P. Pachanapan and S. Kanprachar / GMSARN International Journal 11 (2017) 16 - 22

e, Voltage Level Management of Low Voltage Radial
5 % Distribution Networks with High Penetration of Rooftop PV
5 Ll * System:
}%,9/0 Piyadanai Pachanapan and Surachet Kanprachar
249

Abstract— The increasing of rooftop photovoltaic systems can introduce over-voltage problems in low voltage
distribution networks, particularly at the end of radial feeder. The conventional voltage control solution by adjusting
the off-load tap changing transformer can prevent the voltage level to exceed the statutory limit without the further
investment. However, the new tap position, which remains unchanged, may cause the under-voltage problems to occur
during the time that total demand consumption is high, especially in urban residential areas. The coordinated voltage
control among off-load tap changing transformer and switched shunt capacitorsis proposed to manage voltage level in
low voltage feeder with high penetration of rooftop photovoltaic systems. The voltage control performances are
examined on simulation in DIgSILENT PowerFactory software. The results showed that the proposed voltage control
method can maintain the voltage level across the feeder within the statutory limits. Although the shunt capacitors will
increase the losses in the networks, this solution is cheaper when comparing to the replacement of new on-load tap
changing transformer.

Keywords— Off-load tap changing transformer, OLTC, voltage kvel control, photovoltaic system, switched shuntapacitors.

addition, the tap changing will be only operatedilevh
1. INTRODUCTION transformer is in off-load or no-load condition. like
. the automatic OLTC, using the off-load tap changing
The number of rooftop photovoltaic (PV) systems ynsformer will mitigate the voltage level, acdogito

ponnected to I0\_/v volt:?\ge distribution networks has iha new tap position, along the LV radial feeddrshe
increased dramatically since the year 2000. Altioting time due to the tap position remains unchanged.

PV systems 9“’? the b_e”e“t of ra_ising the power rhe o TC fitted transformer can be used to enhance
generation capacity, the high penetration of PMesys the flexibility of voltage management in the LV
can cause the overivoltage problem into low voltage oy orks with high level of PV connections. Thisais
(LV) networks, especially at the end of feedersemthe  conirajised voltage control method which can regula

power production from PV is high during the ligbad the voltage level along the LV feeders automatjcalio

condition. Hence, a number of PV connects is reistil manage the customer voltage effectively, measurtsmen
To prevent the over-voltage to exceed the statutory,;  critical points of the LV networks are required,

standards such as IEEE 1159-2009 and IECO 610000-65 : :
especially at the end points of feeders [2]. Moezpthe
1, the traditional approach used by distributiotwoek pecialy po! [2] ©

) e h K b laci reliable, fast and high capacity communication esyst
operators is to reinforce the network by replacing 5o required while the short period of data actjarsiis
qonduqtors to bigger ones. The larger size ofibision _necessary in case of high penetration rate of Rsfeay
line will have lower impedance and therefore will [3]. On the other hand, a generic and practicalotem
introduce smaller voltage change along the feeder. voltage estimation method for the end point of LV

pom?ﬁ\re the cost IOf dnetworkh reinforcement f_Witg feeders is proposed in [4] to substitute the ndedroote
installing a new on-load tap changer (OLTC) fitte monitoring without compromising performance and,

transformer, it is found that the network reinforemtis o0 reducing the further investment in commuitioa

the cheaper option when the level of PV penetration systerﬁs

bgsoed on a real UK residential LV network, is |t The centralised voltage control in distributionteyss

7 é"[t]- ) L al . h tondtéal with PV systems can be improved by coordinating tap
The business as usual alternative approach t changing distribution transformer with other VolaV

thg Impacts of PV systems in LV networ_ks 'S @M control devices. The reactive power compensation
adjusting the tap position of transformer equippeth devices such as distribution static synchronous

off-load tap (;hangers. This appro:?\ch is the _sinmid compensator (DSTATCOM) will act as the secondary
fa_lmous solution. The_ tap Ch"’?”g_ef IS usually fidednhe voltage controller. The additional Volt-Var control
high voltage (HV) side of distribution transformen devices will support the reactive power with then @b

maintain the flattened voltage profile across adé&e

The research in [5] shows that the use of OLTditt
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detailed simulations and with preliminary fieldttes transformer associated with shunt capacitors wél b

Another voltage level management in LV networks evaluated by comparing the simulation result ohgsi
with PV systems is implemented by decentralised OLTC fitted transformer.
voltage control method. This is the local voltagatcol The paper is structured as follows: section 2 érpla
method which the active powelP)( curtailment and the background of voltage change in radial LV nekwo
reactive power @) control are applied into customer with/without PV systems. The voltage control opierat
owned PV inverters [6]. Th® curtailment should be of OLTC and shunt capacitors are explained in saci.
operated as a little due to the PV should prodiee t Section 4 describes the LV network model, load
power into the network as much as possible. THEQt  consumption and PV generation profiles and theildefta
control is preference for the voltage control. Aliigh case study. The voltage control performances are
the modern PV inverter, based on the voltage sourcenvestigated based on DIgSILENTPowerFactory
inverter, can provide th® controllability with the fast  software presented in Section 5. Finally, the casiohs
response. Most of existing PV systems is still ggime are drawn in Section 6.
fixed - power factor inverter which is unable t@yide
the automaticQ support. In this case, the smd]l 2. VOLTAGE CHANGE IN LV NETWORKS
compensation devices, such as the small thyristorI
controlled reactor in [7], can be installed pafaléh the
fixed - power factor inverters to enhance the \gdta
controllability of PV systems.

Despite the use of OLTC fitted transformers as the
centralised voltage control is a promising solutimn
manage the entire voltage level across the LV feede
connected with PV systems, the replacement of
conventional distribution transformers with OLT @&dd
transformers is required which it is very costiyn |
contrast, the changing of tap position of distridit
transformer equipped with off-load tap changer séem PR+QX
be a good choice when the financial reason is coece AV =V, -V, =V—
Many existed distribution transformers in the LV z
networks already have a manual tap regulation, fwhic where P and Q are the active and reactive power sent
tap position can be adjusted by hand, to prevenotler-  from bus 1, respectivel\R and X are the resistance and
voltages without installing a new equipment. the inductive reactance of the circuit, respecyivéi per

In this paper, the distribution transformer witli-lolad unit, the voltage at the PV bus can be assumed@s 1
tap changer is the primary voltage control devit¢gctv p.u., so (1) can be approximated as:
aims to prevent the over-voltage problems causeB\by _
systems in the LV feeders. However, in some looatio AV =PR+QX (2)

such as the urban residential areas, the highrieigct In the case that PV system supplies active andiveac

demands usually occur in the early morning andhi t power, Pp, andQpy, respectively, to the system, then (2)
evening, during that time, the PV system is inactwnd can be written as:

there is no impact on voltage change from the PV _
generation. Consequently, the voltage levels of ektin AV =(P-PR,)R+(Q-Q, )X ®3)

residents, especia_lly at the end points of radisl L It is found that the injection of apparent powesnfr
feede_rs, are relatively low. It can be seen t_haat th py system can reduce the teffRq) and Q-Qpy), thus
stepping \:joltage d(l)wn b3|’ off;load ;ap chgng;n? 's;gm the value ofAV decreases. Then, the voltage at the PV
can intend the voltage level at the end of teedors bus,V,, will be increased. As PV system usually operates
below the statutory limit. at unity power factor, withQp, equals to zero, the

To enhance voltage control capability, the switched ; ;o
) . ' voltage change is mostly due to tRdnjected from PV
shunt capacitors are introduced to work as therskry g g y )

n traditional LV distribution networks, without PV
systems, the power will flow in one direction, frahe
substation to the customer loads. However, thectioje
of electric power from PV systems affects the power
flow direction and the voltage level of the netwofihe
change in the voltage level when PV system is tifjgc
power to a certain location of a LV radial feedas,
shown Fig. 1, can be explained as follow.

Adopt from [8], the voltage dropA¥), without PV
system, can be written as in (1).

(1)

control device, in associated with the off-load tap system.

changing transformer. The tap position is steppedtu \VA V,
the HV side of transformer to deal with over-voltag p

from the PV generation while the switched shunt @ —

capacitors will support the Volt-Var control to adhe ‘ — Pey
under-voltage problems during the heavy load Q 6’
conditions. The switched shunt capacitors can be v
installed at the distribution transformer, as thatralised

voltage controller which can support voltage contoo Fig. 1. Simple radial distribution network with PV system.,
remote buses in the network. Alternatively, shunt

capacitors can be used as the decentralised voltage From (1) to (3), the main factors that have an ichpa
controller, located at critical locations such ashe end  on voltage change in distribution system with PV

of feeder, with the local V0|tage Controllabilit)]'.he Systems’ Suggested in [9], are as fo"ows;
performance of voltage control by off-load tap afjiag
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Load demand and PV generation the light load In DIgSILENT PowerFactory, the OLTC can be
condition, the higher PV generation leading to ghbr operated in 3 different control modes includingltage
level of voltage rise especially at the end of fzed control, reactive power control and active powentoal

Line impedance: The higher line impedance, the [10]. In the voltage control mode, the OLTC conol
higher level of voltage changes across the LV feede can be support voltage control to either local @i¢ or
The line impedance can be reduced by increasingitee LV side of transformer) or a specific bus in thesteyn,
of distribution line. as remote control, such as at the end point ofeieed
Operating power factor of PV inverter: If PV Additionally, in case of remote voltage control,eth
inverter operates in inductive mode (abs@from the remote measurement and communication system are
network), the voltage rise can be reduced. On thero necessary. The structure of OLTC controller witle th
hand, the voltage at PV bus will be increased if PV remote voltage controllability is shown in Fig.&.(

inverter is in capacitive mode (inje@tinto the network). The alternative remote voltage control is usinglihe
drop compensation (LDC). This function controls the
3. VOLTAGE CONTROL DEVICES voltage at the remote bus without measuring théagel

at that bus. The actual voltage value is estimdted
measuring the voltage at the HV or LV side of the
transformer and, hence, simulating the voltage drop
across the distribution line. Fig. 3 (b), illustatthe
principle of the LDC whereRy and X are LDC
Automatic on-load tap changer control impedance defined as voltage drop at the rate@icurr
The tap position is changed discretely which only
integer tap positions are considered. The speedrufol
actions is specified by a controller time const@ntsee
in Fig. 3 (a)). In case of remote control, the agh set
the transformer step-by-step to control the secgnda point (Ves) and voltage range setting (maximum and

voltage at the desired value. The speed of the tapi,inimum voltages) are taken from the controlled. bus
changing operation depends on the tap-changing

mechanism process, which may take from severalSwitched shunt capacitors control
seconds to minutes per step. The OLTC can be iedtal
at either the HV winding or the LV winding, as shoim
Fig. 2, whereTap is the tap setting in p.u..

The details of automatic on-load tap changer and
switched shunt capacitor operations for the voltage
control, used in DIgSILENPowerFactor, are explained

in this section.

The on-load tap changer (OLTC) is an automatic tap-
changing controller, which does not cut the eleitrioff
before changing the tap position. It can changdaheof

The switched shunt device in DIgSILENPDwer Factory
can be applied in 3 modes including; voltage cdntro
reactive power control and power factor control][11
The automatic step adjustment in case of voltagérab

can be written as
Viy Vi Vi Viv _ K
‘ Astep =—(V_, -V 4
ep ST( V) (4)

(1=Tap) : 1 1: (1+Tap) where Astep is step changes of shunt devidéy is
voltage set point (in p.u.)y is measured voltage (in

Vi =L v Viy = (1 Tap)xV p.u.), T is time constant ani is controller factor which
WV e Tap) Y Lv = (2= 1ap)*Vhv depending on the number of steps. In addition, the
(a) Tap changer modelled at (b) Tap changer modelled at  Voltage set point is calculated from the upper kawaer
HV side LV side voltage limits, according to (4)
Fig. 2. Tap changer transformer models. V, (upper) - V, (lower)
V= 5 5)

Moreover, the time constart, is determined from

e re Ta o
Tmindrl kraax

R [ where, Ty is controller time constantT i IS the
VT fastest controller time constant of all automatijuated
cT . . o .
shunt devicesk ya is the minimum controller relaxation
factor (typical is 1.0).
Rea The controller factoK is calculated from
Yo K=100% n,, K, orientation ( 7 )
Target bus VT Viire, actual . T . .
— Viine, Modd ~ ———— where Kgy is sensitivity dQ/dV in p.u./%, Nepx IS
(@) OLTC controller with (b) OLTC controller with maximum number of steps andrientation is step
remote voltage control LDC orientation (+1 for capacitive shunts).

Fig. 3. OLTC voltage controllers, The size of shunt capacitor depends on the location
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controlled bus, which can be determined by uQNV
curve or voltage sensitivity matrigl2]. Moreover, the
switched shunt capacitor can be used as the re
voltage controller, which supporting voltage cohtro
specific bus in the network, if the remonitoring and
communication system aeailable.

4. TEST SYSTEM AND CASE STUDY

The test system is a three phaBd, kV, 50 Hz radial
distribution network adapt from @a LV system in the
urban area of Thailandt consists of 20 custom
which the phase connection of each house is ideai
Fig. 4. It is found that there are 8, 10 and 2 custome
phase A, B and C, respectivelyach hous is fed by 3
phase 4 wire distributiorystem witl the total length is
approximately 326 meter§he parameters of e main
feeder and branch lines are brought fi[9], as shown in
Table 1.

All customers have the sameetricity demand profil¢
using the average residential load profile surveygthe
Energy Policy and Planning Office of Thailand in08(
as shown in Figs. The power factor of each custome
0.85 lagging.Assuming the 5 kW rooftop PV system
installed to each house which has the power gener
profile collected by School of Renewable Ene
Technology, Naresuan University, Thailand, as
shown in Fig 5. Both residential load profile and F
generation profile are in 1®inute resolutio. It can be
seen that during noon time the PV generation iy
high while the residential load demand is very .
Moreover, the distribution transformer has the
changing of -5 to +3% at 25% per ste (overall is 4
steps) The statutory limits of this studis defined as
between +%.

Table 1. Parameters of LV Distribution Line

Parameters Main feeder line Branch lines

Crosssection 50 mrm 25 mnf

Type THW THW

R (ohmkm.) 04723 0.8698

L (mH/km.,) 0.8168 0.8906

C (uF/km.) 0.0134 0.0124

Installation Overhead aeric Overhead
system aerial system

The 24-hour voltage profilescross the LV feedeare
simulated by using the time sweep load flow caldoile
on DIgSILENT PowerFactory software. The test system
is examine in 6 different scenarios to investigate
voltage control performance of different type oftage
control devices, as follows:

1) No voltage control devicgbased cas)

2) Only off-load tap changing transforn

3) Adjusting power factor of PV inverte to 0.9
lagging

4)OLTC fitted transformer with
controllability

remote volta

5) OLTC fitted transformer with internal LC

6) Off-load tap changing transformer with 66 k\
switched shunt capacitors located at the distriio
transformei(bus 0Q

7) Off-load tap changinctransformer with 21 kVar
switched shunt capacitors located near the er
feeder(bus 10

Theautomatic OLTC fitted transformer is examinec
2 voltage control moded) remote voltage control when
assuming theommunication system is availa, and 3
using the internal LDCThese 2 modes aim to control 1
voltage level at bus 10 to stay between 0.95 md.1a05
p.u..The OLTC controller in the remote voltage con
mode has the controller time consteT = 0.5 s andV
= 1.0 p.u. Alternatively, in case of the OLTC is usir
LDC as the voltage controlli R and X are 0082 V
and 0044 V, respectivelywhen the current transformer
rating is setas 1 A

The switched shunt capacitoare a three-phase shunt
device with a single step switchingeration. To see the
performance of shunt capacitors, there are 2 loesto
be examined. Firstlythe switchshunt capacitors with
remote controllability are locat at bus 00, near the
distribution transformeraiming to maintain the voltac
level at tle end of feeder, bus 1(via the remote
measurement and communication sys. On the other
hand, the switched shunapacitors with local voltage
control capability are installed directly the critical bus,
bus 10,which will provide Vol-Var support without
communication requiremelt.

The size of shunt capacitors is determined by u
voltage sensitivity matrix, which can be calculated
DIgSILENT PowerFactory. The controller parameters of
switched shunt capacitors in these both ¢ are setting
as controller timeT = 0.5 s, and controller factoK =
10.

Daily Profile (24 hours)
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Fig. 5. Daily residential load and PV generation profile.

5. SIMULATIONS AND RESULTS

The simulation results in F. 6 show that, without any
voltage contrbdevices, the voltage levein phase A and
B exceed the statutory lim(>1.05 pu.), which occur at
the latter end of feeder starting from bus 5 to 1l. It is
found that the maximumoltage level is about.07 pu.
at phase A of bus 1®hich is the end point of feec.
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Fig. 4. Test system.
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Fig. 6. Voltage Profiles in the base cas(no voltage control devicep

Moreover, the voltage pfite of phase B at bus 1
illustrates the high voltage volatility, which vatfe leve
has swung betweend® pu. and 107 f.u. during the
day. The overvoltage problem occurs between.20
p.m. and 1320 pm., which, at that time,the PV
generation is fgher than load demand very rh. The
24-hour load demand and PV generation are .774
kWh and 21®17 kWh, respectivelywhereas, the dalil
energy loss in this case is around62d kWh, as seen
Table 2

20

Fig. 7, demonstrates that stepg-up the tap position
of off-load tap changing transform+1 step can prevent
the overvoltage problem from the PV generation dur
light load condition It is also found that the -hour
energy loss is reduced to.885 kWh when comparin
to the based casdHowever the remained tap position
+1 step all the time will introduce the un-voltage
problens to phase B which occ during heavy load
conditions in the early mornin@g.00 a.m. —6.00 am.),
and in the evenin@l800p.m. -2C.00 pm.), respectively
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When changing the power factcof all PV systems
from unity to 0.9 laggingeach PV system will abso
reactive power as shown Fig. 8 (a). It is found th the
Q control from PV systemgan maintain the voltac
levels within the statutory limits only in plse B and C
whilst the voltage level in phase A is still oxthe limit
during the peak PV generation, as seen in Fig).€This
occurs due to the most customers in phase A aetdd
near the sending end of feeder. Therefore, the atraf
Q support fran PV system in phase A is insufficient
prevent the voltage risg@roblen for the customers
located near the end of feeder. Moreover, the hirsp
Q from all PV systemgroduce the higher 24-hour
energy loss, which the daily loss is increased 3d 33
kWh.

Bus 10 (end of feeder)

Fig. 7. Voltage Profiles at bus 10(using only off-load tap
changing transformer).
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Fig. 8. P and Q of each PV system and voltagerofiles at
bus 10(adjusting power factor of PV inverters).

Table 2. Daily Energy Loss in Each Cas

Case kwh

1) Based caseno voltage contrt 30624
2) Only off load tap changing transforn 30508
3) Adjusting power &ctor of PV invertel 33.153
4) OLTC fitted transforme: remote control 3605
5) OLTC fitted tranformel: using LDC 30035
6) Off load tap changing transformer a 32007

switch shunt capacitors at bus
7) Off load tap changing transformer a 32059

switch shunt capacitors at bus

The use of automatic OLTC fitted transformer whike
remote voltage contl to the critical bus, which bus
10, can deal with oveand unde-voltages effectively, as
seen in Fig 9a). The tap will be stepped u+1 step
during the afternoon, which start at.20 pm. and then
stop at 150 pm., to keep the voltage level especic
phase B within the statutory lim. Furthermore, Fig9
(b) demonstrates that usilOLTC with internal LDC can
give the voltage control performance to bus 10 Isimo
the case of remoteoltagecontrol It is observed that the
daily losses in both voltage control technics slightly
reduced from the based case, which a.508 kwh and
30505 kWh, respectively Although the OLTC fitted
transformer provides the decent voltage controth®
LV networks with high penetration of PV systemss:
solution requires theénvestment o new OLTC fitted
transformer due to the ost existed trarformer is the
off-load tap changing type

To enhance voltage controllability of ¢load tap
changing transforer, the shunt capacitors are usec
deal with undewoltage problems introduced by t
switching operatior{single steg. The results in Fig10,
show that installing the switched shunt capaciairthe
distribution transformer and at the end of feedoth
solutions can support voltage control efficie. It can
be seen that the switched shunt capacitors wilpsrt
Volt-Var control in 2 periods which are in the morn
(from 500 am. until around the noon tin) and in the
evening(starting since 180 f.m).

The reactive power supported by switched sl
capacitors, located &itherbus 00 or bus 10, causes the
rise of energy losse# is found that the z-hour energy
losses of both cases are increased approxima.5 %
and 47 %, respectively, cmpared to the based case
should be noted that theize switched shunt capacitors
used as centralised voltage contra fitted at near the
LV side of distribution transformeris bigger and
requiring communication systerto provide the remote
voltage support to the specific location in the sys.
Furthermore, the switching operation of shunt capex
at the distribution transformer may affect to
connected LV feeders and then possible ma
unforeseen voltage problems to some fe¢, especially
the raising up ofoltage leve.

21



P. Pachanapan and S. Kanprachar / GMSARN International Journal 11 (2017) 16 - 22

6. CONCLUSION

The growth of rooftop PV systems and residential
electricity consumptions, particularly in the urbarea,
can cause the voltage quality problems in LV radial
distribution networks. It was found that the custos
especially at the end of feeder can face the oultage
problems during the noon time which PV generati®n i
high. Whereas, the voltage level will be very louridg

in the early morning and in the evening due tohbavy
demand consumptions. The results from simulations[s]
showed that the off-load tap changing transformer
associated with the switched shunt capacitors can
provide under- and over-voltage controls in LV netks

with high penetration of PV systems satisfyingly.

The shunt capacitors should be used as decentralise
voltage control which installing locally at critsgd [6]
locations in the network, rather than using onlg tig
one at the distribution transformer. Although 8teunt
capacitors can increase the total losses in theanket
this is the cost effective solution comparing te tise of
automatic on-load tap changing transformer. It ban
seen that the switched shunt capacitors are thHengpt
voltage control device which they are not necesgahe
peak electricity demand, especially in the morrang in
the evening, of each residential house connectetigo
same feeder is not relatively high.

(3]

(4]

(7]
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