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Abstract: This paper deals with the voltage regulation strategies implemented in the Italian transmis-
sion network to face the increasing problem of high voltages during time periods characterized by
low demand. After an introduction in which this very actual problem is discussed, the focus is on tap
staggering practices. Although tap staggering is not a new idea, it is gaining practical importance
only in the very last few years as a means of enhancing the inductive power drawn from the grid
and, therefore, limiting the voltage rise. Accordingly, tap staggering contributes to the mitigation of
the problems caused by the increasing penetration of renewable energy sources and thus can allow
an increase in the share of renewable energy sources. The paper presents the different tap staggering
practices that are being defined by the Italian transmission system operator and reports some tap
staggering tests recently performed on large autotransformers as well as phase-shifter transformers.

Keywords: voltage regulation; transformer tap staggering; autotransformers; phase-shifting transformers

1. Introduction

In the last decade, an increasing upward trend in voltages in some parts of the transmis-
sion systems has been taking place, mainly in low-demand periods like nights, weekends,
and holidays [1-3]. Two important factors are behind this trend. First, in operating condi-
tions characterized by low demand and high production from nonprogrammable renewable
sources, the committed sets of production units (PUs) with regulation capability are partic-
ularly small. Second, the reactive energy drawn/introduced from/into the transmission
systems is changing, with a clear progressive reduction in the total annual reactive energy
drawn (“inductive energy”) and a clear progressive increase in the total annual reactive
energy introduced (“capacitive energy”). In Italy, the total amount of capacitive energy
introduced in HV networks roughly doubled in the period 2014-2020, approaching the
total amount of inductive energy drawn [3]. Table 1 shows that, in this period, the total
amount of reactive energy exchanged between HV networks and the sum of distribution
networks and HV users has remained approximately constant at nearly 50 TVArh/year,
but there has been a clear progressive decrease in inductive energy and a clear progressive
increase in capacitive energy [4]. In 2020, the latter almost matched the former. In the
figures reported, distribution systems are by far the main part.

Transmission system operators (ISOs) control voltages and manage reactive energy in
their HV networks by means of proper devices/techniques (which include synchronous
compensators, capacitor banks, shunt reactors, STATCOMs, and transformer tap staggering)
and stocking up resources in the dispatching services market (MSD). In order to meet
voltage regulation requirements, the current upward trend in voltages in some parts of the
transmission systems forces TSOs to commit additional PU compared to those committed
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as a result of the electricity markets. On the one hand, this leads to increased dispatching
costs and, on the other hand, constitutes an obstacle to the increasing penetration of
nonprogrammable renewable sources required by the ongoing energy transition process.
This latter aspect is made even more crucial and urgent by the recent tensions in energy
prices and dramatic geopolitical events.

Table 1. Total amounts of reactive energy exchanged between the HV grids and distribution sys-
tems/HV users.

Total Reactive

Inductive Energy Capacitive Energy
Year Energy Exchanged
[TVArh/year] [TVArh/year] [TVArh/year]
2014 36.1 13.4 49.5
2018 32.5 17.9 50.4
2019 29.9 20.3 50.4
2020 25.3 23.1 48.4

As for dispatching costs, in 2014, the cost incurred by Terna, the Italian TSO, on the
MSD for reactive energy management was estimated at approximately 150 M€ [5]. But, in
the two years 2018-2019, this cost rose to more than 1000 M€/ year [4].

In addition, the increasing voltages in some parts of the transmission system have
caused a significant increase in TSO investments for devices for voltage regulation and
reactive energy control (in the period 2020-2026, the total investment costs, made and
planned, are estimated at approximately 1 G€ [4]).

As for nonprogrammable renewable sources, their increasing penetration has im-
portant effects on the generators in service, as they lead to small sets of regulating PUs
committed as a result of the electricity markets and, consequently, to the need to commit
additional PUs in order to provide adequate system security and network services (like
voltage regulation).

Aiming to allow an increasing share of nonprogrammable renewable generation, Terna
has started, since the second half of 2021, a revision of its real-time management processes.
In particular, special effort has been focused on reducing the commitment of PUs not
resulting from the electricity markets but required to provide adequate system security
and services.

The TSO has several means to counteract the rising trend in voltage values during
low-demand periods. In detail, the actions based on already existing network components
are listed below. Note that the actions performed on compensation devices generally have
higher priority than configuration changes or power flow changes. For example, shunt
reactor management has higher priority than PST control, tap change on autotransformers
(ATRs), disconnection of ATRs, disconnection of lines, and so on.

e  Synchronous generator excitation control on the primary transmission network (which
includes the 380-220 kV voltage levels);

Shunt reactor management;

Active power flow control on the primary kV transmission network by means of
phase-shifting transformers (PSTs) and set point changes in HVDC links;

Changes in HVDC filter arrangement;

Network configuration changes by acting on parallel busbar switch breakers;
Control of ATRs on-load tap changers (OLTCs) and disconnection of ATRs;
Distributed tap staggering (TS) of ATRs with limited tap unbalance (see Section 3)
and/or localized TS of ATRs (and, when available, of PSTs).

In addition, the following actions can also be performed, but note that they are costly
for the system:
o  Active power flow changes by means of PU re-dispatching;
e  Early PU commitment and/or delayed PU decommitment;
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e  Commitment of PUs not programmed as a result of the electricity markets.

In agreement with what is reported above, the target of Terna is to minimize the
impact of the three latter actions while trying to maximize the benefit obtained through the
implementation of the previous “not costly” actions. The benefit consists of a higher share
of nonprogrammable renewable source generation allowed, reduced dispatching costs,
or both.

From the viewpoint of organization, different actions have been put in place:

e A push/acceleration for the installation of reactive power compensators like shunt
reactors, synchronous compensators, and STATCOMs;

e Close coordination between the National and Regional Control Centers for manag-
ing the primary transmission and subtransmission networks with a view to voltage
regulation in the overall system;

e  Creation of a list of maneuvers on the network intended to limit system voltages.
For example, the list indicates the lines that can be disconnected, the effect of each
disconnection, and information concerning the possibility of performing TS;

e Creation of teams of experts supporting 24 h the control rooms in the decisions
concerning the acquisition of PUs not committed as a result of the electricity markets.

Although TS is a means for reactive power management that has been known for a
long time, it has been gaining increasing importance only in the very last few years to help
counteract the actual problem of high voltages during periods of low demand. As TS does
not require the connection of new components to the power system, it is cheaper than
other solutions like the installation of new shunt reactors (in Italy, the investment costs
for the installation of new shunt reactors in the 4 years 2021-2024 will be approximately
48 ME£ [4]). Moreover, operative field data suggest that the reliability of shunt reactors
could be lower than that of TRSs, ATRs, and PSTs involved in TS. However, TS stresses the
involved machines more, and it is still early to evaluate any reliability reductions.

The following sections specifically concern TS and describe the application rules
that are being defined by the Italian TSO. Section 2 briefly reports the principles of TS
performed on TRSs/ATRs and PSTs and includes a short comparison among different
available techniques for reactive power management.

Section 3 analyzes the different modalities adopted by the Italian TSO for TS implemen-
tation/management. Section 4 reports the results of recent field tests performed on both
ATRs and PSTs in the Italian primary transmission network. Sections 3 and 4 present some
original rules/solutions for what concerns the TS performed using PSTs and distributed or
localized TS.

2. Principles of Tap Staggering

The theory of TS is briefly described in this section. TS consists of operating in
parallel two tap-change transformers (TRSs) or ATRs on a dedicated secondary busbar with
different tap positions [6—8]. This configuration provides a means of absorbing reactive
power and thus contributes to regulating voltage in the substation area in low-load periods.
The reactive power absorbed at the input node and therefore the voltage variation on the
primary side depends on its short-circuit power and steady-state operating conditions
before TS implementation.

Consider two tap-change TRSs connected in parallel. The number of turns of the
secondary windings depends on the selected taps. Assume the upper TRS has (1 + ;)
turns, and the bottom TRS has (1 + 1) turns. By neglecting the no-load currents and the
series (short-circuit) resistances, this arrangement is represented by the circuit reported in
Figure 1 [9]. This circuit can be transformed in the “equivalent transformer” illustrated in
Figure 2.
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Figure 1. Electrical scheme of two tap-change transformers connected in parallel.

X eq 1:(1+neq)

Figure 2. Equivalent transformer.

The parameters of the resulting equivalent transformer (i.e., series reactance Xeq, per
unit tap-change setting neq and transversal admittance Y¢;) can be expressed as follows
as a function of the per unit tap-change settings #n, and n; and the series (or short circuit)
reactances X,; and Xj:

. (le — na)z

Y, = — 1)

T X )2 4 Xy (14 )2

2

ey = 1o — Xa(1+r;a) (ng —ny) i 2

Xa(14+n,)" 4+ Xp(1 4+ 1)

X, X, [Xu(l + 1) + Xp(1 4 nb)z}

Xeq = (3)

[Xu(l +1a)? 4 Xp(1+ nh)z}2

Equation (1) shows that unequal tap-change settings (1, # ) give rise to an equiva-
lent transversal reactive admittance, with reactive power absorption from the upstream
power system. Therefore, this arrangement can be used to improve voltage regulation dur-
ing light-load conditions. If TS is performed with TRSs in no-load operation (see Section 3),
according to Figure 2, the reactive power absorbed is only due to the resulting transversal
admittance Ye,.

Note that, in principle, this action has the same qualitative effect of other devices
capable of absorbing reactive power, like shunt reactors, TCRs (i.e., continuously controlled
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reactors [10]), and synchronous compensators. However, the costs are very different. Unlike
the existing TRSs or ATRs of an electrical substation, shunt reactors, TCRs, and synchronous
compensators must be regarded as new devices to be installed by the TSO. Accordingly,
if TRSs or ATRs can be operated, during light-load conditions, in TS configuration (this
possibility must be verified case-by-case by the TSO), this practice can allow the installation
of new devices to be avoided.

Aiming to compare these different techniques, first we note that the high and very
high dynamic responses of respectively synchronous compensators and TCRs are not
required to face the problem of rising voltages in low-demand periods. As is known, in
most cases, these techniques are used in order to obtain other technical benefits: system
inertia and short-circuit power increase (synchronous compensators), fast dynamic voltage
regulation, and/or system stability increase (TCRs). It follows that, in practice, the most
significant comparison can be performed between transformer TS and shunt reactors. Shunt
reactors are relatively simple but allow just an on/off operation (reactive power cannot be
regulated). On the other hand, their connection/disconnection is not subject to the network
checks required by TS (see Section 3). Table 2 briefly summarizes the main differences
concerning both costs and technical aspects of these four techniques.

Table 2. Comparison among different techniques capable of facing the problem of rising voltage
during low-demand periods.

Technique Cost Main Advantages Main Disadvantages

Connection of new devices

is not needed; Operation must be

Transformer Tap

Staggering Low several available machines verified case by-case by
the TSO.
can be used.
Relatively simple;
. operation is largely .

Shunt reactors High independent of Only on/off operation.

network conditions.

Continuous reactive High dynamics are not

TCR Very high power control; needed for this voltage
high dynamics. regulation problem.
Continuous reactive .. .
Inertia is not involved
Synchronous . power control; N
Very high . : o in this voltage

compensators increase in system inertia

A lati lem.
and short-circuit power. regulation problem

Aiming to increase the circulation current between the two TRSs and thus the reactive
power absorbed from the upstream network, the taps selected on the two OLTCs must be
changed in opposite directions. Assuming that:

e  The same OLTC tap-change settings (with opposite sign) are used for the two TRSs:
n, = Anand n, = —An;

o  The series reactances X, and Xj are equal (in practice, often the two involved TRSs/
ATRs are twins and the limited difference between the two reactances due to the
different number of turns n, and n; can be neglected).

From Equation (1), denoting by X the series reactances X, and Xj, the resulting
transversal admittance qu is:

; 4An? 2An?
Yoo & —jmo——— & —j—— 4
“a= Ixa+a?) -~ X @)
More generally, given the nominal data of the involved machines and the tap position
settings, the reactive power absorbed in TS operation can be estimated.
The typical values of the ATRs used in Italian HV substations are as follows: nominal
power A is 250 MVA, short-circuit impedance X, goes from 11% to 12%, and OLTC +10%
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with £5 taps and 11 total positions. According to Equation (4), the maximum reactive
power that two typical ATRs can absorb in a no-load configuration is approximately
40 MVAr.

TS can also be performed using two TRSs under normal load. In this case, the currents
caused by the TS add to the load currents, and therefore, the two TRSs carry different
currents. It follows that the maximum allowed unbalance in the selected taps is generally
lower than the maximum one. At the rated current, the reactive power that can be absorbed
by two TRSs operated in TS in under-load mode depends on (1) the load level and (2) the
power factor. Obviously, the reactive power that can be absorbed is lower than that in the
no-load mode. In addition, the secondary voltage of the two TRSs in parallel is subject to
more stringent constraints.

In principle, TS can also be performed by exploiting the normal layout of the primary
substations (owned by the distribution system operators, DSO), which include two HV/MV
TRSs in parallel [7,11,12]. However, in this case, the benefits mainly concern the upstream
TSO HV network, whereas TS is performed by DSO machines.

In practice, until today, Italian DSOs have not performed TS on their TRSs. However,
as already mentioned in Section 1, DSOs are responsible for most of the capacitive energy
introduced in HV networks. Therefore, for DSOs (and HV users), recent tariff regulation
concerning the reactive energy exchanged with HV networks, in force since 1 April 2023,
states that capacitive energy cannot be introduced into HV networks in any time slot and
sets the unit fees to be applied in case of noncompliance with this prescription [13]. In this
regard, DSOs are developing network models to predict grid behavior. In addition, they
are utilizing the provisions of the Italian compulsory standards for connections to improve
their capability of managing reactive energy.

A general assumption for Terna is that the available assets already installed on the grid
and able to provide multi-service performance should do so. This idea can also be applied
to the case of PSTs. It is known that these machines are used to control the active power
flow on the electric transmission lines they are connected to, by acting on the voltage phase
angle difference between the two nodes at the extremities of the lines. However, exploiting
a proper arrangement, a PST can also be used to absorb reactive power, and therefore, in
“TS mode” [9].

The TS mode is obtained by closing the PST bypass circuit (see the field test described
in Section 4.2 below). Accordingly, unlike TS performed with two TRSs/ATRs, one PST is
sufficient. The current absorbed depends on the equivalent reactances of the PST, which
depend in turn on the selected tap. However, PSTs are generally connected on interconnec-
tion lines between neighboring countries or on important transmission lines. Therefore, the
possibility of operating a PST in TS mode must be verified case-by-case, since in this case,
the machine is subtracted to its primary task of active power flow regulation.

For a PST with a symmetrical structure (as in the case of the field test illustrated in
Section 4.2), the input and output voltages have equal magnitudes, and the voltage differ-
ence between the input and output, AV, depends on the selected tap (which determines
the phase shift angle introduced, ) and on the input voltage magnitude V:

AV =2V sin(a/2) ®)

The TS mode is obtained by closing the PST bypass circuit. The current absorbed
depends on the equivalent reactances of the PST, which depend in turn on the selected tap.

For a two magnetic core machine (depicted in Figure 3), as the involved PST is in the
field test reported below, reference [14] provides the equivalent shunt and series reactances
as a function of the phase shift angle, «.
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Figure 3. Circuit diagram of a two magnetic core symmetrical PST.

The shunt reactance Xj,,,,,;(«) is defined as the equivalent reactance, which crossed by
the series input current I of the PST produces the reactive losses of the shunt (exciting) unit.
The series reactance Xg,js(#) is defined as the equivalent reactance, which crossed by the
same series input current I produces the reactive losses of the series unit. The equations

are as follows: 2
AN n
e =3(en ) (5 (2, ) ) o
max
2 2
n n 2 ANY
conmen (3 G0 o

n1 (fixed) is the number of turns of the series windings (series unit);
ny (fixed) is the number of turns of the delta-connected “booster” windings
(series unit);

e n3 (fixed) is the number of turns of the star-connected exciting windings
(exciting unit);

e 1y (variable and selected by the OLTC) is the number of turns of the star-connected
regulation windings (exciting unit).

where:

The total equivalent reactance of the PST X(a), which crossed by the series input
current I produces the total PST reactive power absorption, is then the sum of X, («)
and Xieries (20):

X() = <X1 +X2<Z;)2> +4<sin<g))2<X3+X4max<nfrjax)2—X2<21;12>2> ®)

where each reactance X; refers to the i-th winding made up of n; turns.
Finally, the total reactive power absorbed Q is:

Q=3X(a)l? )

Using these models, the reactive power that can be absorbed by any given PST can be
theoretically calculated.
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3. Tap Staggering Application Rules of the Italian TSO

As already reported, TS is one of the actions that can be used to counteract rising
voltage values in low-demand time periods. TS can be either programmed to define a time
for its actuation or implemented in real time. In the Italian primary transmission network,
TS can be performed using the following:

Two ATRs connected in the same electrical substation;

One PST (using a PST in “TS mode” requires giving up the active power control of the
PST: if this is acceptable, the machine can be used during a limited time interval for
TS purposes. The TS test with PST described below exploits a (not frequent) situation
where two PSTs are installed in the same substation).

From a power system perspective, TS can be performed involving a higher or lower
number of nearby electrical substations. The former case is referred to as “distributed” TS.
It is performed using ATRs with a limited tap unbalance, typically not exceeding 50% of the
maximum unbalance allowed by OLTCs. The latter case is referred to as “localized” TS and
can be performed using ATRs but also PSTs (when available), setting the tap unbalance to
the maximum (provided that the rules listed below are satisfied). Of course, distributed TS
causes less stress to the involved machines but, on the other hand, involves more machines
than localized TS. In all cases, once the critical conditions time is over, best practice says to
stop TS in order to limit wear on the involved machines.

As already reported in Section 2, TS performed with two ATRs of a substation can
be performed either at no-load (more effective case) or under normal-load conditions.
Performing TS at no-load requires the real-time control rooms to check the possibility of
excluding two ATRs from their normal operation. If the network conditions do not allow
this exclusion, TS can be performed with the machines under load.

3.1. Tap Staggering with ATRs in No-Load Operation

In this operative mode, the two ATRs run at no-load on a dedicated (insulated) busbar.
This arrangement is possible when:

e  Theload supplied by the underlying local network allows the exclusion from service
of two ATRs in the considered substation;

e The ATRs in normal operation (i.e., those not dedicated to TS) and/or the actual
network conditions allow the safe operation of the underlying network;
In TS operation, the following application rules are currently established:
The real-time room controls that the currents circulating in the two machines remain
within their limits;

e In the case that one ATR opens, the secondary of the other (still in service) ATR must
be immediately opened as well.

As to the stress caused by TS in the involved machines, Terna is performing charac-
terization campaigns to define the usage limits of OLTCs as a function of ATR secondary
voltage. At present, for not-yet characterized families of devices, conservative limits are
used (i.e., 50% of the OLTC regulation range).

3.2. Tap Staggering with Normally Loaded ATRs

When the operating conditions of the network and/or the number of ATRs available
in the area do not allow for the dedication of two ATRs for TS in no-load operation, TS in
the involved substation can be performed using two ATRs in normal under-load operation
with the secondary sides connected to the same busbar. The two ATRs are connected in
parallel, and TS is performed, changing in opposite directions the operating taps of the
two OLTCs.

The current caused by the unbalance in OLTCs adds vectorially to the load currents
and thus different currents are obtained in the two ATRs. As the taps are changed, one
ATR takes more load, and the other ATR takes less load. This implies that the unbalance
in OLTC positions must be limited and, consequently, a lower reactive power can be ab-
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sorbed compared with the maximum reactive power absorbed in the no-load mode [12].
Also, in the under-load mode, the currents circulating in the two machines must be
continuously controlled.

If one ATR is opened during the operation in TS, the OLTC of the other ATR must
be adjusted in order to keep the secondary voltage at a proper value within normal op-
eration limits. A correct secondary voltage will be restored in the times required by
OLTC maneuvering.

As explained in the previous paragraph with regard to the no-load mode, also in
the under-load mode, the control room controls that the currents circulating in the two
machines remain within their limits.

4. Field Tests
4.1. Tap Staggering with ATRs in No-Load Operation

This paragraph briefly reports a TS field test with ATRs in no-load operation recently
performed in the 380 kV substation Parma Vigheffio, in Northern Italy. The two ATRs
involved are both rated 250 MVA and have the following data: short-circuit impedance
Xsc = 0.12 and OLTC £10% with +£5 taps.

As a first step (at approximately 11:30 AM in Figure 4), the two ATRs were set in
parallel with the secondary side closed on the isolated 132 kV busbar dedicated to the test.
Of course, this action resulted in the cancellation of the previous active power flow, as
indicated by the dotted curve in Figure 4.

~~~~~~~~~~ Active power absorbed ATR1 380kV reactive ATR2 380kV reactive
175
150
125
100
75
50

25

MVAr

-25
50 A
s [ A
-100
-125
-150

9:36 10:12 10:48 11:24 12:00 12:36 13:12 13:48 14:24 15:00 15:36 16:12 16:48 17:24 18:00 18:36 19:12 19:48 20:24

Figure 4. Active and reactive power of two ATRs in TS.

Next, the two transformers were operated at different (not symmetrical) tap positions:
+5 taps for one ATR (which means An = 0.1 p.u.) and —2 taps for the second ATR (which
means An = —0.04 p.u.). The reactive power measurements show opposite flows on the
two transformers, with a total balance of approximately 22 MVAr absorbed at the network
connection point. The reactive power absorbed is actually approximately 8% of the rated
power of the machines, as expected on the basis of the theoretical models reported in
Section 2. This result confirms experimentally very well what was foreseen analytically.
Overall, the TS test lasted approximately 8 h.

4.2. Tap Staggering with PST

This paragraph reports a TS field test performed with a PST in the 380 kV substation
Foggia, in Southern Italy. Under the supervision of the TSO National Control Center, the
test started after checking the network operative conditions and power flows involved.

Figure 5 shows the operational configuration adopted for the test in the involved
substation in which two PSTs are installed.
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Figure 5. Substation layout, where PST A is in TS and PST B is in pushing mode (C and O stand,
respectively, for close and open).

PST A is the machine under test. TS operation is obtained by closing the bypass
disconnector and selecting a proper tap (angle shift) (in order to allow PST A operation
with the bypass closed, some block signals of the PST automatic control must be turned
off). Meanwhile, PST B is kept in normal operation, pushing active power on the 380 kV
line Foggia-Troia, on which it is connected.

This configuration (evidenced by the thick lines in Figure 4) allowed the normal oper-
ation of the 380 kV line Foggia-Troia, on which the active power flow was approximately
400 MW.

The main technical data of the two identical PSTs are as follows: symmetrical structure
with two magnetic cores (see Figure 3), buck and boost regulation, throughput rating Pr is
1800 MVA, nominal rating of the two units Pp is 543.2 MVA, 33 taps, maximum phase shift
at no-load wg is 17.5°.

The theoretical analysis based on the considerations reported in Section 2 provides a
maximum expected reactive power absorption of approximately 150 MVAr for the PST in
TS operation. The test had the following main targets:

e To check the maximum reactive power absorption estimated (approximately
150 MVAr);
e  To check the effect produced on the voltages in the area.

We briefly report the main results of the test. The first result, shown in Figure 6, regards
the maximum reactive power absorbed, which was approximately 140 MVAr, broadly in
line with the expected theoretical value.

As to the effect of TS on voltage regulation, the reactive power absorbed during the test
led to a voltage reduction of approximately 2.5 kV at the Foggia 380 kV node, as Figure 7
illustrates. The other voltages shown in Figure 7 are those recorded at two neighboring
nodes of the 380 kV network.
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Figure 6. Reactive power absorbed during the TS test (changing with the selected taps).
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Foggia
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Figure 7. Voltages measured at the 380 kV nodes of Foggia, Deliceto, and Rotello.

For reasons of safe operation during the TS test, the automatic voltage regulations
(AVRs) of the nearby rotating PUs were not suppressed/modified. The AVR operation
reduces the TS effect on the voltages in the area (in other words, the TS effect is weak-
ened). Measurements performed during the test showed that the voltage reduction caused
an overall reactive power change of approximately 75 MVAr coming from the four syn-
chronous generators in operation in the area (see Figure 8). This reactive power amount
would have resulted in a further voltage reduction at the Foggia 380 kV substation that
could be evaluated at roughly 1-1.5 kV, for a total of almost 4 kV (approximately 1% of the
nominal voltage). Figure 8 clearly shows the reduction in the reactive power absorbed by
the generators in correspondence with the peak of the reactive power absorbed by the PST
under the test.
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Figure 8. Reactive power absorbed by four rotating PUs in the area of the test.
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5. Conclusions

In the very last few years, TS has been gaining practical importance as a possible
action aimed at counteracting the rising voltage trend that occurs in low-demand time
periods in some areas of HV networks.

This paper describes the TS application rules that are being defined by the Italian TSO
and reports some recent field tests performed on large ATRs and PSTs. Considering the
very limited literature available today on this subject, these contents can be considered, at
least to a certain extent, original.

TS can be performed using couples of ATRs located in the same substation, either in
no-load operation or in normal under-load operation. The former case provides the most
effective results, but this operative mode is not always allowed, as it requires the exclusion
of two ATRs from their normal operation.

A further possibility is given by TS performed with PSTs. Even though ATRs are far
more widespread than PSTs, PSTs usually have a larger rated power and regulation range
and can absorb large reactive power in TS operation.

Finally, this paper reports the main results of recent TS field tests performed by the
Italian TSO using both ATRs and PSTs. The test results confirm the effectiveness of TS and
the correctness of the theoretical models used.

From an overall power system perspective, an important technical advantage con-
nected with TS implementation is an increase in the nonprogrammable renewable gen-
eration allowed without violation of voltage constraints. Of course, this advantage can
also be obtained by installing various types of voltage-controlling devices (for example,
shunt reactors). A first qualitative comparison between TS and shunt reactors can be
performed, considering both the costs and reliability of the two solutions. As for the
costs, the comparison is clearly in favor of TS. Concerning reliability, some faults that
happened on shunt reactors in Italy could lead to the same conclusion, even though more
time is still needed to obtain the necessary operative experience for TS. A further ad-
vantage of TS is the possibility of controlling, step-by-step, the reactive power absorbed,
whereas shunt reactors usually allow just on-off operation. On the other hand, shunt reac-
tors do not require careful network checks for the connection/disconnection required by
transformer TS.
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Nomenclature

PU production unit

HV high voltage

MV  medium voltage

TSO  transmission system operator
DSO  distribution system operator
MSD  dispatching services market
PST  phase-shifting transformer
ATR  autotransformer
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TRS transformer

OLTC on-load tap changer

TS tap staggering

TCR thyristor controlled reactor
AVR  automatic voltage regulator
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