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SUMMARY

In the EUDP project ‘Energy saving by voltage management’ two reports are provided
by Technical University of Denmark (DTU) covering the simulation studies and exper-
imental work. The first report presented the simulation results regarding the technical
evaluation of on-load tap changers in solving the voltage problems in presence of pho-
tovoltaic distributed generation, using Bistrup distribution grid (DONG Energy) as a
test case.

This second report presents the experimental results of the testing activity of the Volt-
age Optimization Unit (VOU), i.e., a distribution transformer with single-phase on-load
tap changers (OLTC) in an experimental low voltage grid. Both the transformer internal
behavior and its effective operations under different unbalanced bidirectional power
flow conditions have been investigated. Moreover, different control logics are analyzed
based on their control objectives and control inputs, which include network currents and
voltages that can be measured either locally or remotely. The experimental validation
has been performed in the research infrastructure SYSLAB-PowerLabDK, a laboratory
facility for the development and test of control and communication technology for ac-
tive and distributed power systems, located at DTU Risg campus.

The experimental test validates the control performance of the OLTC transformer and
the test indicates that, using remote measurement, the voltage of the system can be kept
in a safe operational band. However, the remote measurement implies additional cost
investments of to the system operator, thus a proactive tap algorithm is developed and
tested in this project, relying on local measurements. In addition, we also compared the
experimental result with the one simulated in the DigSilent PowerFactory software en-
vironment (the software used in the first report), and the results show that the system
components have been properly modeled.

Note that the system tested in this report is a simplified network that cannot characterize
all the features of a real distribution network, even though it is able to catch the most
important ones. Future study could include two aspects: 1) investigate the OLTC’s ap-
plication in an active distribution network characterized by several subfeeders, where
higher penetration of different distributed generations is present; and 2) combine the
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Summary

OLTC control with smart-metering technology, where the measurements from the smart
meters can be used as inputs for the control actions of the OLTC transformer.
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ABBREVIATIONS

VOU: voltage optimization unit
OLTC: on-load tap changer

EV: electric vehicle

LDC: line drop compensation

CL: control logic

MV/LV: medium voltage/low voltage
DSO: distribution system operator
V2G: vehicle to grid

RMS: root mean square






1 INTRODUCTION

1.1 Background

With the increasing penetration of distributed and renewable energy resources connect-
ed to the distribution network, network operators are facing voltage-deviation problems,
such as voltage rise introduced by non-programmable photovoltaic generation [1]-[3],
or voltage drop, owing to the increasing number of electric vehicles and heat pumps
[4],[5]. To address the voltage problems, instead of choosing expensive expansion in-
vestments, even though the capacities of the grid are far from exhausted, voltage control
at the LV side of the MV/LV transformer by on-load tap changers (OLTC) is largely
proposed in the literature [6]-[10].

In [6], an OLTC circuit is developed for use with a low-voltage transformer (10/0.4 kV,
or equivalent), in which the tap position could be set independently for each low-voltage
feeder. To model the low-voltage system and the control logic of OLTC, the author uses
two simulation tools: Excel and Simulink. The controller takes the measurement from
the far end of the feeder. If the far-end voltage is below the minimum limit, the control
block increases the tap setting by one step. If the far-end voltage is above the maximum
limit, the control block decreases the tap setting by one step. The results showed that the
voltage could be kept within the limits. In [7], phase-wise OLTC is assessed technically
in Flemish LV distribution grids. Compared to [6], the proposed tapping logic considers
the influence of PV in terms of active power injection. The simulation is performed in
DigSilent PowerFactory, and the results showed that the phase-wise OLTC partly elimi-
nates the violations of both voltage limits and thermal constraints. However, voltage
unbalances can increase owing to the independent tap-changing control per phase. In
[8]-[10], the same authors investigated the capability of phase-wise OLTC, with the
objective of evaluating the hosting capacity of a distribution network characterized by
high PV penetration. In the studies, details regarding the modelling and control algo-
rithms of the OLTC are presented. The simulations are performed in Digsilent Power-
Factory. The results showed that the phase-wise OLTC can significantly improve the
penetration of PVs, since it reduces phase-neutral voltage deviations from the rated val-
ue, with acceptable increases of the voltage unbalance factor.

However, the current studies [6]-[10] focus on simulation-based validation which
means experimental-based validation is still largely missing in the field.
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1.2 Objective

In this experimental activity part, four objectives are defined: 1) test the control perfor-
mance of the phase-wise on-load tap-changer transformer and characterize the features
of the OLTC transformer dynamics; 2) reproduce a typical Danish distribution system in
a simplified experimental network;3) validate the simulation models used in the first
part of the project using the experimental measurements; 4) examine three types of con-
trol logics of the phase-wise on-load tap-changer transformer in an experimental low-
voltage network, considering the line-drop compensation technology.

1.3 Report structure

The experimental system is located in SYSLAB which is a laboratory facility for the
development and test of control and communication technology for active and distribut-
ed power systems. The facility is spread across four sites at the DTU (Technical Univer-
sity of Denmark) Risg campus. Thus, all the experimental acitivities are performed in
SYSLAB. To report this activity, the document is organized as follows:

In Chapter 2, the choice of the experimental system setup is justified in a way that it can
represent the features of a real Danish low voltage distribution network. Further atten-
tion is given to a brief description of the involved components.

Chapter 3 presents the internally physical structure of the OLTC transformer as well as
the dynamic response of the OLTC transformer in term of its reaction to voltage chang-
es.

In Chapter 4, the open-circuit test and the on-load test are reported for a complete and
exhaustive characterization of the OLTC transformer.

In Chapter 5, four kinds of control logics (CL) related to phase-wise OLTC are de-
scribed.

Chapter 6 focuses on the evaluation of the real tap-changers activities and the imple-
mented models. With the purpose of evaluating the modeled system, the results obtained
from the practical tests are compared to the simulations’ ones, by monitoring and calcu-
lating the same parameters and indexes.

In Chapter 7, the control performance of three control logics described in Chapter 5 is
presented.
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2 EXPERIMENTAL SYSTEM DESIGN AND
OVERVIEW

In this Section, the choice of all the utilized components and the experimental system
design is justified in a way that it can represent a real Danish low voltage distribution
network. Further attention is given to a brief description of the involved components.

2.1 Setup specification through analysis of a real network

The physical setup utilized for the experiments has been built to reproduce as realistical-
ly as possible a reference real Danish LV distribution network, whose data have been
provided by Dong Energy, a local DSO. The considered distribution system has already
been adopted in the previously presented works dealing with the feasibility of the de-
coupled-tap-changer approach and its effect on the network ([8]-[10]). In order to de-
fine the size of the devices employed in the experimental setup (i.e., OLTC rated power,
cable length and impedance, loads power), an analysis of the electrical characteristics of
a real system is conducted, in particular with the aim of selecting a suitable cable size
(length and section) to represent the line impedance of the reference network.

MV busbar . Sect. r X
Type Material [mm? [@km] [Q/km]
1 Al 150 0.207 0.053

2 Al 150 0.207 0.077
3 Al 240 0.127 0.077

Bus 1 Bus1
98 m Type 1
Bus 2 Bus 2 »
1S
é 4 ; Type 2
- Bus4g -~ .P.EE.A} ..........................
Bus 3 € ,
Bus 5 < Bus5 Type
159 m Type 3
Bus6 ) Bus 6 w
i -
= ©
=
Type 2
48 m ™~ Bus 8
Bus7 Bus 10
Bus10 &—F> E| = e
o
e N
s Type 2
Bus 11 Bus9 Bus 11
= B T —
[ee}
39m < Bus 13 Bus 12 Type 2
Bus 12 el | [/ e
% \Y

Fig. 1. Danish real distribution feeder layout
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In Fig. 1, the distribution feeder layout is shown, along with the cables length and imped-
ance. In order to have a simplified setup, this analysis’ aim is to calculate an equivalent
impedance of the real network. Further, the line sections connecting the MV/LV trans-
former and the farther busbar (i.e., Bus 12) were considered (highlighted in Fig. 1).

The total impedance for the highlighted line is given by (1):

3
Zror = 2 |Ztype|'Ltype )
type=1

where Zype = |Fiype + J Xiypel IS the per-unit-length impedance [€/km] and Ly is the total
length [km], both associated to each cable type and section. The total impedance Zror is
then used to calculate an index of the ‘impedance density’ defined as the ratio between
total impedance and total load power:

Z1o1
K, ==L 2
Z " Pror @)

where Pror is the total load power [KW] calculated as the average consumption of the
loads connected to the network, measured during one day operation, and K is defined
as ‘impedance density’ index [Q/kW].

The line length for the experimental setup can now be defined through (3):

K, P
LTEST =T (3)

anble

where two of the variables need to be set in accordance with the test:
- Prest: OLTC’s rated power [kW] (also defining the loads’ size)
- Zcaple: impedance of the cable [Q2], depending on the type selected for the setup.

In this case, the impedance of the line highlighted in Fig. 1 is 92.64+j36.84 mQ, while the
average load power during one day operation of the network is 31 kW. These values
resulted in an impedance density Kz = 3.22 Q/kW. In order to recreate the most realistic
network equivalent, the closest size available for the OLTC device is 35 kW, while the
cable chosen for the setup is a 16 mm? copper conductor (Zype=1.45+j0.081 /km).
With these values, the cable length can be calculated as for (3) resulting in 75.3 m.

To verify the accuracy of the analysis, an evaluation of the three-phase short-circuit
current has been performed, by simulating a fault at Bus 12 in the real system’s model
and at the load bus in the equivalent circuit. They amounted respectively to 1626 A and
1638 A, thus validating the study.

12



Experimental system design and overview

2.2 Experimental setup

The experimental validation has been performed in the research infrastructure SYS-
LAB-PowerLabDK, a laboratory facility for the development and test of control and
communication technology for active and distributed power systems, located at the
DTU Risg campus [11].

As result of the proposed analysis, the basic simplified experimental setup layout has
been composed of the 35 kVA decoupled-phase OLTC transformer under investigation,
a 16 mm? three-phase 75 meter-long copper cable and a resistive load with the feature
of independent single-phase power absorption control up to 15 kW per phase.

In addition to the mentioned realistic passive outline, an EV featured with Vehicle-To-
Grid (V2G) services provision has been connected to the system aiming at representing
a single-phase active user connected to the LV grid. It allows grid support by raising the
voltage locally, thanks to the possibility of active power injection.

The setup of the experiment is schematically depicted in Fig. 2 and Fig. 3. It can be no-
ticed that two measurement devices have been utilized for monitoring and collecting
data. Specifically, they have been installed at the two terminals of the cable, i.e., at the
secondary side of the OLTC and at the load/EV bus. In particular, they allow monitor-
ing voltages and currents on the four active wires (the three phases and the neutral con-
ductor) at the two measurement points, both in terms of root-mean-square (RMS) values
and of sequence-related indexes. The utilized measurement devices are two ‘ELSPEC
BlackBox G4500 Power Quality Analyzer’ units [12].

Measuring
devices

Fig. 2. Experimental setup layout
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Single-phase loads
and eBox

Load_c

SYSLAB Decupled- Measuring Measuring
busbar phase OLTC device device
CEE I CEE CEE I
plug Q plug Cable plug Q
L1 iz& M M
Load b Load_a eBox_a
D
L3 j
N
PEN | U U
PE
U 1 UZ

Fig. 3. Schematic system layout for the experimental activities

2.3 Controllable load

As discussed in Paragraph 11-B, a custom-made 45 kW (i.e., 15 kW per phase, adjusta-
ble with steps of 0.1 kW) load unit equipped with a three-phase CEE 63 A plug for the
supply has been utilized (Fig. 4). According to the active power independently settable on
each phase through a touchscreen interface, appropriate connections of internal resistor
branches are provided, so to achieve the necessary resistance, resulting in the desired
active power absorption. It is therefore clear that the load is representable with a con-
stant-impedance model, with reference to the ZIP theory [13]. In fact, the unit is manu-
factured so the set active power Py corresponds to the effectively absorbed power Pes
just under nominal voltage conditions V,. Otherwise the effective load power would
change with the square of the ratio of the effective supply voltage Ve and the rated one,

asin (5).

Peir=Po - (Vett /Vo)°

(%)

Fig. 4. Phase-independently controllable resistive load and the control interface
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2.4 Electric vehicle

The utilized EV is an eBox, a conversion of a Toyota Scion xB vehicle into a battery
electric vehicle produced by the U.S. Company AC Propulsion (Fig. 5). The eBox is
equipped with a 35 kWh battery and a power electronics unit (PEU) capable of single-
phase bidirectional power transfer up to 20 kW. It is controllable either by the EV com-
puter that interfaces with the PEU using build-in vehicle smart link (VSL) or directly
via the vehicle management system (VMS) [14].

In this case, the VMS has been utilized. It allows the manual adjustment of the inject-
ed/absorbed current — limited to 16 A due to the technical limitation of the single/three-
phase switchboard, which the EV is connected to. Therefore, for the performed experi-
mental tests, the set current has been considered as reference value for the analysis of
the operative scenarios. Again with reference to [13], the EV is representable with a
‘constant-current’ model, meaning that its behavior is characterized by a constant ratio
of active power and voltage. Therefore it is clear that, unless the operation is run under
nominal voltage condition, the injected power Pt would deviate from the nominal pow-
er Po with the ratio of the effective supply voltage Ve and the rated voltage Vo, accord-
ing to (6).

Peff:PO ° (Veff /VO) (6)

Fig. 5. eBox connected to the ending terminal of the line through a single-phase switchboard
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2.5 Cable impedance calculation

For the calculation of the cable impedance, two methods are proposed: deriving com-
plex equations considering the voltage drop along the cable or relying on a regression
method.

The first approach allows the calculation of the resistance of the cable by measuring the
voltage at the two terminals of the cable and the current flowing through. By taking the
phase angles into account, it is also possible to calculate the reactance of the cable. Con-
sidering phasors, the voltages at the two ending terminals of the cable have different
magnitude and angles, whereas, as the system is a LV system, the current in each end
has same magnitude and angle. The following equations consider complexes representa-
tions of current and voltages, where the subscript 1 and 2 indicate the starting and end-
ing terminals of the line, respectively.

AV:V1_]72:

~|

-Z=T-(R+jX) )

R = Me(8) = Vi(cos@q)  Va(cos@,)

V(inn(p) V(siIn<p) (8)
X=3m(8) = +—— -+

Utilizing the test setup described in the previous Section, the following procedure has
been followed:

Set the dumpload power to 1 kKW.

e Wait 5 minutes, in order to get an averaged value.

e Increase the power by 1 kW.

e Wait 5 minutes.

e Continue until 11 kW has been reached

Actual power levels and 5 minute averages of the measurements can be seen in Table 1.

Table 1. Measurements for reactive power calculations

P [kwW] 116 |2.26 |3.37 |381 (449 |[557 |6.65 |7.76 |9.25 |10.67 |11.33
I [A] 496 |9.73 |1450 |16.42 |19.39 |24.17 |28.89 |33.71 |40.38 |46.66 |49.56
V4[V] 233.52|233.441233.71 | 233.67 | 233.60 | 233.24 | 233.19 | 233.86 | 233.50 | 234.08 | 234.27
V,[V] 232.95(232.34 |232.04 | 231.78 | 231.36 | 230.44 | 229.85 | 229.92 | 228.78 | 228.59 | 228.40

@4 [rad-107] 22.78 (20.89 [20.15 |19.77 |19.24 |18.77 |18.62 |18.75 |18.97 |19.80 |20.27

@o[rad-107] 2342 (22.04 (2132 |20.76 |20.43 |20.17 |20.21 |20.52 |21.34 |22.51 |23.21

The linear regression is a first order equation (equation (9)) where two fitted parameters,
a and S, influence the argument in order to give a linear output. The two parameters

16




Experimental system design and overview

have been calculated from existing arguments and output values, using the MatLab
functions polyval and polyfit.
y=ox+p 9)
The argument x is the actual power and output y is the impedance per km.

The imaginary calculations at low currents, i.e. the first three power levels, are impre-

cise and unrealistically high reactance has been obtained; these values have therefore
been ignored when linearising. The linearisation parameters are shown in Table 2.

Table 2. Linear regression parameters

A

B

R | 0.005195494895876

1.518473715004860

X | -0.001160472207781

0.156054586447325

Datasheet values for the impedance are taken into account in order to compare the accu-
racy of the calculated impedance. Units in the datasheet are expressed in w/km, thus the
calculated impedance has been scaled up.

In Fig. 6, the calculated impedance values are marked by ’x’, the linearisation values are
represented by the dashed lines and the datasheet values by the full lines. The reactance
(red) is relatively constant across the power levels, and is close to the datasheet value. A
possible reason for the slightly higher reactance could be that the cables are rolled up in
order to save space. When a cable is rolled up it is similar to a coil and therefore works
as an inductor. The cables are not magnetically sealed. The resistance (blue), shows a
rather peculiar trend: it is increasing with each increasing power level, unlike the con-
stant datasheet value.

‘ *  Calculated Datasheet — — — Linearised
1.6
—] x =]
S g =T [=
x | = K- - X oF
= 1.55 o g Moy =X~ X — x :,
— 5 -
@ 15 104 @
e X e
o ©
g . X 102 8
@ —|— % K — e — = - —X P
o o
1 1 1 1 1 1 1 1 1 1 U

2 3 4 5 6 7 8 9 10 11
Power at dumpload [kW]

Fig. 6. Calculated, linearised and datasheet values for resistance and reactance
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3 UNDERSTANDING THE FUNCTIONS OF THE
VOU

3.1 VOU internal structure investigation

The VOU (a decoupled-phase OLTC transformer) under examination is a three-phase
Delta-Wye transformer with the neutral grounded at the secondary side. Independently
on each phase, it allows a regulation of the output voltage of £10 % of the rated voltage
Vi (400/230 V for either side). The rated power is 35 kVA, which corresponds to 11.66
kVA for each single-phase unit, while the rated current amounts to 50 A.

The peculiarity of the VOU is the capability of performing tap actions in three inde-
pendent ways on the three phases, thanks to three different servo motors controlled by
three independent control systems. The internal structure is reported in the picture of
Fig. 7, where all the inner components are highlighted and named.

L

Voltage
measurement
transformer

Control unit

.........................................

Toroidal
transformer

.........................................

: Booster
| B L | S ‘ transformer

’ T ? ; Power input/
- output

Fig. 7. VOU internal structure
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It is composed by three single-phase toroidal coil transformers equipped with winding
selectors connected to three servo motors, whose operations are managed by independ-
ent control units according to voltage measurements at the secondary side, obtained
through three single-phase voltage measurement transformers. On the right side, three
single-phase booster transformers are placed, whose main function is to split the total
power among two steps of transformation, so to reduce the size of the three servo mo-
tors.

In the following figures (Fig. 8-14), detailed pictures of all the inner components of the
transformer are reported.

Fig. 8. Power Circuit Breaker

Fig. 9. Control Circuit Breaker

20
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Fig. 10. Control Unit

Fig. 11. Three single-phase Measurement Transformers

Fig. 12. Three single-phase Booster Transformers

21



Understanding the Functions of the VOU

Fig. 14. Three Servo Motors

The scheme in Fig. 15 highlights the two main circuits of the transformer: the power
and control circuits.

Power circuits | Servo motors control circuits |

1 1
i T T z W T p T T — T i T T
21
o s
B3
g ‘
s e . w @ s
i s = o<
1 T
H
i
i
i
|
i
| 5 ar = e |7
B = x - o=l ¢
i
. i
i i
|
i
i
i
i
- ETNGANG  TNPUT Wl
P
L_=t——0—1 3 x s00/z30v, -10%/-10% =t |
(358/207 - 430/253) V AUSGANG/QUTPUT
ar «n o+ PE ACHTURG ! 400/230¥, =/-0,5%
max. ca. 57A BELASTBARER KULLEITER ODER PEN 50/80Hz
(oei -10% Unterspannung) IST ERFORDEALICH IPINIPE
(st undervoltags -10%) LOADABLE NEUTRAL OR FEN REQUIRED 504, 3skvA
e e _Schunternann [N, vy T 1 Bliveer 3
i 1 1 1 | Transformatoren | fa isyirises telsies i sorutevivny e w13 770 99 ssa |waisen:
T 1 | Ardrng | I 1 T ailiem Tyat DASE2-400/50 | Zeschnurgs . i oasez ame.so | Lager-ir.:

Fig. 15. Power and control circuits
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Understanding the Functions of the VOU

3.2 Control mechanism and Tap-changing mechanism

This section presents the first practical activity: some simple preliminary tests have been
performed with the aim of investigating the control behavior of the VOU.

Basically, the OLTC operates on a closed loop control. Independently on each phase,
the output voltage is measured and compared with a reference voltage in the control
unit. Whenever it exceeds the allowed dead band (1 % of V,), tap actions are performed
until the dead band is reached again.

Firstly, the tap operation scheme depicted in Fig. 16 has been considered as a reference.

AV . " step

AV

step

D1

Fig. 16. Reference OLTC tap operation

The tap action can be described as follows:

1. Due to the increase of the load on one phase, the voltage on that phase drops (47);

2. A delay-time D1 prevents tap actions due to short-term voltage variations;

3. After the delay-time D1 the voltage increases (4Vsep), due to a tap action, which
lasts Tstep;

4. Between two consecutive steps, a certain delay-time D2 has been detected.
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3.2.1 Preliminary Tests Results

Since the main objective was the determination of the parameters that characterize the
physical tap action operation, it has been decided to monitor and analyze the RMS val-
ues of the phase-neutral voltages at the secondary side of the VOU while performing
load steps. In order to obtain voltage drops that could cause a correspondent tap action,
several load changings have been performed during a 25 minute-long time slot, named
evnet #1 — event #4, as described in Table 3.

Table 3. Single-phase active power absorption after each event*

02 June 2015 Phase a [KW] Phase b [kW] Phase ¢ [kW]
11:25 1/1.1 1/1.1 1/1.1
11:30 (event #1) 3/3.4 3/3.4 3/3.4
11:35 (event #2) 6/5.6 6/5.6 6/5.6
11:40 (event #3) 9/9.3 9/9.3 9/9.3
11:45 (event #4) 12/11.6 12/11.6 12/11.6

*Note: the first active power value is the one that has been manually set at the controllable load, the second one is the
one that is effectively set by the load (according to some fixed combinations of resistances that that allow an active
power absorption as close as possible to the one that is manually set under nominal voltage conditions). This differ-
ence is due to a not perfect calibration of the control unit, which therefore needs to be adjusted in the future.

Fig. 17 shows the three phase-neutral voltages at the secondary side of the trasmormer
during the 25 minute-long time slot considered for the investigation of the tap behavior.

RMS Voltage ELSPEC Node@PQS Site

232.0V
231.8V

231.6V

2314V J

o] | | 1)
- ’” AT

230.6 V

230.4 v |f

230.2 v

SOERAN

229.8 V 1

2206V

02/06 11:30 11:35 11:40 11:45 11:
Tuesday 02 June 2015: 11:25:00 - 11:49:59
-8 Average L3 RMS Voltage (Cycle by Cycle), ELSPEC Node@PQS Site 8= Average L1 RMS Voltage (Cycle by Cycle), ELSPEC Nade@PQS Site

-8~ Average L2 RMS Voltage (Cycle by Cycle), ELSPEC Node@PQS Site

Fig. 17. Va, Vb and Vc trends between 11:25:00 and 11:49:59
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In the following part, details of the measured voltages are reported. Specifically, for
each event (load step — as described in Table 3), a general figure with its effects on the
voltages precedes detailed zoomed-in figures for the analysis of the tap action and for
the determination of the parameters afore defined.

Event #1

2208V

2306 V

2304 v J—\_\-U—m
2302V
2300V
220.8 v
229.6 v

2204V

2202V

RMS Voltage ELSPEC Node@PQ$S Site

Tuesday 02 June 2015: 11:30:15 - 11:30:27

11:30:18s 20s 225 24s 265

-~ Average L3 RMS Vattage (Cycle by Cycle), ELSPEC Node@PQS Site  ~#- Average L2 RMS Voltage (Cycle by Cycle), ELSPEC Node@PQS Site

- Average L1 RMS Voltage (Cycle by Cycle), ELSPEC Node@PQS Site

Fig. 18. 11:30 — Event #1: phase-neutral voltages on the three phases

As expected, from Fig. 18 (event #1) it is noticed that:

Because of the increase of the load, the three voltages drop (47);

After a certain delay-time (D1) voltages increase, due to the tap actions;
Each tap action lasts a certain time (Tstep);

Between one tap action and the next one there is a certain delay (D2),
which is not constant;

Also the voltage raise due to the tap action (4 Vsep) is not constant.
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RMS Voltage ELSPEC Node@PQS Site

2304V

2302V \

2300V

229.8V

229.6 V

229.4 V.

229.2V

11:30:16.100ms 200ms 300ms 400ms 500ms 600ms 700ms
Tuesday 02 June 2015: 11:30:15 - 11:30:16
-+~ Average L3 RMS Valtage (Cycle by Cycle), ELSPEC Node@PQS Site 8~ Average L2 RMS Valtage (Cycle by Cycle), ELSPEC Node@PQS Site

-8~ Average L1 RMS Valtage (Cycle by Cycle), ELSPEC Node@PQS Site

Fig. 19. 11:30 — Event #1: zoom-in of the phase-neutral voltage on phase a

Fig. 19 outcome:
D1 =60 ms;
Tstep = 20 ms;
D2 =20 ms;
AVstep_1=0.60V —AVsep_2=0.70 V

RMS Voltage ELSPEC Node@PQS Site
230.4 V.

2303V
2302V
2301V

229.9V

229.8V

229.7 V.
2206V
229.5V
229.4V
229.3V
229.2V
229.1V
11:30:20.700ms 800ms 900ms 11:30:21.000ms 100ms 200ms 300

Tuesday 02 June 2015: 11:30:20 - 11:30:21
-+~ Average L3 RMS Valtage (Cycle by Cycle). ELSPEC Node@PQS Site 8~ Average L2 RMS Voltage (Cycle by Cycle). ELSPEC Node@PQS Site

s~ Average L1 RMS Voltage (Cycle by Cycle), ELSPEC Node@PQS Site

Fig. 20. 11:30 — Event #1: zoom-in of the phase-neutral voltage on phase b

Fig. 20 outcome:
D1 =60 ms;
Tstep = 20 ms;
(D2 = 40 ms);
AVstep_1=0.93V — (AVstep_2 = 0.27 V)
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RMS Voltage ELSPEC Node@PQS Site
230.6 V
2304V
230.2Vv
2300V
2298V
2206V
2204V
11:30:25.800ms 900ms 11:30:26.000ms 100ms 200ms
Tuesday 02 June 2015: 11:30:25 - 11:30:26
-~ Average L3 RMS Vattage (Cycle by Cycle), ELSPEC Node@PQS Site  ~#- Average L2 RMS Voltage (Cycle by Cycle), ELSPEC Node@PQS Site
-8~ Average L1 RMS Vohage (Cycle by Cycle), ELSPEC Node@PQS Site

Fig. 21. 11:30 — Event #1: zoom-in of the phase-neutral voltage on phase ¢

Fig. 21 outcome:
D1 =60 ms;
Tstep = 20 ms;
D2 _1=D2_2=20ms;
AVstep 1 =0.44V — AVstep_2 =051V — AVep_3=0.44 V.

Event #2

RMS Voltage ELSPEC Node@PQS Site
2318V

231.6 V.

2314V

J I N
2312V _ L
2310V

230.8 v
230.6 v
230.4 v
230.2

230.0v .

229.8V

229.6 v

229.4V
11:35:16s 18s 20s 22s 24s 2635 28s

Tuesday 02 June 2015: 11:35:14 - 11:35:29
-8~ Average L3 RMS Voltage (Cycle by Cycle), ELSPEC Node@PQS Site - Average L2 RMS Voltage (Cycle by Cycle). ELSPEC Node@PQS Site

-8~ Average L1 RMS Voltage (Cycle by Cycle). ELSPEC Node@PQS Site

Fig. 22. 11:35 — Event #2: phase-neutral voltages on the three phases
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From Fig. 22 (event #2) it is noticed that:

Because of the increase of the load, the three voltages drop (47);

The voltage at phase c, although it drops, does not decrease so much to
need to be raised up by a tap action — its zoom-in is not reported.

After a certain delay-time (D1) voltage b increases, due to the tap actions;
The voltage at phase a does not increase immediately, instead it increases
only after achieving a sufficiently low value;

Each tap action lasts a certain time (Tsep);

Between one tap action and the next one there is a certain delay (D2),
which is not constant;

Also the voltage raise due to the tap action (4Vsep) is not constant.

2312V

2310V

2308V

2306 V

2304 V

2302V

2300V

2298V

229.6 V

RMS Voltage ELSPEC Node@PQS Site

11:35:15.500ms 11:35:16.000ms 500ms 11:35:17.000ms
Tuesday 02 June 2015: 11:35:15 - 11:35:17
-8~ Average L3 RMS Voltage (Cycle by Cycle), ELSPEC Node@PQS Site -8~ Average L2 RMS Voltage (Cycle by Cycle), ELSPEC Node@PQS Site

-~ Average L1 RMS Valtage (Cycle by Cycle), ELSPEC Node@PQsS Site

Fig. 23. 11:35 — Event #2: zoom-in of the phase-neutral voltage on phase a

Fig. 23 outcome:
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D1 =60 ms;

Tstep = 20 ms;

D2 1=20ms—-D2_2 =20 ms;

AVistep.1=0.32V — AVsep_2 = 0.58 V — AVsep_3 = 0.59 V.
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RMS Voltage ELSPEC Node@PQS Site
2314V 1/_\ /—
oy _\1\ Y.
2310V
2308V
2306 V
2304V
2302V \
2300V
2208V
2206V
2204V
11:35:20.000ms 500ms 11:35:21.000ms 500ms
Tuesday 02 June 2015: 11:35:19 - 11:35:21
e~ Average L3 RMS Voltage (Cycle by Cycle). ELSPEC Node@PQS Site 8= Average L2 RMS Voltage (Cycle by Cycle), ELSPEC Node@PQS Site
~e- Average L1 RMS Voltage (Cycle by Cycle). ELSPEC Node@PQS Site

Fig. 24. 11:35 — Event #2: zoom-in of the phase-neutral voltage on phase b

Fig. 24 outcome:
D1 =160 ms;
Tstep = 20 ms;
D2 =40 ms;
AVstep_ 1 =0.71V — AVgep_2 =0.86 V.

Event #3

RMS Voltage ELSPEC Node@PQ$S Site

231.6 V

2314V

2312V

231.0 ¥

2208V

2306 V

D

2304 V

2302V ﬁ

2300 v

229.8 v [

2206V

s

11:40:265 28s 30s 32s 34s 36s 38s
Tuesday 02 June 2015: 11:40:23 - 11:40:38
-~ Average L3 RMS Vattage (Cycle by Cycle), ELSPEC Node@PQS Site  ~#- Average L2 RMS Voltage (Cycle by Cycle), ELSPEC Node@PQS Site

-+~ Average L1 RMS Vottage (Cycle by Cycle). ELSPEC Node@PQS Site

Fig. 25. 11:40 — Event #3: phase-neutral voltages on the three phases
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From Fig. 25 (event #3) it is noticed that:

Because of the increase of the load, the three voltages drop (47);

Voltages at phases a and b, although they drop, do not decrease so much to
need to be raised up by a tap action — their zoom-ins are not reported

After the delay-time (D1) voltage ¢ increases, due to the tap actions;

Each tap action lasts a certain time (Tsep);

Between one tap action and the next one there is a certain delay (D2),
which is not constant;

Also the voltage raise due to the tap action (4Vsep) is not constant.

2302V

230.0V

RMS Voltage ELSPEC Node@PQS Site

231.0V /

230.8V

230.6V

2304V

T \J

229.8V

229.6 V
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Tuesday 02 June 2015: 11:40:35 - 11:40:37
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Fig

30

Fig. 26. 11:40 — Event #3: zoom-in of the phase-neutral voltage on phase ¢

.26 outcome:

(D1 =240 ms);

Tstep = 20 ms;

D2 1=40ms—-D2_2 =20 ms;

(AVetep_ 1 =0.19 V) —AVsep_2 =0.60 V —AVtep_3 =0.61V
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Event #4

RMS Voltage ELSPEC Node@PQS Site
231.4V
2312V
231.0 v
230.8 Vv
230.6 v

230.2V

230.0 v

229.8 Vv

229.6 V.

11:45:265 28s 30s 32s 34s 36s 38s
Tuesday 02 June 2015: 11:45:23 - 11:45:39
e~ Average L3 RMS Voltage (Cycle by Cycle), ELSPEC Node@PQS Sits - Average L2 RMS Voltage (Cycle by Cycle). ELSPEC Node@PQS Site

e~ Average L1 RMS Voltage (Cycle by Cycle). ELSPEC Node@PQS Site

Fig. 27. 11:45 — Event #4: phase-neutral voltages on the three phases

From Fig. 27 (event #4) it is noticed that:

. Because of the increase of the load, the three voltages drop (47);

. Voltage at phase b, although it drops, does not decrease so much to need to
be raised up by a tap action — its zoom-in is not reported

. After the delay-time (D1) voltages a and c increase, due to the tap actions;

. Each tap action lasts a certain time (Tstep);

. Between one tap action and the next one there is a certain delay (D2),
which is not constant;

. Also the voltage raise due to the tap action (4 Vsep) is not constant.
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RMS Voltage ELSPEC Node@PQS Site

2314V

2312V

231.0V

230.8 v

2306 V

230.4 V.

2302V

I\

2300V

2298V

229.6 V.

11:45:24.700ms 800ms 900ms 11:45:25.000ms 100ms

Tuesday 02 June 2015: 11:45:24 - 11:45:25

Fig. 28. 11:45 — Event #4: zoom-in of the phase-neutral voltage on phase a

Fig. 28 outcome:
D1 =80 ms;
Tstep = 20 ms;
D2 =20 ms;
AVstep_1=0.67V —AVsep_2=0.71 V.

RMS Voltage ELSPEC Node@PQS Site

231.0V /

\ J /—\—/i/ﬂ

230.4 V

230.2 v

230.0 v

229.8 V

229.6 v

11:45:37.500ms 11:45:38,000ms 500ms 11:45:38,000ms

Tuesday 02 June 2015: 11:45:37 - 11:45:39

Fig. 29. 11:45 — Event #4: zoom-in of the phase-neutral voltage on phase ¢

Fig. 29 outcome:
D1 =120 ms;
Tstep = 20 ms;
(D2 =120 ms);
AVitep_ 1 =0.89 V — (AVstep_2 = 0.20 V).
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Results Analysis and Interpretation

It has been noticed that the step AU related to the tap action is not constant: it assumes
values within the range 0.3 V and 0.9 V.

The main reason is probably related to the supply voltage, which could be fluctuating
during the step time (Ts.ep = 20 ms), causing the modification of A Viep.

Considering this, it has been decided to proceed with further preliminary tests with the
aim of verifying the reasons of such an inconstancy of 4Vsep, and of finding out its real
value as well.

Thanks to this further investigation, it will be possible to obtain the real value of AVsep
that will be applied to the PowerFactory model of the VOU, in order to reproduce its
real behavior.

AVsep is NOt the only one parameter that assumes different values: also the delay-times
D1 and D2 are not always constant. The delay-time D1 assumes values within the range
60 ms and 160 ms, while D2 within the range 20 + 40 ms.

At any rate it is important to underline that the sampling time of the ELSPEC measure-
ment device is 20 ms.

Overall results:
D1 =60+ 160 ms
Tstep = 20 ms

D2 =20+ 40 ms
AVsep=03+09V

Mean values of the voltages between 11:25 and 11:49

Va=230.66 V
Vb =230.56 V
Vc =230.69V
=>» They could be considered as the voltage setpoints, i.e. the
voltage that is considered as reference point by the control-
lers.
Tap actions:

If Va<229.6 VorVa>231.8V > TAP
If Vb<229.6 Vor Vb>231.8V > TAP
If Ve <229.7Vor Ve > 232V - TAP

= Dead Band = 2.3 V ; Vsetpoint -1.15 V + Vsetpoint +1.15 V
= Dead Band =1 % Vn (= 0.5 % Vn)
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3.2.2 Correlation between AV, and the supply voltage

As already said, since the voltage variation related to each automatic OLTC step opera-
tion is not always constant, it has been decided to investigate the existence of any corre-
lation between the voltages at the two sides of the transformer.

In order to perform this investigation, two ELSPEC units have been utilized: ELSPEC
“DTU 2” has been installed at the primary side and ELSPEC “DTU 1” at the secondary
side. Their measurements are reported in the upper and botton upper voltage trends in
Fig. 30-32.

The OLTC operations have been obtained through an increase of the load of 3 kW sim-
ultaneously on the three phases, precisely from 6 (6.1) kW to 9 kW.

RMS Voltage ELSPEC Node "DTU1"@PQS Site
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-~ Average L2 RMS Valtage (Cycle by Cycle), ELSPEC Node_"DTUZ'@PQS Site - Average L1 RMS Voltage (Cycle by Cycle), ELSPEC Node "DTU1"@PQS Site

Fig. 30. Phase-neutral voltages on the three phases at the two sides of the transformer
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Average L1 RMS Voltage (Cycle by Cycle), ELSPEC Node "DTUL"@PQS Site
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Fig. 31. Zoom-in of the phase-neutral voltage on phase a

Fig. 31 outcome:
AVsep_1=0.54V
AVsep_2=0.79V
AVprim =0.10 V
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Fig. 32. Zoom-in of the phase-neutral voltage on phase ¢

Fig. 32 outcome:
AVsep_ 1 =0.60 V
AVsep_ 2 =071V
AVsep_ 3 =0.46 V
AVprim = 0.00 V
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Results Analysis and Interpretation

From the zoom-in of the trends of the RMS values of the phase-neutral voltages at
phase a at the two sides of the VOU, it can be noticed that, considering the time shift of
5 ms between the two measurement units, the drop at the primary side takes place dur-
ing the first OLTC step: this could justify the fact that 4Vsep_1 is smaller than 4 Vie,_2.
On the other hand, from the zoom-in of the phase-neutral voltages at phase c, it is no-
ticeable that AVswep_1 # AVsep_2 # AVsep_3 €ven though the supply voltage is constant.
This fact, which has been found in several more cases here not presented, indicates that
there is not any correlation between the supply voltage and the size of 4 Vsep.

Since, as demonstrated, the inconstancy of 4V, is not strictly due to a variation of the
supply voltage, it has been decided to consider the behavior of whole tap activity that
take place because of a voltage drop. In this sense the reference OLTC operation trend
could be easily simplified as shown in Fig. 33.

T

step_tot

AV AV

step_tot

D1

Fig. 33. Semplified reference OLTC tap operation

Thus, with reference to Fig. 33, henceforth the two main parameters that will be taken
into account are the total voltage variation 4Vsep tor and the time needed for the whole
operation Tsep tor; While D1 and 47 mantein the same meaning previously defined.

An important operative parameter that it has been decided to calculate and monitor is
the correction speed CS, which is calculated as:

cS = AVstep_tot [K] (10)

Tstep_tot  Ls
The correction speed has been calculated independently for the three single-phase
OLTCs, considering the mean values of the single operations that took place during

both the sets of preliminary test performed. The three speeds amounted to:

CSa= 19 V/s=CSp~=CS:~19 VIs
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Another interpretation of the results is proposed.

Fig. 34 shows in detail the outline of the toroidal unit where the tap selector is placed,
consisting in total of about 400 turns. The afore-reported results have also shown that
every real tap activity is on average composed by 2 steps 4Vsep and that the tap selector
concatenates about 12 turns. Therefore it has been possible to conclude that the voltage
difference caused by a single turn is very limited, justifying an inconstancy of the meas-
ured AVsep and delay-times. In fact, test results have shown that both 4V, and D1 are
not constant.

Fig. 34. Single-phase toroidal transformer and tap selector

As outcome of this operation analysis, it can be concluded that the actual tap actions
described by 2 small steps 4V, could actually be considered as one. Therefore, the
behavior of a single larger tap activity can be considered: the reference OLTC operation
trend could then be easily simplified as the one reported in Fig. 33.

Specifically, as the average value of all the measured A4V, amounted to 0.72 V, it has
been decided to consider values of 1.44 V for AV, or. Consequently, a total number of
steps of 32 (£16 from the ‘O-position’) has been obtained, achieving in this way the ex-
pected regulation range +10 % of the rated voltage. Regarding Tsep ot and D1, the value
of 60 ms has been chosen based on the considerations made on the test results.

The outcome of this very last analysis has been considered as reference for the modeling

of the transformer’s real tap behavior in DIgSILENT PowerFactory simulation envi-
ronment, as will be presented in Section 4.4.
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4 CHARACTERIZATION OF THE VOU AND
MODELING

For a complete investigation of the transformer, in addition to the tap activity operation,
also some structural internal parameters needed to be calculated. In this regards, the
open-circuit test and the short circuit test are the standard procedure for a complete and
exhaustive characterization of a power transformer.

Both the open-circuit and the short-circuit test are based on the reference approximate
equivalent circuit referred to the primary side (Fig. 35), which allows to represent in a
simple way the inner behavior of the transformer itself.

I & I’ Re’  Xe’ %

a
Ill]
Ia I||.
Vl ' f R(] Kp. V;_’ 7u’
b!
BO L O—
® =cost.

Fig. 35. Approximate equivalent circuit referred to the primary side

The equations and the definitions where the circuit diagram is based on are:

e Secondary side current referred to the primary side: I = —% > (11)
e Primary side current: L=L+I, (12
e Off-load current: Iy=1,+1, (13)
e Primary side voltage: Vi =Z,; +V, (14)
e Secondary side voltage referred to the primary side: vV, =-nV, (15)
e Load impedance referred to the primary side: 7, =n?Z, (16)
e Impedance: windings resistance + leakage reactance:

Z, =R, +jX'. = Ry + n®R, + j(X; + n%X5) (17)
e Off-load Impedance: 7y = fo¥Xo (g

Ro+jXg
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4.1 Open Circuit Test

The ‘Open circuit test” or ‘no-load test” on a three-phase transformer is performed to
determine 'no-load loss (core/iron loss)' and 'no load current Iy'.
The circuit diagram for open circuit test is shown in Fig. 36.

Power
Supply Vou

Fig. 36. Circuit diagram for open circuit test

As it can be deduced from the circuit diagram, the needed measurement instruments are:

- 3 ammeters (at the primary side);

- 3 voltmeters (at the primary side);

- 2 wattmeters (at the primary side);

- 1 voltmeter (at the secondary side).

In order to perform this test two ELSPEC units connected at the two sides of the VOU
have been used.

The open circuit test has been repeated for all the possible tap positions (all the trans-
formation ratios), in order to find out their dependency to no-load current and iron loss.
The ammeter reading gives the no load current lo. Since the secondary side is open,
there is no current flowing at the secondary side, and so there is no output power.
Hence, the input power only consists of core losses and copper losses, which can be
neglected, since almost the whole current flows through the ‘off-load branch’. The input
power is so considerable equal to the core losses (Pg), measured at the primary side.

The voltage measurement at the secondary side enables to find the voltage transfor-
mation ratio (n), used as reference for the trend of Iy and Py.

With reference to the figure above, the equations which the test is based on are:

£V
Vi

(19)
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Py =Wy, + Wi, (20)

Py = V3V,Iycos oy D @g = cos‘l(ﬁf;‘;ﬂo) (21)
igos = ;—Z 100% (22)
1ol = 7 (23)
> Ry = el (24)
> X, = % (25)

4.1.1 Numerical and Graphical Results

The test has been performed twice: on the 1% (‘Test1’) and on the 10" of July (‘Test2).
Graphical and numerical results in terms of iron losses, off-load current, off-load im-
pedance and cosphiO are reported in Fig. 37-40 and Tables 4 and 5, respectively.

Iron Losses
70 T T

—*—01-07-2015
—+—10-07-2015
60 - N

50 - a

PO[W]

30 a

20 1

O 1 1 l 1 1
0.85 0.9 0.95 1 1.05 1.1 1.15

n=Vprim/Vsec

Fig. 37. Iron losses for for different n
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Table 4. Numerical Results Test 1 (01-07-2015)

n=Vprim/Vsec | i0% 70 [Q] cos$0 RO [Q] X0 [Q] PO [W]
0.907 0.94% 486.18 0.57 858.79 589.79 60.52
0.919 0.73% 626.22 0.59 1056.75 | 777.43 48.93
0.927 0.63% 728.01 0.60 1208.83 | 911.94 42.92
0.938 0.50% 908.24 0.62 1469.65 | 1155.25 | 35.46
0.941 0.48% 955.16 0.62 1537.05 | 1219.14 | 33.82
0.947 0.42% 1075.48 | 0.62 1721.70 | 1377.24 | 30.24
0.951 0.39% 1156.55 | 0.63 1832.67 | 1490.92 | 28.24
0.958 0.34% 1339.58 | 0.64 2108.98 | 1734.40 | 24.47
0.964 0.30% 1518.10 | 0.64 2359.92 | 1982.82 | 21.88
0.969 0.27% 1685.32 | 0.64 2619.48 | 2201.44 | 19.78
0.970 0.26% 1718.04 | 0.65 2657.09 | 2252.16 |19.41
0.977 0.23% 1978.00 | 0.65 3046.67 | 2600.62 | 16.98
0.983 0.20% 2249.43 | 0.66 3420.81 | 2985.75 | 15.08
0.989 0.18% 2532.30 | 0.67 3799.89 | 3396.42 | 13.56
0.995 0.16% 2801.28 | 0.69 4079.19 | 3853.64 |12.62
1.007 0.16% 2837.38 | 0.69 4091.18 | 3938.50 | 12.66
1.017 0.18% 2526.28 | 0.67 3757.71 | 341258 | 13.79
1.025 0.20% 2229.89 | 0.67 3345.34 | 2991.35 | 15.49
1.046 0.29% 1586.03 | 0.64 249435 | 2054.94 | 20.87
1.063 0.37% 1217.83 | 0.63 1932.01 | 1568.74 | 26.92
1.079 0.47% 962.41 0.62 1554.83 | 1225.37 | 33.44
1.097 0.62% 738.64 0.60 1235.70 | 921.35 42.08
1.111 0.75% 606.86 0.58 1047.75 744.44 49.20
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Table 5. Numerical Results Test 2 (10-07-2015)

n=Vprim/Vsec |i0% Z0 [Q] cos¢$0 RO [Q] X0 [2] PO [W]
1.111 0.76% 612.02 0.57 1078.60 | 743.25 50.28
1.090 0.56% 828.07 0.60 1384.84 | 1033.11 | 39.02
1.069 0.41% 1123.62 | 0.62 1816.09 1430.22 | 29.75
1.049 0.31% 1525.28 | 0.63 2424.72 1962.12 | 22.34
1.028 0.22% 2110.74 | 0.62 3388.25 |2698.28 | 15.99
1.007 0.17% 2718.50 | 0.63 4319.01 | 3498.45 |12.52
0.992 0.19% 2470.53 | 0.63 3912.32 | 3186.16 |13.83
0.972 0.28% 1681.29 | 0.62 2733.39 | 2132.39 |19.80
0.957 0.38% 1229.88 | 0.61 2010.08 1554.91 | 27.00
0.944 0.48% 967.04 0.60 1605.12 1211.61 | 33.82
0.928 0.65% 711.56 0.58 1222.20 | 875.18 44.42
0.922 0.74% 628.66 0.57 1099.91 | 766.14 49.50

4.1.2 Conclusions

From the plots above it is possible to notice the symmetric trend of both the iron loss
and the no-load current with respect to the unitary turn ratio.

The minimum values are respectively around 12.6 W and 0.16% (the off-load current is
presented in percent with reference to the rated value, i.e. 50 A), and take place for n=1.
The extreme turn ratio cases are characterized by iron losses of 50 W and off-load cur-
rent of 0.75%.

4.2 Short-Circuit Test

Although the standard procedure for the characterization of a power transformer in-
cludes the short-circuit test, in this study its performance has not been possible due to
the lack of availability of an autotransformer able to provide the appropriate short-
circuit voltage, i.e., the reduced supply voltage needed for such a test. Therefore, it has
been decided to calculate the copper losses Pc, through an indirect procedure, through
the calculation of the operative losses that take place during normal on-load operations.
With reference to equation (26), the copper losses P, are calculated as difference of the
calculated load-losses under nominal load condition Pjess n Pioss 10ag@Nd the iron losses
Po, divided by the square of the grade of loading (l0ad/In)?, which takes into account the
square dependency to the loading level.:
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PCu:(Ploss_n‘PO)/(I load/| n)ZZPloss_n‘PO (26)

Practically, in the performed tests nominal conditions have been utilized, so that the
factor (l0ag/11)? has been considered equal to 1

4.3 On-Load Test

This section presents the ‘On-Load Test’, i.e. the investigation of the behavior of the
transformer under a specific balanced load condition.

The aim of the test is the determination of the operative inner losses of the transformer
for different turn ratio, set manually by adjusting the output reference voltage.

It has been decided to connect the load directly to the secondary side of the transformer,
without the cable in between.

The test has provided the operative inner losses of the transformer, as difference be-
tween the input and the output measured active powers.

The load has been set firstly at 10 kW for Test 1, while the repetition (Test 2) has been
characterized by a lower loading: 9 kKW.

This change has been acted since the load behaves as a ‘fixed-impedance’ load: the set
power (Pg) is actually absorbed whether the supply voltage (Vsyppiy) is equal to the
rated value of 230 V (V,,m). Whenever the supply voltage is different from the nominal
one, the absorbed power (P,ps0rpeq) Changes accordingly, following a square dependen-
cy, as described by the following equation:

174 2
Pabsorvea = Pset (M) (27)

Vnom

Because of this, for the Test 1 it has been decided to consider only turn ratio > 1, i.e.
conditions characterized by voltage at the secondary side lower of the one at the primary
side, so that the actual active power absorbed by the load could not exceed the set one.
As for the Test 2 the set load power has been reduced, it has been possible to perform
the test considering different output reference voltages within the whole regulation
range + 10% of the rated value.
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4.3.1 Numerical and Graphical Result

The test has been performed twice: on the 1% (‘Test1’) and on the 13" of July (‘Test2).

Graphical results of the measured on-load losses are reported in Fig. 41, while results in
terms of voltage, current and power at the two sides and total losses as well are present-
ed in Tables 6 and 7, respectively for the two tests.
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Table 6. Numerical Results Test 1 (01-07-2015)
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Fig. 41. On-load losses for for different n

N=Vprim/Vsec|Vprim [V]|18prim [A] [Pa_prim [W] |V _sec [V] [18_sec [A]|Pa_sec [W]|Ploss [W]
111 226.44 |37.89 8580.11 204.45 |41.58 849797 |82.14
1.10 226.99 |38.53 8744.85 206.40 |41.99 8664.68 (80.18
1.09 226.90 |39.27 8910.88 208.30 |42.42 8832.95 |77.93
1.08 226.42 |39.88 9029.97 209.76 |42.70 8954.94 |75.03
1.07 226.24 |40.36 9129.72 210.96 |42.94 9056.88 |72.85
1.07 225.92 |40.69 9190.91 211.71 |43.09 9119.41 |7151
1.06 226.34 |41.35 9358.44 213.72 |43.48 9289.12 169.32
1.05 226.40 |41.89 9483.26 21521 |43.77 9416.15 |67.11
1.04 226.63 |42.48 9626.18 216.90 |44.09 9561.34 |64.83
1.04 226.69 |42.98 9742.19 218.28 |44.36 9680.67 |61.53
1.03 226.79 |43.58 9880.94 219.89 |44.68 9822.77 |58.17
1.02 226.41 |44.43 10058.56 |221.96 |45.09 10004.74 |53.82
1.01 226.89 |45.16 1024291 |224.08 |45.50 10192.38 |50.53
1.00 226.61 |45.81 10377.85 |225.61 |45.80 10330.08 |47.78
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Table 7. Numerical Results Test 2 (13-07-2015)

n:Vprim/ Vsec Vprim [V] Iaprim [A] Pa_prim [W] V_sec [V] Ia_sec [A] Pa_sec [W] I:>Ioss [W]
1.11 229.13 |32.45 7434.37 205.51 |35.77 7349.27 |-204.40
1.09 228.92 |33.67 7707.37 209.09 |36.49 7628.06 |-208.00
1.08 228.92 |34.87 7981.72 212.79 |37.18 7908.86 |-211.71
1.06 228.89 |35.79 8191.35 215.70 |37.66 8122.38 |-214.63
1.04 229.07 136.99 8471.49 219.55 |38.31 8408.80 |-218.50
1.03 228.78 |37.80 8646.61 221,94 |38.71 8589.65 |-220.91
1.01 228.62 |38.97 8907.92 225.39 |39.29 8854.60 |-224.37
0.99 228.25 |40.42 9225.09 229.49 |39.98 9173.75 |-228.49
0.98 227.99 |41.74 9515.40 233.07 |40.59 9457.33 |-232.10
0.96 228.13 |42.97 9801.49 236.53 |41.17 9734.93 |-235.57
0.95 228.20 |44.25 10096.21 |240.05 |41.75 10020.13 |-239.10
0.94 228.15 45.38 10352.82 |243.06 |42.24 10264.61 |-242.12
0.92 227.97 146.80 10668.60 |246.73 |42.83 10564.71 |-245.81
0.91 227.84 148.03 10943.41 |249.88 ]43.33 10823.64 |-248.96

4.3.2 Conclusions

From the results of Test 2, it is possible to notice that the trend of the inner losses pre-
sents a minimum point for n = 1, while when n # 1 the losses increase, although not
perfectly symmetrically.

As already said, for the Test 1 only voltages at the secondary side lower than the one at
the primary side have been considered, i.e. turn ratio n > 1. Nevertheless the obtained
results are the same, so it is possible to conclude that also for n < 1 the trend could have
been the same that has been found with the Test 2.

As further conclusion, it can be said that the two tests have provided the same results in
terms of inner power losses, even though the set load power were different.

As overall result, as difference of the iron losses to the load-losses for the different turn
ratios, the copper losses are so characterized: the extreme positions are both character-
ized by P, of 85 W, while of 35 W at the central position, i.e., 0.73 % and 0.3 % of the
rated single-phase unit power, respectively.

Finally it deserves to be noted that, in order to complete the characterization of the
transformer (i.e. in order to determinate the short-circuit voltage Vi, i.e., the reduced
supply voltage needed for such a test, which makes the nominal current flowing at the
secondary side), the Short-Circuit test needs to be performed.

It has therefore been set arbitrarily to 4 % of the rated voltage, according to the realistic
value utilized in the previously mentioned simulation works [8]-[10].
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4.4 OLTC Modeling

All the elements involved in the practical tests have been modeled in DIGSILENT Pow-
erFactory software environment, with the aim of reproducing as realistically as possible
their operational behavior during the experiments. In the following sections the model-
ing of the VOU is presented.

In order to perform independent single-phase changes of the transformation ratios in the
simulation tool, the real OLTC Dyn transformer has been modeled with three single-
phase units independently controlled, whose secondary sides are connected between an
earthed neutral point and a different phase of the modeled experimental LV grid. Each
single-phase transformer has been set with rated power P, of 11.66 k\VA and character-
ized by a regulation capability of £10 % of the nominal voltage at the secondary side.

Tapping logic
ElmTap*
StaVmea*
Transformer
ElmTr2*
StaVmea* , —
/ L
V - Van ElmAct*
b-n _ 0, ave] < - newtap
check = Voo | 11 Delay :i
; 1, |AVE] > T <
StaVmea* g
\V/ e , ={ 1, Ave<o
cn S T-1, Aveso

- =I check * sign + oldtap = newtap lf

oldtap

Fig. 42. Control scheme for the decoupled-phase OLTC transformer

With the aim of representing the investigated tap activity reported in Fig. 33, two blocks
have been built to model the control scheme, shown in Fig. 42. The first one calculates
the deviation AV of the measured local voltage Vyeas from the reference voltage Vies,
which is manually set as input value. According to size and sign of A4V, two appropriate
internal parameters check and sign assume respectively values of 0/+1 or -1/+1. They
aim both at activating the tap action — whenever the deviation exceeds half of the al-
lowed dead band set at 1 % of the rated voltage — and at deciding whether the turns ratio
needs to be increased or decreased. If the calculated new tap position newtap overcomes
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the allowed extreme tap positions (£16), then £16 is provided as output. The output of
the first block is so delayed by 120 ms by the second block, a simple delay-block which
includes both the intentional delay-time D1 and the operational time Tsep tor described in
Paragraph 3.2, in order to guarantee the total effective time needed by the transformer
for a physical tap operation. The obtained delayed tap position is both applied to the
transformer unit and utilized as retro-input for the next simulation step. The 3 tap-
changing devices operate independently, referring each one to the respective single-
phase voltage measurement.

For a complete and realistic representation of the transformer, iron losses, no-load cur-
rent and copper losses have been set according to the results presented in Paragraph 3.2.
Another required internal parameter is the short-circuit voltage Vi, which, as explained
above, could not be calculated. It has therefore been set arbitrarily to 4 % of the rated
voltage, according to the realistic value utilized in the previously mentioned simulation
works [8]-[10]
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5 VOU MODEL VALIDATION

The experimental activity presented in this section focuses on the analysis of the effec-
tiveness of the VOU operations under conditions characterized by different power flow
directions on the three phases, considering two operative scenarios.

This section focuses on the evaluation of the real tap-changers activities and the imple-
mented models. With the purpose of evaluating the modeled system, the results obtained
from the practical tests are compared to the simulations’ ones, by monitoring and calcu-
lating the same parameters and indexes.

5.1 Scenarios definition

With the purpose of monitoring the dynamics of the tap actions taking place as the con-
sequence of a single-phase load changing, a preliminary test has been performed. In this
regard, Scenario #0 has been defined — see Table 8. It foresees the biggest possible sin-
gle-phase (phase c) load increment occurring with a single event, i.e., a step from 0 kW
to a loading condition of 11.6 kW. The other two phases’ power flows remain un-
changed. Phase a is affected by reverse power flow coming from the constant current
injection of 16 A (corresponding to 3.4 kW) from the EV, while phase b is constantly
loaded at 11.6 kW. This particular unbalanced condition has been chosen because it is
relevant to analyze the single-phase tap action whenever the system is heavily stressed
by reverse power flow and maximum loading condition.

Table 8. Scenario #0
Phase a [kKW] | Phase b [kW] | Phase ¢ [KW]
Starting condition -3.4 (-16 A) 11.6 0
Ending condition -3.4 (-16 A) 11.6 11.6

Two more operative scenarios aim at verifying the decoupled-phase OLTC effective-
ness under conditions characterized both by balanced/unbalanced conditions and differ-
ent power flow directions on the three phases, while considering events on loads’ power
and EV’s current injection. Specifically, Scenario #1 is mainly based on the considera-
tion of balanced increases of power absorptions evenly by the three single-phase loads,
by reason of 1 kW-steps from 0 kW to 11 kW every 3 minutes. The objective of Scenar-
10 #1 is the verification of appropriate operability of the three independent tap changers,
in the case of balanced loads conditions, i.e., under a conventional power flow situation.
In Table 9, the operation procedure and the actual single-phase set active power are re-
ported.
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Table 9. Scenario #1

Time of operation | Phase a [kKW] | Phase b [KW] | Phase ¢ [kW]
T=0s 0 0 0
T=28s 11 11 11
T=224s 2.2 2.2 2.2
T=390s 3.4 3.4 3.4
T=565s 3.7 3.7 3.7
T=751s 4.5 4.5 4.5
T=930s 5.6 5.6 5.6
T=1154s 6.7 6.7 6.7
T=1304s 7.8 7.8 7.8
T=1472s 9.3 9.3 9.3
T=1650s 10.8 10.8 10.8
T=1828s 11.6 11.6 11.6

For the second investigated operative scenario, the load on phase a has been replaced by
the EV, while resistive single-phase loads have been maintained connected to phases b
and c. Scenario #2 is thus characterized by increasing power injected by the EV, consid-
ering constant active power absorption (6.7 kW) on the other two phases. As at any con-
sidered situation the three phases are affected by different power flows in terms of both
direction and loading, it is clear that the main objective of Scenario #2 is the analysis of
the operations of the decoupled-phase OLTC in presence of different unbalanced situa-
tions and power flow directions. As described in Section II-E, the VMS of the EV al-
lows manual adjustment of the current. Considering this technical feature, the increase
of the injected power at Scenario #2 has been obtained manually adjusting the current
from 0 to 16 A with 2 A-steps every 3 minutes, reported in Table 10 in terms of active
power.

Table 10. Scenario #2

Time of operation | Phase a [kW] | Phase b [kW] | Phase c [KW]
T=0s -0.1(-2A) 0 0
T=48s 0.1 (-2 A) 6.7 6.7
T=399s -0.8 (-4 A) 6.7 6.7
T=560s -1.3(-6 A) 6.7 6.7
T=737s -1.7 (-8 A) 6.7 6.7
T=915s -2.1(-10 A) 6.7 6.7
T=1097s -2.6 (-12 A) 6.7 6.7
T=1277s -3.0 (-14 A) 6.7 6.7
T=1457s -3.4 (-16 A) 6.7 6.7
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5.2 Results analysis

Graphical results are presented in terms of phase-neutral voltages both at the OLTC and
the remote bus. For Scenario #2, in order to analyze the effects of unbalanced condi-
tions, also the neutral-ground voltage at the remote bus has been monitored. Moreover,
at either terminal of the cable, the voltage unbalance factor (VUF) has been calculated.
equation (31) describes the VUF, defined as the ratio between the negative and the posi-
tive voltage components in percent [17].

VU F%:Vneg_seq/Vpos_seq 100 (31)

5.2.1 Results — Scenario #0

T he results of Scenario #0 are reported in Fig. 43, where the tap operations from both
the practical test and simulation activities are presented — named V-c-Exp and V-c-Sim,
respectively. It can be noticed that in both cases the 11.6kW-step load increase causes a
voltage drop of roughly 11 V (i.e., 0.048 p.u.) and the time necessary to rise the voltage
up within the dead band amounts to approximately 1 s. The dynamics of the tap actions,
investigated in Paragraph 3.2 and implemented in the simulation tool as described in
Paragraph 4.4, reflect the expectations. This could lead to the conclusion that the im-
plemented model could represent properly and realistically the real behavior of the ana-
lyzed OLTC transformer.

Scenario #0
1 . 04 T T T V—C—EXp

1.03 —-—--V-c-Sim
1.02 - i
1.01 |- i

0.99
0.98
0.97
0.96
095 7

0.94 1 1 1 1 L
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Phase-n Voltage [pu]

Fig. 43. Tap actions for phase c for Scenario #0
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5.2.2 Results — Scenario #1

For each phase, the reference voltage Ve (reported in Table 11) has been set in accord-
ance with the voltage supplying the primary side, permitting to start the study with the
tap selector at the ‘0-position’ (unitary turns ratio). In order to compare efficiently the
results, each phase-neutral voltage has been plotted in per unit, according to the respec-
tive Vet

Table 11. Voltage references for Scenario #1

Vref_a [V] Vref_b [V] Vref_c [V]
233.6 233.9 234.4

Fig. 44 and Fig. 45 show the three phase-neutral voltages at the secondary side of the
transformer and at the remote bus of the line, respectively. Comparisons of the results
from the experimental test as well as the simulation study show that the modeled grid
and components allow a realistic representation of the tested activities. In particular,
from Fig. 44, it is possible to notice that, whenever one of the three phase-neutral volt-
ages exceeds the lower allowed limit, a phase-independent tap action is performed. Fig.
45 shows that, since the OLTC controllers act based on local voltage measurements,
voltages at the ending terminal bus are not considered in the control logic, being there-
fore characterized by increasing deviations from the nominal value, in accordance with
the loads entity.
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Scenario #1
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Fig. 44. Phase-neutral voltages at the OLTC bus for Scenario #1
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Fig. 45. Phase-neutral voltages at the remote bus for Scenario #1

5.2.3 Results — Scenario #2

For Scenario #2, Vi have been manually set as reported in Table 12. Again, each
phase-neutral voltage has been plotted in per unit, according to the respective Vies.

Table 12. Voltage references for Scenario #2

Vref_a [V]

Vref_b [V]

Vref_c [V]

230.7

230.5

230.1
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Scenario #2
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Fig. 46. Phase-neutral voltages at the OLTC bus for Scenario #2
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Fig. 47. Phase-neutral voltages at the remote bus for Scenario #2

Fig. 46 and Fig. 47 show the phase-neutral voltages at the two monitored points. In par-
ticular, from Fig. 46 it is possible to notice that, due to a relevant load-step of 6.7 kW
after 28 s, the phase-neutral voltages on phases b and ¢ exceed the lower allowed limit,
leading to tap changing actions aiming at rising them within the dead band. Fig. 47
shows how voltages deviate differently on each phase at the remote bus: phase a pre-
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sents an increasing voltage due to the increasing current injected by the EV, while phas-
es b and c characterized by constant values after the cited initial reduction related to the
load event.

From Table 13, it is noticeable that mean and maximum values of the neutral-ground
voltage at the remote bus amount respectively to 1.92 % and 2.51 % of the rated volt-
age, both slightly higher than values obtained from the simulation. Regarding the VUF,
its values at the remote bus are higher than those at the transformer level due to the
higher voltage unbalance, making the negative sequence component more influent. It
can also be noticed that values from the simulation at the OLTC bus are slightly higher
than the real ones, while at the remote bus the results are very concordant in terms of
mean values, below 2 %. Difference of almost 1 % has been found regarding the maxi-
mum value, which in the real test is even above 3%.

The not perfect match of experimental and simulation results, noticeable both from Ta-
ble 13 and Fig. 47 (e.g., at t=~420 s, t=~1300 s), might be due to unavoidable continu-
ous oscillations of the supply voltage at the primary side, which have not been possible
to reproduce in the simulation study.

Table 13. Neutral-ground voltage and VUF for Scenario #2

Neutral potential at
] o P VUF at OLTC bus | VUF at remote bus
Testing Activity remote bus
Mean Mean Mean
Max Val. Max Val. Max Val.
Val. axva Val. axva Val. axva
Experimental 1.92% 2.51% 0.88% 1.54% 1.87% 3.16%
Simulation 1.66% 2.09% 1.42% 1.89% 1.85% 2.25%
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6 INVESTIGATION OF DIFFERENT CONTROL
LOGICS FOR THE VOU

In this section, we introduce four kinds of control logics (CL) related to phase-wise
OLTC, namely:

e CL1, OLTC with local measurement.

e CL2, OLTC with remote measurement.

e CL3, line-drop compensation (LDC) control.

e CL4, modified LDC control.
The working principles of these four types of control logics are described as follows.

6.1 CL1: OLTC control with local measurement

Fig. 48 illustrates the operational principle of CL1. The OLTC will keep the local volt-
age constant within the range of the reference voltage. The reference voltage per phase
is set manually with a screwdriver on the control unit. In an active distribution network,
where distributed energy resources are connected, the voltages on the three phases can
differentiate, meaning that the voltage at the remote busbar can violate the voltage band
defined in the EN50160 standard, even though the voltage is regulated in a safe band at
the secondary side of the OLTC transformer.

Reference voltage
of phase 1,2 and 3

L1

Load2 Loadl
L2 A A
= Load3

L3
N

PEN | L [ — Y
PE

Us U

iYSSz:‘? CEE CEE Cable CEE Three single-phase
u plug plug plug load and E-box

Fig. 48. Basic OLTC operational principle
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6.2 CL2: OLTC with remote measurement

Fig. 49 shows the operational principle of the OLTC facilitated with remote measure-
ment. It means that OLTC will keep the remote busbar voltage within the range. In con-
trast to CL1, the voltage profile at the secondary side of the OLTC transformer might be
out of the voltage band when tapping, in order to regulate the voltage at the remote bus-
bar.

Reference voltage
of phase 1,2 and 3

Band width and
time dela
L1 M M
] for ] &
S S -

ap

;5 ' —I—l_‘/\D Load3
N [ ;
PEN | L || EV
PE U1 U:
SYSLAB CEE CEE bl CEE Three single-phase
busbar Cable
plug plug plug load and E-box

Fig. 49. Operational principle for an OLTC with remote measurement

6.3 CL3: LDC control

Compared to CL1 and CL2, the LDC control estimates the line-voltage drop based on
the line-current measurement, resistance and reactance (R and X) and the local voltage
measurement to get the voltage of the remote bus regulated within the range. The work-
ing principle is shown in Fig. 50. This is normally achieved by dial settings of the ad-
justable resistance and reactance elements of a unit, called the ‘line-drop compensator’,
located on the control panel of the voltage regulator [15]. Determination of the appro-
priate dial settings depends upon whether or not any load or small renewable energy
source unit is connected/disconnected to the feeder, between the voltage regulator and
the regulation point. In terms of the details of selecting the proper R and X, this is de-
scribed in [16]. Note that in an unbalanced network, the settings of R and X need to con-
sider the mutual interactions among the three phases. Therefore, in addition to the phase
current measurements, the neutral current and impedance also need to be measured.
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Fig. 50. Operational principle of LDC control

6.4 CL4: Modified LDC control

In this study, as the OLTC transformer does not have a control panel for setting R and X
of the line, a modified LDC control logic is proposed. The proposal uses the manual
voltage reference setting feature and regulates the voltage at the remote bus by consider-
ing the voltage drop. Three stages are included in the proposal which is represented in
Fig. 51: 1) the voltage drop is calculated by measuring the local voltage, current and the
known impedance value; 2) by knowing the voltage drop, we pre-set the position of the
tap changer to counter the predicted voltage drop; and 3) the last stage of this proposal
Is a real-time operating control of the OLTC, which uses the same principle as the con-
trol logic CL1.

Pre-reference voltage by . .
changing the tap changer of Tap position l«———— FixedRand X

phase 1,2 and 3
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measurements
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S
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U 1 U 2
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plug plug plug load and E-box

Fig. 51. Operational principle of modified LDC control
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6.5 Methodology of applying the LDC in an unbalanced distribution
network

In this section, we present two types of methods to calculate the voltage drop; namely,
‘simple calculation’ and ‘complex calculation’. The simple method approximates the
voltage drop of an unbalanced distribution network to that of a balanced distribution
network. The complex calculation considers the presence of the return wire. These two
calculation methods are compared in the experimental work.

6.5.1 LDC voltage drop estimation using simple equation

/
P -
Z=R+jX

OLTC LOAD

Fig. 52. Simple voltage drop estimation method

In a three-phase balanced distribution network represented in Fig. 52, the voltage drop
along phase a can be estimated as:

7% = %] = (I Zaal - 11°D) 28)

where |V_1a| and |V_2a| are the modules of the phase-neutral voltages at the starting and
ending terminal of the line, respectively, |Ta| is the module of the current flowing on the
considered phase, measured at the transformer level, while |Z,,| is the module of the
cable impedance. By knowing the impedance of the cable, as well as the measured volt-
age and current, the voltage at the remote bus can be calculated. Similarly, the voltage
drops along the other two phases can be calculated.

6.5.2 LDC voltage drop estimation using complex equation

In an unbalanced power network, mutual interactions among the phases and between
each phase and the neutral need to be taken into account for a correct grid analysis of
the operation. Since the current on the neutral is no longer zero, a correspondent voltage
drop along the neutral conductor appears, which cannot be neglected, as was the case
for balanced situations. Therefore, considering the feeder as a single three-phase system
composed of three phases and the neutral, the scheme reported in Fig. 53 needs to be
considered.
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|||—

Fig. 53. Complex voltage drop estimation method

The single-phase voltage drop along the cable for phase a is calculated as in (29), by
applying Kirchhoff’s voltage law around the circuit, differently at each phase.

—a

AV =V, =" = Zaa — Zan) " T+ Car ~ Zan) " (" + 1) + Zan = Zo) - T, (29)

In our work, since the system is a LV system, Z,, and Z,,, can be neglected, so that
equation (29) can be simplified as in equation (30).

AV = (Zgg) 1%+ (=Zypy) - ", (30)

Similarly, the voltage drops along the other two phases can be calculated.
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7 VOU COTROL LOGICS TESTING

In this section, we evaluate and compare three of the four control logics presented in
Section 5. To compare their effects, the same loading and EV conditions are repeated
while monitoring phase-neutral voltages at the two ending terminals of the cable.

7.1 Testing case description

To evaluate and compare the three control logics (CL1, CL2 and CL4) of the OLTC
transformer in the experimental system (described in Section 5), phase-wise power pro-
files of the load and EV are described in Table 14. The setting of the power profiles
considers the features of an unbalanced distribution network. The load on phase a has
been changed to the power from the EV in Load/EV conditions 6 and 7, and the resis-
tive single-phase loads of phases b and ¢ have been maintained. As for any considered
conditions, the three phases are affected by different power flows, in terms of both di-
rection and loading, thus the main objective of this test is the analysis of the operations
of the phase-wise OLTC in the presence of different unbalanced situations and power-
flow directions. As the EV allows the manual adjustment of the current, the increase in
the injected power at phase a has been set manually to 8 A and 16 A.

Table 14. Phase-wise power profiles of load and EV to compare three control logics

Load/EV condition Phase a Phase b | Phase ¢
1 0 kW 0 kW 0 kW

2 34 kW 0kW | 34kW
3 6.7 kW OkW | 6.7kW
4 6.7 kW 6.7kW | 6.7kW
5 34 kW 6.7kW | 3.4kW
6 -1.8 kW (=-8 A @230V) | 6.7kW | 3.4 kW
7 -3.7kW (=-16 A@230V) | 6.7kW | 3.4 kW
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7.2 Results of Control logics comparison

RMS Voltage ELSPEC Node "DTU1"@PQS Site

240 V
238 V
236 V
234V
232V
230V
228 V

Load/EV condition 1

226 V
224V

| Load/EV condition 4 }

Load/EV conditions 6, 7

222V qus Voltage ELSPEC Node_"DTU2"@PQS Site

240V
Load/EV conditions 2, 3 }

238V
236 V

‘ Load/EV condition 5 ‘

234V
232V
230V
228 V

226 V
224V
222V

16/10 10:44 10:46 10:48 10:50 10:52 10:54 10:56 10:58 11:00

Friday 16 October 2015: 10:41:20 - 11:01:00

~+ Average L3 RMS Voltage (Cycle by Cycle), ELSPEC Node_"DTU2'@PQS Site  ~#- Average L2 RMS Voltage (Cycle by Cycle), ELSPEC Node "DTU1"@PQS Site

- Average L3 RMS Voltage (Cycle by Cycle), ELSPEC Node "DTU1"@PQS Site 8 Average L1 RMS Voltage (Cycle by Cycle), ELSPEC Node_"DTU2'@PQS Site

- Average L2 RMS Voltage (Cycle by Cycle), ELSPEC Node_"DTU2'@PQS Site  ~8= Average L1 RMS Voltage (Cycle by Cycle), ELSPEC Node "DTU1"@PQS Site

Fig. 54. Voltage measurement at OLTC bus and load/EV bus in the case of CL1

Fig. 54 shows the phase-neutral voltages at the two measurement points, in the scenario
characterized by conventional OLTC operations CL1; i.e. considering local phase-
neutral voltage measurements. It is noticed that, thanks to the tap-changing activities,
the voltages at the OLTC or local bus (the controlled bus), are kept within the safe band.
On the other hand, at the load/EV or remote bus they deviate unevenly from the rated
value of 230 V, according to the grade of unbalance. Specifically, it can be noticed that
the larger the difference of the three single-phase loads (see Table 14), the higher the
deviations. It is also noticeable that the deviations decrease on the three phases, in cor-
respondence to the balanced condition characterized by active power absorption of 6.7
kW on all phases (condition 4). Moreover, with regard to the most extreme conditions
(6 and 7) — i.e., when the EV only injects current on one phase, while the other two
absorb unevenly — the deviations are even more accentuated than for conditions 2 and
3, when the unbalance is obtained through different grades of loading on the three phas-
es.
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RMS Voltage ELSPEC Node "DTU1"@PQS Site

240V
238V
236V
234V
232V
230V
228V
226 'V
224V
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\
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238V ‘ Load/EV conditions 2, 3
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‘ -+ Average L2 RMS Voltage (Cycle by Cycle), ELSPEC Node_"DTU2'@PQS Site  ~#= Average L1 RMS Voltage (Cycle by Cycle), ELSPEC Node "DTU1"@PQS Site

Fig. 55. Voltage measurement at OLTC bus and load/EV bus in case of CL2

Fig. 55 shows the phase-neutral voltages at the two measurement points, in the scenario
characterized by OLTC operations based on phase-neutral measurements performed at
the load/EV bus. It is noticed that the voltages at the load/EV bus (the controlled bus)
are kept within the dead band, while on the other hand, at the OLTC bus, they deviate
unevenly from the rated value of 230 V, according to the grade of unbalance. Basically,
the situation is the reverse of the previous one, since the considered load/EV conditions
are the same. The only difference is the measurement point, which is also the control
objective, has been shifted from the local to the remote bus. Again, note that the larger
the difference of the three single-phase loads, the higher the voltage deviations. It is also
noticeable that the deviations are even on the three phases, in correspondence with the
balanced condition characterized by the active power absorption of 6.7 kW on all phases
(condition 4).

As explained in Paragraph 5.4, three stages are contained in the modified LDC control;
i.e., CL4. To operate CL4 in real time, a pre-reference voltage setting of the tap changer
is needed. Considering the various load/EV conditions defined in Table 13, Table 14
defines the position of the tap changer, which will be set before every change of the
load/EV condition, with the purpose of counteracting the voltage change on each phase.
The tap value is calculated based on (32) that uses the current learned from the experi-
mental result of CL1.

abc _ AVa'b'C
AVstep

(32)
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A negative value in the table means an increase in the voltage at the secondary side of
the OLTC, while a positive value means a decrease in the voltage.

Table 14. Definitive tap table used for CL4 in real-time operation

Load/EV condition n¢ n? n¢
1 0 0 0
2 2 1 -1
3 4 2 2
4 2 2 2
5 0 3 2
6 3 4 3
7 4 5 -3

With this table, at each step of the operation before changing the load/EV conditions,
we change the tap changer preventively. The corresponding voltage profiles at the sec-
ondary side of the OLTC bus and the Load/EV bus are presented in Fig. 56.

Comparing Fig. 56 and Fig. 55, it is observed that CL4 keeps the voltage at the
Load/EV bus in a similar band as the one presented in CL2. However, with this method
the control of the voltage is not as precise as it was for the case presented by CL2. This
may due to 1 (or 2) more tap positions on phase c, in the case of load/EV conditions 5, 6
and 7. Nevertheless, it presents and validates an approach for this type of on-load tap-
changer transformer.

RMS Voltage ELSPEC Node "DTU1"@PQS Site

242V
240V
238V
236V
234V
232V
230V 7\
228 'V

ggw /Load/EV condition 1
222V
242V
240V
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236V
234V
232V ZR
230V
228 'V
226 'V
224V
222V

‘Load/EchLdition4 } T
' | Load/EV condition 6, 7 }

RMS Voltage ELSPEC Node_"DTU2"@PQS Site

Load/EV condition 2, 3 ' ‘ Load/EV condition 5

17/11 17:00 17:10 17:20

Tuesday 17 November 2015: 16:50:45 - 17:26:10

-#- Average L3 RMS Voltage (Cycle by Cycle), ELSPEC Node_"DTU2"@PQS Site  “®- Average L2 RMS Voltage (Cycle by Cycle), ELSPEC Node "DTU1"@PQS Site
~®- Average L3 RMS Voltage (Cycle by Cycle), ELSPEC Node "DTUT"@PQS Site  =®- Average L1 RMS Voltage (Cycle by Cycle), ELSPEC Node_"DTU2"@PQS Site

-®- Average L2 RMS Voltage (Cycle by Cycle), ELSPEC Node_"DTU2'@PQS Site  #= Average L1 RMS Voltage (Cycle by Cycle), ELSPEC Node "DTU1"@PQS Site

Fig. 56. Voltage measurement at OLTC bus and load/EV bus in case of CL4
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As deduced from Table 15, in the case of CL1 and CL2, the deviations of the phase-
neutral voltages to the correspondent reference value are kept within the voltage band at
the controlled bus; i.e., at the local bus and remote bus, respectively. On the other hand,
the uncontrolled bus is in both cases characterized by deviations up to 7.5 V in the case
of Load/EV condition 7.

Regarding the CL4 scenario, as also shown in Fig. 56, the preventive tap position ad-
justment allows a reduction in the variation at the remote bus to maximum deviations of
2.6 and 1.8 V for phases a and b, respectively. On phase c it can be noticed that the de-
viation in the case of load/EV conditions 6 and 7 is a bit higher: 4.6 and 4.9 V, respec-
tively. Although not perfectly matching the case CL2, the results indicate that this
method is able to provide a good reduction of voltage variations at the remote bus,
which in the case of traditional OLTC operations, based on local measurements (CL1),
would have been drastically larger.

Table 15. Summary of phase-wise voltage profiles under three control scenarios

Scenario Load/EV Desired | Vieas @| Vieas @] Desired | Vipeas & | Vieas & Desired | Vieas €| Vineas €
condition Va local |remote| Vb local |remote| V¢ local | remote

1 230.2 | 230.3 230.0 | 230.3 230.0 | 229.8

2 230.4 | 228.0 230.6 | 232.5 230.2 | 227.3

CL1 3 230.6 | 230.2 | 225.5| 230.5 230.8 | 234.2 | 230.1 | 230.0 | 224.5
4 @local | 231.1 | 227.7 | @local | 230.8 | 227.2 | @local | 230.4 | 226.9

5 bus 2304 | 2294 bus 229.9 | 224.6 bus 230.4 | 229.6

6 230.8 | 235.0 231.0 | 2244 230.2 | 228.2

7 2314 | 237.4 230.1 | 223.0 229.8 | 227.5

1 230.8 | 230.9 2309 | 231.0 230.2 | 230.1

2 233.2 | 230.8 2293 | 231.2 233.0 | 230.2

3 231.2 | 2359 | 231.0 | 231.2 227.7 | 231.2 | 230.1 | 235.2 | 229.7

CL2 4 @remote| 234.4 | 231.0 |@remote| 234.8 | 231.1 |@remote| 233.7 | 230.3
5 bus 2323 | 231.4 bus 236.5 | 231.2 bus 230.9 | 230.1

6 227.4 | 231.7 238.2 | 231.5 2319 | 230.1

7 2259 | 231.9 238.5 | 231.3 232.1 | 229.9

1 231.6 | 231.7 231.6 | 231.8 231.7 | 231.5

2 2352 | 232.7 2304 | 232.2 233.4 | 230.6

3 231.6 | 239.1 | 2342 | 231.6 230.0 | 2334 | 231.7 | 236.5| 231.1

CL4 4 @remote| 236.2 | 232.7 |(@remote| 235.4 | 231.8 |(@remote| 236.4 | 232.8
5 bus 233.5 | 232.6 bus 237.7 | 232.4 bus 236.5 | 235.6

6 2282 | 232.6 238.7 | 231.7 238.6 | 236.6

7 226.8 | 233.1 239.7 | 232.1 238.6 | 236.3
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8 CONCLUSIONS

This work presented both experimental and modeling activities of an OLTC transformer
provided with single-phase-independent tapping capability, used to mitigate the increas-
ing unbalanced conditions in distribution networks caused by the growing number of
single-phase DERs.

Firstly, a detailed analysis aiming at a simplified representation of a real Danish LV
distribution network is proposed: the obtained results allowed the choice of the compo-
nents utilized for the tests, performed in the research infrastructure SYSLAB-
PowerLabDK. Then, an investigation of the tap-changers’ behavior has been carried out
both in DIgSILENT PowerFactory software environment and in the lab environment.
The comparison of the voltage trends showed that the proposed model in PowerFactory
allows a realistic representation of the real tap operation. Additionally, the OLTC’s op-
erability is studied in two scenarios characterized by both balanced and unbalanced load
conditions as well as single-phase reverse power flow. From the experimental tests, it
can be concluded that at the transformer level voltages have been maintained within the
dead band, confirming the effectiveness of the tap operations, being the OLTC based on
local measurements.

Furthermore, three control logics were tested and compared in this study. The experi-
mental test validates the control performance of the on-load tap changers. The study
suggests that, using remote measurement (i.e., end of the LV feeder), the voltages of the
system can be kept in a safe operational band by the OLTC transformer. However, this
requires the availability of the remote measurement to the OLTC, which is an expensive
upgrade. To resolve this problem, a proactive tap algorithm is defined to compensate the
voltage drop and keep the voltage at the ending bus in a safe band.

It is noted that the system used in the study is a simplified network that cannot charac-
terize all the features of a real distribution network, even though it is able to catch the
most important ones. Future works could include two aspects: 1) investigate the OLTC’s
application in an active distribution network characterized by several subfeeders, where
higher penetration of different distributed generations is present; in such a case, the
voltage rise/drop estimation may need some rethinking; and 2) combine the OLTC con-
trol with smart-metering technology, where the measurements from the smart meters
can be used as inputs for the OLTC transformer.
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