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Abstract—The adoption of on-load tap changer (OLTC)-fitted
transformers in low voltage (LV) networks is increasingly being
considered to mitigate voltage issues resulting from high
penetrations of photovoltaic (PV) systems. However, depending
on the corresponding voltage control strategy, tap operations
can be significant, accelerating the ageing of the OLTC. This
work assesses the performance of different OLTC control
strategies: constant set-point, time-based and remote
monitoring-based. A Monte Carlo-based time-series analysis is
used considering different PV penetrations. A real UK
residential LV network is analyzed using the number of tap
operations and voltage compliance with the standard BS
EN50160 as key performance metrics throughout a week.
Results show that remote monitoring-based control can
significantly enhance the network’s ability to host PV systems
whilst limiting tap operations and voltage issues. The results are
expected to help distribution network operators determine the
most adequate control strategy for OLTC-fitted transformers in
future LV networks.

Index Terms--Distribution network, low voltage, on-load tap
changer, photovoltaic, voltage control

l. INTRODUCTION

Solar photovoltaic (PV) technologies are one of the fastest
growing renewable energy sources being integrated
worldwide onto the electrical distribution systems. Small-
scale PV systems are expected to reach higher penetration
levels over the next decades but are already leading to
technical challenges in areas where cluster exists. Voltage
violation is one of the dominant constraints that limit the
ability of low voltage (LV) distribution networks to host large
penetrations of PV systems.

In the UK and in most countries in the world, LV
networks are typically equipped with off-load tap changers
which means that the fine tuning of the ratio between the
primary and secondary of the transformers can only be
changed when disconnecting the load. To extend the ‘on
load’ flexibility in terms of voltage management closer to the
LV customers, the use of on-load tap changer (OLTC)-fitted
distribution  transformers has been recently studied
particularly in the context of residential scale PV systems [1]-
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[3]. However, depending on the corresponding voltage
control strategy, tap operations can be significant, leading to
the wear and tear of the OLTC [4]. Therefore, an adequate
OLTC control strategy should be used to ensure customer
voltages are within statutory limits whilst minimizing tap
operations so as to reduce the maintenance/overhaul cost
incurred by the distribution network operator (DNO).

Most of the studies found in the literature focus on control
strategies that integrate the operation of LV OLTC-fitted
transformers and other controllable elements. The technical
and economic benefits of controlling active and reactive
power of residential-scale PV as well as OLTC were assessed
in [1]. This, however, was limited to only a few snapshots of
demand and generation rather than a time-series analysis. In
terms of impacts, only the voltage at the ‘weakest’ point was
quantified rather than considering voltages at all customer
connection points. The number of tap operations was not
quantified. In [2], a sensitivity-based coordinated control of
battery-based energy storage system and OLTC was proposed
to increase the network’s ability to host low carbon
technologies. The effects on tap operations were quantified
but the adopted time-series analysis was limited to six hours.
These two studies did not provide a clear quantification of the
benefits from the sole use of the OLTC and the different
strategies that could be adopted to control voltages over
significant periods of time.

The performance of an LV OLTC-fitted transformer was
analyzed in [3] considering a load-based control algorithm.
The OLTC set-point was changed depending on the total load
variation. This method, however, requires the impedances of
the feeders to approximate suitable set-points. Consequently,
the algorithm needs to be tuned for each network where it
will be deployed making it less practical.

It is important to highlight that the above studies were
carried out considering deterministic approaches, i.e.,
neglecting the uncertainties involved in the residential PV
generation as well as domestic demand. To adequately
quantify the performance of a given LV OLTC control
strategy, the uncertainties surrounding the characteristics of
the PV generation and demand (i.e., location, size, and
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variability) need to be catered for. In addition, the particular
characteristics of UK LV networks (i.e., three-phase four-
wire feeders with single-phase connected loads), as well as
detailed operational aspects of the OLTC such as bandwidth
and control cycles have also to be modelled.

In this paper, three OLTC control strategies, constant set-
point control (CSC), time-based control (TC) and remote
monitoring-based control (RMC), are applied to a real UK
LV network. A Monte Carlo methodology previously
developed in [5], [6] considering 1-minute resolution is
carried out throughout a week to assess the control
performances using the number of tap operations and voltage
compliance with the British Standard BS EN50160 as key
metrics. The results of this work are expected to help DNOs
determine the most adequate control strategy for OLTC-fitted
transformers in future LV networks.

1. NETWORK MODELLING
A. Real UK LV Distribution Network

To implement the proposed methodology, a real LV
residential distribution network located in the North West of
England is used. The 11kV/400V network is comprised of six
radial feeders (three-phase four-wire underground cables).
The rated capacity of the distribution transformer is 500kVA.
The topology of the network is shown in Fig. 1, where the
triangle represents the transformer. Different feeders are
shown in different colours and each solid dot represents a
house/customer. There are 49, 21, 30, 100, 68 and 83
customers, respectively, in the six feeders (i.e., 351 in total),
all with single-phase connections. The black rectangles at the
mid and end points of the feeders correspond to feasible
locations for remote monitoring devices.

The voltage limits in UK LV networks are +10/~6% of
nominal, i.e., 253V (1.10 p.u.) and 216V (0.94 p.u.) line-to-
neutral. Compliance with these limits is checked according to
the BS EN50160 standard [7], by which 95% of voltages (10-
min average rms values) within a week must be between 1.10
and 0.90 p.u., and never outside 1.10 and 0.85 p.u.

B. Load and Photovoltaic Profiles

The tool developed by the Centre for Renewable Energy
Systems Technology (CREST) [8] is used for modelling the
domestic load profiles given its high time-granularity (one
minute). The load of each individual household is modelled
realistically considering type of day, seasonality, occupancy
and the associated use of electrical appliances [8].

For each feeder of the network, the adopted number of
occupants per household follows UK statistics [9], i.e., the
percentage of houses with 1, 2, 3 and more than 4 persons are
29, 35, 16 and 20%, respectively. Once the number of
occupants per house is randomly determined, the load profiles
are created adopting a particular day of the year. For the PV
systems, the corresponding generation for the same day is
produced also using the CREST tool. The nominal capacity
of the PV systems is randomly selected from a range of 2.0 to
3.5 kWp. Fig. 2 shows the daily (weekday, July) profile of the
electricity consumption of a house with 2 occupants and the
PV generation profile for the same day. The corresponding
net electricity demand is also presented.
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Figure 2. Daily (weekday, July) electricity consumption and PV generation
profiles for a house with 2 occupants

C. Distribution Transformer and OLTC

In the UK, the distribution transformer ratio is typically
11kV (or 6.6kV) to 433V. The off-load tap changer capability
range is 5% (5 tap positions, 2.5% per step) and is
commonly set to the nominal tap position (~250V L-N). The
OLTC studied in this work has a range of =8% with 2% per
tap, i.e., 9 tap positions in total. Assuming that the voltage at
the primary of the transformer is the nominal (i.e., 11kV line-
to-line), the line-to-neutral voltages at the busbar will be
231.5, 235.8, 240.4, 245.1, 250.0, 255.1, 260.4, 265.9 and
271.7V corresponding to the tap positions from 1 to 9.

I1l.  OLTC-BASED CONTROL STRATEGIES

In this section, first the basic OLTC control concepts are
presented. Then, three control strategies are investigated to
maximize the benefits brought by OLTC-fitted transformers.

A. Basic OLTC Control Concepts

The OLTC keeps the secondary bus (busbar) voltage
within a bandwidth, as shown in (1).

Vig < Vousvar < Vup 1)

where, Vyuspar 1S the transformer secondary bus (busbar)
voltage; V5 is the lower boundary voltage (V.. — 0.5BW);
Vyg is the upper boundary voltage (Ver + 0.5BW); Vg, is the
set-point voltage; and, BW is the bandwidth.
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Once the set-point voltage and bandwidth are set, the
OLTC will adjust its tap position accordingly. The busbar
voltage is checked frequently (e.g., 1 second). However, the
actual tap change occurs if the bandwidth has been exceeded
for longer than a pre-defined delay (e.g., 2 minutes).

Assuming that the magnitude of the voltage change at the
busbar for a single tap operation (one step) is Vope—tap, the
chosen bandwidth has to be larger, as shown in (2).

BW > Vone—tap (2)

B. Constant Set-point Control (CSC)

The principle for this control strategy is that the set-point
voltage keeps a fixed value all the time. There will still be tap
operations as the OLTC will change the position to maintain
the busbar voltage at, or close to, the set-point voltage. For
this control strategy, 240.2V line-to-neutral, i.e., 1.04 p.u.,
was taken as the set-point voltage. This value provides extra
headroom for PV generation compared to the business as
usual approach (~250V using the off-load tap changer) whilst
coping with potential voltage drops during peak demand.

C. Time-based Control (TC)

In the UK, voltage rise due to PV systems happens
because of its coincidence with minimum demand. This PV
generation does not extend considerably to hours of peak
demand (e.g., 17:00 to 20:00). Hence, by changing the set-
point voltage according to the time it is possible to adopt a
less conservative value during minimum demand and a more
conservative one during peak. The set-point voltages for
different periods of the day adopted for the TC strategy are
shown in Table I.

D. Remote Monitoring-based Control (RMC)

1) Architecture

A schematic of the proposed control architecture is shown
in Fig. 3. Three feeders are shown for illustration purposes.
The remote voltage monitoring devices are installed at the
mid and end points of the LV feeders. These devices send the
voltages to a remote terminal unit (RTU) located at the
substation. In this case, the RTU is a physical device in which
the control logic is coded. Based on this logic, the RTU then
sends to the tap changer controller a command to produce a
set-point voltage that ultimately alleviates any potential issue.

2) Control Logic
For the RMC, the set-point voltage is changed according
to the measured voltages at the busbar as well as mid and end
points. Consequently, if needed, this set-point is changed as
frequently as the control cycles.

Considering the busbar voltage as a reference, a
compensating voltage (AV;) for the control cycle i is
calculated taking into account the monitoring voltages. The
new set-point voltage (Vse:;4+1) IS then obtained by the
difference between the monitoring busbar voltage (Vyyuspar i»
average of the control cycle) and the compensating voltage
(AV;), as shown in (3). This process takes place every control
cycle (e.g., every 5 minutes, every 15 minutes, etc.).

— AV, @)

Vset i+1 = Vbusbari

Busbar Mid End
i 400V Point Point
Pi‘{?ﬁ;y P Feeder 1
X 3 Feeder 2
X < Feeder 3
Iy |
| |
vy sstributi
Tap Changer], _____ Distribution network
I—,RTU IZI Remote monitoring device
D Data and control flow
Figure 3.  Remote monitoring-based control architecture
TABLE I. SET-POINT VOLTAGES FOR DIFFERENT PERIODS OF THE DAY
Time Set-point Voltage
6:00 to 16:59 237.9V (1.03 p.u.)
00:00 to 5:59 and 17:00 to 23:59 242.5V (1.05p.u.)

TABLE II. COMPENSATING VOLTAGE FACTOR IN VOLTAGE ZONES
Maximum

Orange Orange
253V>.2248V 21V>.2216V

£
35
£
£ 0 -1 )
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Orange 253V>>248V| +2 +2
d +2 +1 0
+1
0

Orange 221V>. zﬂiil

-1 -2 -2 -3 |

To calculate the compensating voltage, three voltage
zones have been defined as presented in Table Il. If voltages
at the mid and end points breach the statutory limits, i.e.,
either higher than 253V or lower than 216V, they are in the
red zone. When voltages are up to 2% close to the boundary,
i.e., from 248 to 253V and from 216 to 221V, then they are
considered to be in the orange zone. Finally, voltages
between 221 and 248V correspond to the green zone.

By determining how far the monitoring voltages, in
particular the maximum and minimum values, are from the
ideal range (i.e., the green zone) it is possible to estimate the
needed compensation at the busbar voltage. The latter,
however, has to be estimated considering the tap steps that
the OLTC might require. This estimation is presented in
Table Il where each value corresponds to a factor that should
be multiplied by Vone—tap-

Therefore, for a given control cycle i, first the voltage
zones of the maximum and minimum of all the mid and end
point voltages are determined. The compensating voltage
(AV;) is then obtained by multiplying the corresponding factor
in Table 11 and V.4, €qual to 4.6V (2% tap step).

IV. CASE STUDY

In this section, the control strategies CSC, TS, and RMC
are applied to the LV network presented in section Il. The
distribution system analysis software package OpenDSS [10]
and MATLAB are used to run time-series power flow
simulations and the corresponding control strategies.

Different PV penetrations (from 0 to 70%) are studied. In
this paper, the PV penetration is calculated by the number of
houses having PV systems in relation to the total number of
houses. For a certain penetration, PV systems are randomly
allocated assuming all feeders have the same penetration
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level. Due to the area of LV networks, for a given day, all PV
systems are considered to have the same generation profile.
The aggregated daily load profiles of the network with 0, 30,
and 70% PV penetrations are illustrated in Fig. 4. 70% was
considered as the highest PV penetration as the peak reverse
power reaches the transformer rating.

For comparison purposes, the network equipped with off-
load tap changer is also analyzed considering a suitable tap
position to cope with PV systems (+2.5%, i.e., 244V).

A. Deterministic Analysis

The three-phase power flow simulations are carried out on
a weekly basis. Fig. 5, Fig. 6, and Fig. 7 show the profiles for
a week in July (summer) with a 70% PV penetration for the
CSC, TC and RMC strategies, respectively. The set-point
voltage, the corresponding tap position and the busbar voltage
profiles are plotted in part (a) of these figures. Voltages for
the far end customers in the 6 feeders are illustrated in part
(b). The bandwidth used in all simulations was 2.2%.

For the RMC, 5, 15 and 30-min control cycles are
investigated in this paper. 5-min is considered as the shortest
control cycle so as to cater for the communication and tap
operation delay times. Detailed results for the 30-min control
cycle are presented in Fig. 7.

For the studied summer week, the CSC, TC and RMC
strategies resulted in 8.3, 7.7 and 5.4% of the 351 customers
non-compliant with BS EN50160 voltages. This shows a
clear improvement when adopting the remote control,
particularly in comparison with the off-load tap changer
(41.5%). In terms of the usage of the OLTC, for this week
each of the control strategies required 114, 80 and 19 tap
changes, respectively. In this case, the RMC resulted in just a
fraction of the tap changes needed by other two strategies.

B. Monte Carlo Analysis

Fifty simulations each representing a week in July
(summer) are carried out to extend the potential diversity in
PV generation and household demand. The average and
standard deviation of the percentage of non-compliant
customers for different control strategies are shown in Fig. 8.
The daily average number of tap changes and the
corresponding standard deviation are shown in Fig. 9.

As seen in Fig. 8, with the off-load tap changer customers
present voltage issues from 20% PV penetration. With a 70%
penetration, nearly 50% customers are non-compliant with
BS EN50160. On the other hand, with the OLTC,
disregarding the control strategy, it is only until 40% of PV
penetration that customers might experience voltage
problems. The three control cycles (5, 15 and 30-min) studied
for the RMC strategy outperformed the CSC and TC in terms
of voltages. The RMC also resulted in the fewest tap
operations in all PV penetrations. Interestingly, although the
TC has a better performance than CSC in terms of voltages,
this is mostly done at the expense of more tap operations.

C. Monte Carlo Analysis vs Deterministic Analysis

For the deterministic analysis, the results are limited to
the specific week and therefore cannot be generalized. For
example, due to the uncertainties of PV generation and

N
wu
o

[
o
L

-
w
o

-350
30% PV penetration
—70% PV penetration

~==0% PV penetration - L

Active power consumption, kW

[ul
[
o

o (==
(=} o
-

o

06:00
07:00
08:00
14:00
16:00
17:00
18:00
19:00
20:00
21:00
22:00
23:00

00:00

= 9
< v
o o

00:00 *

v

ge,

Volta
~
&
&

f m 1 Ll il
| | W
—Busbar Va gBusbaer +~Bushar Vc —Set-point Voltage —Tap Position

232

255 1
253

o
B
x

Voltage, V

N
w
«»

Feeder

225

06:00.
12:00
18:00
00:007

00:005

18:00
00:00] &
06:00.

1
=]
e
&
-

06:00
12:00:
12:00
18:00
06:00
12:00:
18:00:

00:00

(b) far end customer voltage
Figure 5.  One-week (July) voltage profiles by CSC

246 - Wed.... T RS sun. Mon. i .~ Tue -7
d y / 4 .
( ¥ i | K K
L I i "nA d | il ' B
242 ¥ MiEraa i T f ¥ B R ik RO e ]
i | [ I [

Ly TR | ! 5
> ) ul W " "t T AL Ul fl ad
g8 “\ TR af) ¢ ~—¢ rrrrr R
5 A W WO AN Y )
nl 'Jtﬁ el i memb | (A W

234 : 1 -

230 4 —Busbar Va —Bushar Vb —Busbar Vc —ESet pamtVoItage —Tap P t\un 1
== = = = = = = = = A = I = = I - I = =] (= =R =R R = R = A = = I = = = I = ]
R R EEEREEEREEEEEEEREEREEEEREEERE-)
S O AN XSV N IO BN XSO AN GO UN® 00N 00N X0
S8"A856 " H8C""88HME0CmMAS0CR=00= =23

Voltage, V

(=
~N
-

(b) far end customers
Figure 6. One-week (July) voltage profiles by TC


mchsslo2
Typewritten Text
Accepted Paper

mchsslo2
Typewritten Text
Accepted Paper


240

>l35 X
! 3
£ A ¥
] 1
>230 j ' .
—Busbar Va —Busbar Vb —+ Busbar Vc —S5et-point Voltage —Tap Position 2
T TITTTT T ’: 1
g 8 8 8 888888
S8 ESgENNR 838998
Time
(a) busbar voltage and tap position
255 -Wed . Thu Fri Sat Sun e Mono o Tue
253 -
|
,,,,,, || YR | * IO N ¥ | NS A— 1 | — ‘ S NN U N —
245 : ||l ‘ 1‘ ||| o]
> | |
o ||l \" ! |
235 W Wi iy |
E N d
s . i ] | '
PPCRRTN . | (SN L. - L H— | 11| - I I
ﬂg Feeder 1 '-—Feeder 2 F:eederB Fder4 Feeci_efS Feeder &
DDDGODDObGGODODDGGODODGGOEDDD
00 C 00000000 cCc o000 oo0ooooooc oo o
gENYggdYgsdEgssNegENEgggNuggdsg
Time
(b) far end customers
Figure 7. One-week (July) voltage profiles by RMC, 30-min control cycle
50%
—0Off-load tap changer
40% —ese
~TC
—RMC - 5min
30% +{—RMC-15min I I
g —RMC - 30min
E
2
3 20%
o
10% -
0%
0 10 20 30 40 50 60 70
PV penetration, %
Figure 8. Customers with voltage problems — comparison
L B e
g |
an
o T R TP t I
o —-—
£ csc e
2 TC . I
B 10 E——— =RMC-5min | i
B —RMC - 15min
E —RMC - 30min
e R G

0 10 20 30 40 50 60 70
PV penetration, %

Figure 9. Daily average number of tap changes — comparison

demand, results could be different in another simulated week.
These uncertainties, however, are catered for when adopting
the Monte Carlo analysis. Due to the multiple simulations
(fifty) carried out, the average and standard deviations are
obtained as a way to generalize the results. This can show not
only the number of non-compliant customers and the tap
changes, but also the likelihood of these values. Therefore, by
using the Monte Carlo analysis it is possible to show a much
more general picture of the metrics of interest.

V. DISCUSSION

A bandwidth of 2.2% was used in all simulations in this
work. Different bandwidths may result in different voltage
profiles and different number of tap changes. However, the
trends found for the control strategies investigated here are
expected to be similar for other bandwidths.

This work only focused on the ‘worst-case’ season for the
UK, i.e., the summer. To better assess the control strategies
throughout the potential demand and generation changes in a
year, other seasons should be investigated.

The same PV penetration is considered among all of the 6
feeders in all simulations. However, in practice, different
feeders may have different PV penetrations. Dissimilar
penetrations per feeders should be considered.

VI. CONCLUSIONS

Three proposed OLTC control strategies are applied to a
real UK LV distribution network to assess the benefits
brought by OLTC-fitted transformers. A Monte Carlo
approach is adopted to cater for the uncertainties surrounding
domestic-scale PV generation and demand. The results show
that the remote monitoring-based control can significantly
enhance the network’s ability to host PV systems whilst
limiting tap operations and voltage issues. Nonetheless, the
time-based control resulted in a comparable performance in
terms of voltages and hence can be considered as a potential
solution without the need of remote monitoring — although at
the expense of more tap operations.
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