distributed generators, e.g. PV house-roof gaoes, is installed. The voltage control can be
performed acting mainly on these single-phase gtoies.

6.2.1 Four-wires lines and uncoupled equivalent circuit

The majority of LV distributed generators is remneted by single-phase generators,
connected between a line conductor of the thresg@Hha/ grid and the neutral one. This
generators connection and the single-phase loagkpce creates a current unbalance on the
phases and neutral conductors. In other words akéiye, the negative and the zero-sequence
system flows in a feeder section, composed by tviees with neutral. Then it is impossible to
apply the single-phase equivalent circuit to thedi

The proposed sensitivity method analyze the LV éeé€ghase-by-phase”, defining a “phase
sensitivity matrix” (and the relative “phase sendiy table”) for the active and the reactive
power. For example, if we have five generatorshanghase “a”, we can choose the generator to
control the phase “a” voltage using the “phase (&itive/reactive) sensitivity matrix”. It is
clear that a power variation on the phase “a” irfices also the phase “b” and “c” voltage, due
to the common connection of the generators on ¢gral wire.

In the first step of the “phase-by-phase” analysis,’ magnetically uncoupled” feeder
equivalent circuit must be defined. The equivalesatefined in terms of sequence impedances.

The structure of a physically symmetrical four-wgifeeder is depicted in Fig. 6.2-1-a (“a”,
“b”, “c” are the phase conductors; “n” is the nalittonductor), while its equivalent circuit is
represented in Fig. 6.2-1-b, wheEarore. L'origine riferimento non é stata trovata.
(capacitances can be neglected due to the shgthlefnthe lines):

* R is the phase wire resistance
e L isthe phase wire self-inductance
M is the mutual-inductance between two phase wires

* R, is the neutral wire resistance
* L, is the neutral wire self-inductance
* M, is the mutual-inductance between a phase wirdr@deutral wire

In terms of sequence impedances (see Fig. 6.2-2pwanvrite:
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Z,=7Z,=Rt+jo L~ M)£ Rtj X (6.1)

Z,=(R+3R)+je] L+2M+3( [, +2M)]% B+ jX% (6.2)

It is important to note that the neutral wire o€ tthlack box” depicted in Fig. 6.2-2 is a
“zero-impedance” conductor, because the neutrakd@apce R,,L, andM ) is taken into

accountinZ =Z, and inZ,.
The magnetically uncoupled feeder circuit is deggctn Fig. 6.2-3. For this “fictitious”
feeder we can say that:

z

1.eq

= Zz,eq: Req+ ja)l-eqé Req+j Xe (63)

Zoeo = Rt il +3( R, ot jwL, J2 R X #3( R &) X ) (6.4)

0.eq neq ' n eq

The magnetically uncoupled feeder circuit of Fi®2-8 is equivalent, in terms of sequence
impedances, to the “original” circuit of Fig. 6.2f2

Z,.=Z (or Zyeq= ZZ) (6.5)

1,eq

and

Z,..=Z, (6.6)

0,eq

In other words, from (6.5) and (6.6), we must have:

R,=R (6.7)

X, = X (6.8)
_R-R

I%1,eq - 3 (69)
X, - X

S (6.10)

Equations (6.7) to (6.10) allow to build the maggedty uncoupled feeder equivalent circuit
starting fromR, X, R, and X, of the “original” feeder. It is important to nothat the

presented model represents a fictitious feeder.
Equations (6.7) to (6.10) (summarized in Table X#te also valid in term of per-unit of

length values (i.e. ifQ/km| units).
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Fig. 6.2-3. The equivalent circuit of a magneticdf uncoupled four-wires feeder, in terms of
sequence impedances
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TABLE Xlll. PARAMETERS OF THE ORIGINAL AND EQUIVALENT FEEDER

Original feeder (input data) Equivalent feeder potitdata)
- -R
R R, R,=R R, eq :ROT
X Xo Xeq = X ><n,eq = XO; X

6.2.2 Transformer uncoupled equivalent circuit

The LV grid is normally fed, by the MV network, v MV/LV transformer. Also for this
component a magnetically uncoupled circuit is neagss because the transformer impedance
plays an important role in the sensitivity matrix.

Due to the presence of single-phase load on LV owdwthe secondary side of the
transformer must be a wye winding “y” (also theg<Zag” winding is allowed, but this
connection is not used in Enel Distribuzione gridsd the primary side must be a delta
connection “D”. The typical machine used in ltaly lEnel Distribuzione is the Dyll
transformer. Its windings arrangement is sketcheeig. 6.2-4.

In terms of sequence impedances, the Dyll transforran be represented with the
secondary-side equivalent circuit reported in Big-5 (a and b), where:

n

* R’ isthe short-circuit resistance, referred to theosdary side

n

* X, isthe short-circuit reactance, referred to ttewedary side

* V,, andV,, are the primary and secondary rated voltageseofrtiichine

« Z,,Z, andZ,, are the positive, the negative and the zero segueansformer

impedances
The Dy connection separates the LV grid zero sexpiaircuit from the MV grid zero
sequence circuit, and allows the correct operadidhe single-phase loads connected to the LV
side.
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MV/LV Dyl1 Transformel

MV windings LV windings N
O
Fig. 6.2-4. MV/LV Dy11 transformer windings arrangement
Pos. and Neg. sequer Zero sequenc
Vln /VZn R JXt Vln /VZn R JXt
A—— h@ Ny
O é O
Z,=7Z,,=R +jX Z,, =R +jX =2,

(a) (b)
Fig. 6.2-5. Transformer secondary-side equiva circuit in terms of sequence impedances

The transformer secondary side circuit can be gutest by an equivalent uncoupled three-
phase circuit which is equivalent in terms of semgeimpedances. Let us consider that the MV
transformer side is fed by a three-phase positaguience ideal voltage source (the MV short
circuit power very greater than the transformeedgbower, i.e. we have an MV infinite bus).
Taking into account that:

Z,,=2,, =R +jX’ (6.11)
and
Z,, =R"+jX" =72, (6.12)

The equivalent uncoupled three-phase circuit carepeesented as in Fig. 6.2-6-a, where:
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Rea= R (6.13)
and
xt,eq = Xt" (6.14)
The sequence impedances of the circuit depict&ibin6.2-6-a are:
Z:I.,t,eq = Z2,t,eq: R[,eq+j Xteq: R,t +j X't (615)
and
ZO,t,eq = Rt,eq+j xt, eq: F\‘: +j )< (616)

which are equal to (6.11) and (6.12). The equiva@drmas been demonstrated.

Ea R,eq jxt,eq Ea RMV,eq jXMV,eq R,eq jxt,eq
S A A
N N a " N a
a’E, a‘E,
T S NN A
T N b T N b
aE, aE,
= =
\/ N f}_o c N N f}—/\/—f}—@ ¢
-_—, e | SEE——
MV grid Transformel MV grid Transformel
o N n

(a) (b)

Fig. 6.2-6. Transformer secondary-side equivalentncoupled three-phase circuit. Machine fed by a
grid with infinite (a) and finite short circuit pow er

If the MV grid is not an infinite bus, the positigequence MV grid impedance, referred to
the LV side Ry eq* Xy &), CaN be connected in seriesRq, and X, ., as reported in Fig.

6.2-6-b. The zero sequence MV grid impedance tal@sa role in the circuit due to the
separation introduced by the transformer (see@35-b).
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MV grid and X eq
transformer
I%,eq
Q Q ) JX eq
_________________ n c b a

— Ru<_ <= <R,

Four wires
line

Single phas

load 1 Ld,

Ld,
. 2 Rn,eq 2 2 2 &q
Four wires
line 5 5
Q- Lneg Q> QD Q- Leg
_________ L __ )\
Th h v
ree phas Ld
load ? Ld,

(a) (b)

Fig. 6.2-7. A simple four-wires LV network. The angle-wire diagram (a) and the equivalent
uncoupled circuit referred to the LV side (b)
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6.2.3 The whole LV grid representation

Let us now consider the simple LV network depidtesl single-wire diagram of Fig. 6.2-7-a,
where:
* both three-phase and single-phase load are pr@sebialanced currents are present
in the lines)
e the MV grid has a finite short circuit power
» the HV/LV transformer is a Dy11 machine
According to the concepts exposed in the previagtians of this chapter, the equivalent
uncoupled circuit, referred to the LV side, whielkdés account also the MV grid, is sketched in
Fig. 6.2-7-b. This circuit can be considered aswarimary” of the concepts previously exposed.
In the next section the sensitivity approach apiptie the LV network is presented.

6.3 THE SENSITIVITY APPROACH APPLIED ON A FOUR -WIRES NETWORK

As previously said, we want to control the voltages each phase) of a four-wires system
using the sensitivity approach, acting on singlagghgenerators. In this way, the generators
connected to the phase “a” are driven in orderawtrol the voltage of this phase. The same
occurs for the phase “b” and “c”. Then, the progbpeocedure will be derived analyzing only
the phase “a”

Let us now consider the LV grid depicted in Fig3-&, which is topologically similar to the
MV network proposed in the Chapter 3.

LV four-wires
MV/LV Dyl1 Transformel feeder

O :J]_ L, 2 Lo / 3 Lss 4

Ld,, Ld,, . L, Ld,,

Ldla1
LV busbar

MV grid (with finite

short-circuit power Ld;,

Fig. 6.3-1. LV four-wires grid used to study the aensitivity approach

In spite of generality, in each section (2 to S)tled grid three single-phase general loads
(connected to the phases “a”, “b” and “c” respedtiy and a three-phase general load are
considered (the attribute “general” indicates thatdevice can be a load or a generator, in fact
the treatment can be used both for loads and gengraHowever, in spite of simplicity, only
the single-phase connected to the phase “a” has depicted in Fig. 6.3-1. In a particular
operation point, each load can be substituted,yagplsubstitution principle, with a current
generator. For example, section 2 can be reprabemtein Fig. 6.3-2, where the circuit
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parameter has been calculated starting from thggnali feeder parameter using the procedure
described in Section 6.2.1. Then, in the complat®iit, we can separate the generators in two
groups:
» the first group is composed by the three-phaseageltsource of the MV network
(which can be referred to the LV side, as explaime8ection 6.2.2) and all of the
current sources which represent the single-phasgsiconnected to the phase “a”
(as said before, the sensitivity approach will bewed on the phase “a”)
« the second group involves all of the current sairgbich represent the other loads
(single-phase, connected to the other phases aelpihase type)
Applying the causes and effects superimpose piimcipe can calculate the node voltages
(e.9.E,,, E,,, E,, etc.), and its variations in function of the posyen two steps:

* in the first step also the generators of the @rsup will be activated
* in the second step also the generators of the degrowp will be activated
Referring to the phase “a@”, in the first the fisgep we can calculate the nodal voltages

variations[AE'], due to the power variation of the generator ietato the first group. In the
second step we can calculate the nodal voItage'eatims[AE"] , due to the power variation of

the generator relative to the second group. BAfH] and[AE"] are vectors (as explained in

the follow). The number of elements equals the aquE phase. The total voltages variations
[AE] are represented by the following algebraic sum:

[AE] =[AE]+[AE] (6.17)
In the follow, each “general load” must be consideas a generator.
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6.3.1 Voltages calculation in the “first step”

In the first step, and for the phase “a”, the engjrid of Fig. 6.3-1 can be sketched as in Fig.
6.3-3, where the circuit is referred to the LV siéddl of the quantities of the first step will be
marked with one apex.

Single-phase loac Three-phase loe

—— e

N

DX DX DOF

R 1Xas

2,a _;/\/ f}___
/2 " Ry Xz
: ‘N /}___

sl | | .

Rr112 JanZ\V

N
Jm
9)

o

N
Rul
T
—
w
o

émgmém

I'I'I

Ld; o

N
—
=
e N
il
Nl
y ©
— 7
5
! w

Q)

- -

I Ldt, I Ldty, I Ldt,

Fig. 6.3-2. LV four-wires grid used to study the aensitivity approach. Representation of section 2

The impedanceR,, + ] X,, is composed by the transformer impedance and tke gkd
impedance (both referred to the LV side), as erpldiin Section 6.2.2. In particular:

I:\>Dl = I%/IV eq + I%,eq (618)
XOl = XMV ,eq+ Xt,eq (619)
The network of Fig. 6.3-3 is very similar to whiphesented in Chapter 3 for the MV case.

The main differences are:

» the constant voltage node, i.e. the slack nod#),& (for the phase “a”). This MV
node is “transported” to the LV side and its vottag &, , = E,
« the neutral conductor impedance is not zero
Then, in order to calculate the voltage variatidi® (the apex indicates the first step), due

to a power variatiolddP and AQ, the sensitivity approach can be applied similéol\Chapter
3.
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In spite of simplicity, in the following the referee to the phase “a” is omitted. Then, the

node “0,a” will be “0”, the voltageE, , will be E, etc.
The node “0” is slack-type. Then we can charaatetfie generic node using the difference

Voi' between the magnitudg, = E, and the node voItagE'. In other words, we can write:

Vo =E-F (6.20)
4,a

R1,12 an,lZ R’l,23 an,23

1n

Phases without curre

Fig. 6.3-3. First step application of the causesd effects superimpose principle

For example, ifi =4 (6.20) becomes:

T I

Vo4 = Eo_ E4 (6-21)
By adding and subtracting,, E, and E; we obtain:
V°4'=(E°_E1')+(E1'_E£)+(E;_ §)+(§— E‘)z (6.22)

r i ' '
_V01 +V12 + V23 + V34

thenV,, is the sum of the voltage differencds , V,, , V,; andV,, . Then, as explained in
Chapter 3, we can write:
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v34'=(Ra4+F%,34) R+ ( Xaut X ) Q4D( Rt Ra) Br( Xt X4 C (6.23)

E, E,
where E, is the phase-to-neutral LV grid rated voltage.
Similarly, for the other nodes we can write:

R+ Rs) Rat( Xoat X, 29 Qs

V,, D( =

(6.24)

n

where P; and Q; are the active and reactive powers through thgoget3,a”, neglecting the
power losses on resistances and reactances. invathds:

Ps=R+R+HR (6.25)
Qs =Q+Q+Q (6.26)

For nodes 1 and 2 we can say that:

(Ro+ Ru) Ro+( Xt X1) Q.

V,, O 3 (6.27)

where:
F,=B+R+ R+ R (6.28)
Q=Q+Q+Q+Q (6.29)

Finally, the voltage differenc¥,, is:

V01' 0 R01 P'51; XOl%l (6.30)

where:
RiOR+R+R+ R+ R (6.31)
QUQ+Q+Q+Q+Q (6.32)

Similarly to Chapter 3, we can say tMﬁ is a function of all loads and (active and reaztiv

powers). The same observation is valid EgrbecauseE, is constant. Then:
£ =B Ve = B i+ Vit Vi ) (639
In other words, we can write:

E, = f(R...R,Q,..Q) (6.34)
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Equation (6.34) shows that an active/reactive poveeiation (in the generajl node) that is
defined as:

— f 0
AP =P'-P (6.35)

AQ =Q'-Q° (6.36)

f f 0 0 . L. .
whereP" (Q;") and B~ (Q;") are the final and initial power values, respesfiyproduces
a voltage variation in node 4 that is defined as:

I

AE, =E,"-E° (6.37)
Similarly to Chapter 3, we only first consider orthe reactive power variations, i85 =0

because we assume that only the reactive powdreased to control the node voltages.

The variationAE4' can be calculated by linearizing (6.34) and caavéig) only the reactive
power variations. In particular, we can write:

AE4,:6E4 AQ1+6E4 rQ+
0Q 0Q, (6.38)
oE, OE, JE, '
+—2AQ +—2AQ, +—=A
0Q, @ 0Q, R 0Q Q
According to (6.33), we can obtain:
0B, _ X OB _ XutXut Xy 6.39)
Q E  0Q E
aE4’ - _ X01+ X12+ Xn,12+ X23+ X'I ,23 (6 40)
oQ, E,
aE4’ - _ X01+ X12+ Xn,12+ X23+ X'I ,23+ X34+ X‘u ,34 (6 41)
0Q, E,
aE4’ - _ XOl + X12+ Xn,12+ X23+ X'I ,23 (642)

0Q; E

If the above analysis that focuses on node 4 ienebed to all network nodes, we obtain a
general matrix relationship:
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1

0E, O0E 0E 0E OE

0Q 0Q 0dQ 0dQ 09Q
'AE;' 0E, O0E, O0E, 0E, O0E 20,1
AE, an, GQ? 0Q 0Q aQ'6 20,

. |_|0E, OE, O0E, 0E 0E
AE! |= AQ,
MIERSRORDRS] S
0E, OE, 0E, 0E, 0FE ||aQ
AE ] 1oQ 0Q, 0Q 0Q 0Q|
0E, OE; 0E, O0E, OE
an an aQS a(24 a(%_

which in a compact form yields:

28 |=[s,. 12

AE,

(6.43)

(6.44)

where[sQ'a] is the reactive sensitivity matrix of the phas§g ‘[EAQ] is the reactive power-

variations (of the same phase) vector %AEJ is the nodal voltages vector.

Calculating the partial derivativeEsQ,a] becomes:

Xos Xoa Xo1

1 Xoo Xoat X+ X1 Kot Xzt X 12

[So,a]z_g Xoo Xoot Xip¥ Xip Kot Xigt X gt XoF X o5 -

" Xor Kot Xppt X 5p Xort Xygt X st X X o5 oo

_X01 Kot Kot X o Xoib Xigh X ab X X 5o

Xos Xos
Ko ¥ Xpp+ X 10 ot Kot X 12
Ko ¥ Xpp+ Xy 12F Xogt X, 25 Koit Xyt X 1F XoF X 2
Xop X+ X o+ Xog+ X, o5t Xagt X o Xt Xif X 7 X X 2
Koa ¥ Xpp+ Xy 1oF Xogt X, 25 Xoit Xyt X 1+ Xof X 4 Xg
(6.45)

X 4

n

After analyzing (6.45), we can say that this matax be built using the following inspection

rule, that is very similar to which presented ira@ter 3:
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“The elementi, j is the arithmetic sum of the reactances of allnetzes (including the
neutral one) in which both the powers absorbeddgen and nodej flow multiplied by

Vg,

For example, in (6.45) the element 2,4 —iéX01+ X,+ Xn,lz)/En because the powers

delivered by node 2 and node 4 flow in branchear@ll12, including the neutral wire.
It is important to note that if we would considésaathe active power variation effect, for the
above discussions (6.44) becomes:

EEENICEEN Y (6.46)

where:
AP]=[AP AR AR AR AR (6.47)
1 2 3 4 5

is the active power variations vector z{m;,a] is the phase “a” active power sensitivity matrix,
that is formally identical to (6.45) but replacinbe reactances with the resistances and
maintaining the same subscript, iX,, becameR,, etc. Also the inspection rule is identical,

considering the resistances instead of the reaesarithen the active power sensitivity matrix
for the network of Fig. 6.3-1 is:

Rt a R
1 R Rut Rt Ra R+ R+ Ry
I:SD,a:|=_E Ry Rut Rt Ry Rt R+ Ryt By Ry
"IRu Rut Rt Ry Rit Rt Ryt B Ry
Ru Rut Ro+ R Rt R+ R+ BF Ry
- ~ (6.48)
Rt R
Rut Ro+ Ry R+ B+ Ry
Rut R+ Rt Ret R Rt R+ RiF B Ry
Rt Rt Riot Ret Rt Rt R, Rt R RF B Ry
Rut Ret Rt Rt Ry Rt R+ R B Ry B Re

The nodal voltages variatiorEi\E'J have been calculated.

6.3.2 Voltages calculation in the “second step”

In the second step the voltages variati{)ﬁE"] would be calculated, due to the power

variations of the generators relative to the secgmulip. However, in the practice, this
contribution can be neglected.
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In order to demonstrate this affirmation, let u:msider a reactive power variation in the
node 3,AQ,=Q,' -Q’>0 (the generator absorbs reactive power), by thgleiphase

generator connected to this node, and let us edkihe voltage variation in the same node,
applying the causes and effect superimpose priciphe current of loads and generators
(excluded the generator connected to the noderBpeaconsidered invariable with respect to

AQ,. Then the phasor diagram Fig. 6.3-4 can be derivbdre:
. ESO' is the voltage of the node 3, in the first stepemwthe generator exchang@$

« E; is the voltage of the node 3, in the second stéjs phasor is invariant with
respect toAQ;, as said before

« E? is the “total” voltage of the node 3, in the fistep, after the application of the
causes and effect superimpose principle

« E! isthe voltage of the node 3, in the first stepewthe generator exchanges

e E/ is the “total” voltage of the node 3, in the setmtep, after the application of
the causes and effect superimpose principle

Besides:

« AE; is the voltage variation, in the node 3, due te finst step, which can be

calculated using the sensitivity approach preseint&stction 6.3.1

« AE; is the voltage variation, in the node 3, due togbcond step
» AE, is the total voltage variation in the node 3 (&&7))

In the practice, the variatioﬁEs" can be neglected. In this case we can write:

AE, = AE,; (6.49)
Then, for a practical point of view, the totaltage variation can be approximated with the

voltage variationAE3' evaluable using the sensitivity approach presemte8ection 6.3.1. In

other words we neglecting the influence of all otligeneral loads” on voltage variations due to
the reactive power exchanged in the node 3.

The same conclusion can be applied to calculatevdltage variation in a nodewhen a
reactive power variation occurs in a general npde

These conclusions are valid also for active power.

It is important to note that if, in a particularseaAE, cannot be neglected, the application

of the sensitivity approach presented in Secti@16to evaluate (6.49) creates error. However
the sensitivity approach can be used, without | to choose the “best generator”. In the

follow we consider thaﬂEs" can be always negligible, and (6.49) can be us@Hout
problems. Then, the vector of the voltages vanetio (6.43), can be rewritten without apexes:
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|OE] OE 0E 0E OE |
0Q 0Q 0Q 0Q, 0Q
___ |0E, 0E, OE, 0E, 0E | _ _
=l o 9q 9Q 0 281
AE |=|% 9 0B 9B OE |, (6.50)
ae | |99 90 9Q 9Q 9Q ||,
AE, | |9E, OE, 09E, 0E, 0FE ||aQ
| 0Q, 0Q 0Q Q|
0E, O0E, O0E, O0E OE
10Q 0Q, 0Q 0Q, 0Q;
| ,
I OE,
EY E
_, B
E,
., A =S
Esf \
3 A8,
AE;
» Re

Fig. 6.3-4. Phasor diagram derived from the causemd effects superimpose principle

6.4 THE “B EST GENERATOR” CHOICE

As said in Chapter 3, the “best generator” (BQhesgenerator that has the greatest influence
on a nodd , which is the node where the voltage exceedshitesiiold.

Thus, after analyzing (6.50), we can say that ti& iB the generator that maximizes the
following product, which we call thes&nsitivity product
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e
an AQ, (6.51)

As said in Chapter 3 the system must know the vAiQe and it can acquire this value

polling the distributed generators.
The procedure described above suggests a way wiirdethe ‘feactive powersensitivity

table’ [TSQ’ a] (for the phase “a@”, in this example) that contdhms single sensitivity products.

For the LV grid represented in Fig. 6.3{]]’SQ a] takes the following form:

[OE, JE, JE, OE, dE .
anAQl aQZAQZ aofg 6Q4AQ4 GQAQ
JE, JE, JE, JE, JE,
anﬂQl aQZAQZ OQAQ 6Q4AQ4 aQ;AQ

JE, JE, JE, JE, JE,
anAQl aQZAQZ 6Q3AQ3 aQ4AQ4 aQ,)AQS (6.52)

OE, OE, 0E, 0E,
0Q, 8Q aQZAQ2 0Q, AQ, aQAAQ“ 0Q,
OE, oE, 18 oE
anAQl anAQZ GQ;AQS 0Q4AQ4 0Q,

AQ;

Row i represents the node in which we want to cont®mMbltage, and columij represents
the nodes in which we can control the reactive poWbe BG is the generator connected to
node j that has the maximum absolute value of the seitgitproduct in positioni, j . By
finding the maximum sensitivity product in raw we automatically choose the BG because the
location corresponds to columpof the maximum sensitivity product.

It is clear that, for a general network withnodes (per phase), the sensitivity table takes the
following form:

[ OE, dE, oE, .
—anAQl —aQZAQZ - 35 AQ,
OE,

OE,, dE,
_anAQl - AQN_

It is important to note that, if it is not possilite regulate the reactive power (e.g., if in that
node there is a load or a non-controllable gengrato a node j , then AQ, =0 and,

consequently, the sensitivity product in the positi, j of the sensitivity table is 0.
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Comparing (6.52) with (6.50), we can say that eal@menti,j of [TSQa] represents the
line-to-neutral voltage variation in nodewvhen a reactive power variation occurs in ngde

It is clear that also theattive power sensitivity tab1<—:[TSp, a] can be defined. The elements
of this table arﬁ(aEi'/aFj )AFJ? .

It is clear that, for the entire LV grid, two sensty tables per phase (for the reactive and
active power), and matrixes, can be defined, asranmed in Table IlI.

TABLE XIV. SENSITIVITY TABLES OF THE ENTIRE LV GRID

Phase Reactive power sensitivity tabje Active posegrsitivity table

a [TSQ aJ I:TSP, a]
b [Tsae] [Tor.]
c [Tsov c] [TSP. c]
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Conclusions

In this PhD Thesis, developed in collaboration wihel Distribuzione S.p.A., hew MV
distribution grid voltage control criteria has beamalyzed, in order to improve the network
operation in presence of high Distributed Genenaitigtallation.

The Distributed Generation presence in distributimetworks completely changes the
voltage control criteria both in Primary Substatiand along feeders because lines voltage
profile is not more decaying in monotone way. Intfalue to active power injections, DG can
increase node voltages up to exceeding voltagéslistated by European Standards.

Therefore a new voltage control strategy is necgssath to avoid over/under voltages
conditions and to increase MV network hosting capac

Real-Time Digital Simulator (RTDS) has been usedesi the new voltage control criteria
applied:

e to MV busbar voltage regulation in Primary Substati

* locally, along feeders

e centrally, involving the entire MV grid

Obtained results, detailed in Chapter 5, can bevsanzed as follows:

1. Using the actual voltage control, without involvimgew voltage control criteria,
generators G1, G2, G3 and G5 daily violate, foruabtwvo hours, voltage limits
imposed by the European Standard EN 50160 (+ 10t%).important to note that the
generators nominal power that should be discondemteounts to 3.814 MW, referred
to a total 3.974 MW connected to the grid. It igportant to note that the presence of
DG decrease active power losses from 2.99 MWh 7d MWh. This phenomenon
occurs because generated energy is quite closeetéoad so reducing power flows
along line sections.

2. Activating the new Local Voltage Control criterfresented in Chapter 2, all generators
do not violate EN 50160 limits. In this conditiordaily grid losses increase, passing
from 1.74 MWh to 2.57 MWh (UPG voltage control ftion) or 2.41 MWh (RQV
voltage control function) due to the reactive powrchange necessary to the voltage
control. It is worth noting that the UPG and the\RRave quite the same effect, even if
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the UPG function seems to be more efficient in geohhosting capacity. In fact, it is
able to decrease the voltage to some percentlasRQV function.

Further analysis showed that up to 5 MW can be eciad to the network without
violating EN 50160 limits, which corresponds to #¥&osting capacity more.

3. Moadifying the criteria actually used for the MV Hias voltage control, presented in
Chapter 1, the nominal power that could be condectaches 6.95 MW so increasing
of +75 % the grid hosting capacity. In this corali$ daily grid losses increase
significantly, passing from 1.74 MWh to 5.77 MWhKQ voltage control function) or
5.51 MWh (RQV voltage control function) due to dgreamount of reactive power
exchange necessary to the voltage control. On ther dvand, daily energy flowing
through HV/MV transformer is quite zero due to thgh DG penetration compared to
the load.

4. Finally, activating the new Centralized Voltage @ohfunction, presented in Chapter
3, different condition have been considered. Intipaiar, a condition where two
generators (G4 and G5) don't activate any localag@ control has been considered. In
this condition, G1 voltage exceeds voltage limitg éocal voltage control is activated.
Nevertheless G1 voltage reaches the highest valuealiring an help to the central
Voltage Control System (VCS). The VCS call the Sdet” generators to operate, at
first G5 and then G4. It's important to note tHa tloset generator firstly called (G5) is
geographically farer than G4 but more efficiennirthe Sensitivity Table.

Results showed in this PhD Thesis have been olstanalyzing a real MV line (named
“Ciccalento”). They demonstrated the effectivenafsthe proposed voltage control criteria that
can be therefore used for an efficient voltage rabiof MV grids.

However, numerical results obtained for the “Ciecéd” line can’t be used to evaluate the
effectiveness of the proposed voltage control féfeint lines because it strongly depends on
network electric characteristics (resistance, aram, capacitance, etc.), network topology, load
and generation power, point of connection. In otherds, only analysis on each line could give
numerical results to quantify the effectiveness tioé proposed voltage control criteria.
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