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Abstract-~This paper presents a predictive voltage control
strategy for ‘pawer distrfbution sysiems with renewable energy
sources.’ A mixed-integer nonlinear programming preblein was
formaulated and selved by genetic slgoritlun (GA). The on-load
tap changer transformer and reactive power set point of wind
and solar l‘xrms are determined. The day-aliead contrat horizen
i considered and opfi ion 15 carried out at every hour. The
wind and selar power are predicted by artificial neural network.
The proposed methodelogy is implemented on a test dxsiributxon
network to verily its effectiveness. It s demonstrated that the
proposed method.is capable of maintaining the system voltage
close to the-nominal as compared to.the case of fixed contrel-set-
points,

Index Terms—Predictive control, Renewable energy, Genetic
‘algerithm

1. INTRODUCTION

As electricity demand has grown up' tremendously in the
past few decades and fossil fuels become exhausted, renewable
energies such as wind and solar has gain significant attention.
A form of renewable energy presented to the distribution.
network is called distributed generation (DG). The presence'of
DG provxdes several benefits such as enhanced reliability aud
security and economics of operation. However due to the
.mla'mmmcy of wind and solar, the control and dlspatch of
these DGs become harder than before. New technical issues
sucli as sfabilify, protection and reverse power flow may arise.

Vltage .and reactive power control will one of the
operational challenges in the fiiture; As the renewable DGs are
now comected to the power retwork, the grid code of some
countries such as Gennany requires wind and fars to support
reactive power [1]. This requirement is in a form of the power
factor, the reactive power-injection or the voltage fevel at the
point of common coupling (PCC). In case of solar PV, the
owner is respensible-to respond to the commanded set point
from the distribution- system operator (DSO) either to. reduce
active power output or to adapt the power factor, The
compensation ‘scheme for reduced energy feed-in is. also
enacted.[2].

From the viewpoint- of DSO, -an energy management tool
for controlling all interconnected: DGs ‘and coordinating them
with the existing control equipments such as on-load. tap
changing transfonmer (OLTC) at .the distribution substation,

This waik is sponsored by King Monght's Institate of Technology Ladirabang's
, research fund
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capacitor banks installed at the substation. or feeders is now
necessary. ‘The: voltage and reactive power control represents
an optimal power flow (OPF) task whose objective is to
minimize or-maximize the objective and at the same time
maintain constraints within the respective limits. Some
examples of this approach are [3]{4]. The OPF solves power

flow equations in every .iteration and thereby taking the :full

advantage for analyzing all secutity constraints, However the
computing time might be so long that it cannot be applied-in
real-time. On the other hand, online methods such as fuzzy
logic [5]-[6] mmlti-agent [7] and artificial neural ietwork
(ANN) [8] are normally used to'adjust the existing control set-
point in order to achieve the target objective.

This paper suggests a predictive control approach where the

fast control actions consisting of voltage set-points of wind-and

solar.DGs are taken on a.5 minutes forecast interval whereby
the slow control action, OLTC transformer, is taken at every 1
hor. The idea of two control timne fiarnes is to avoid short. term
transformer stepping due to flictuation’ of ‘wind and solar

‘power. To achieve this goal ANNs are developed to forecast

the wind and solar scenarios for the considered time frame.
Moreover the number of transformer stepping is minimized by
considering the tap changes in the optimization objective.
While the number of transformer stepping is limited, control
actions not resulting in cost increase are dllowed to adjust the
reactive power generation more frequently. The other two
ANNG are adopted to predict the change of bus voltages dué to
the change of control set-points during the optimization process
performed tising genetic algorithm (GA)

The rest of this paper is organized as follows, The test
system used in this paper i presented in section II. The
problem formnlation’ is detailed in section IM. The
implementation concept is discussed in section IV. Simulation
results are shown in section VI. Fifially the paper is conchidéd
in section V. -

II. TEST SYSTEM

The test-system used in thig paper is a 10 kV distribution
netwoik fed by-a'70 kV transimission systein as shown in Fig.
1. The 3-MW 'solar fann is connected to bus 5 of the feeder 1
while-the 5-MW wind farm is connected to bus 8 of the feeder

2. All parameters are given in Table I’ Note that the shunt
susceptance of short distribution lines is also considered.



Fig. 1 Test distribution network

Table I Parameters of the test network

Transmission | r=0.15 Vkm. x=0.5Q%km. b = 60 jiSkm. L= S00A
lines Line length Line 11-12: 10 km, Line 1 2-13: 8km
Line 12-14: 16km, Line 13-14: 9 km
Distribution | r = 0,078 Q/km. y=0.1600km, b= 1753 pS/km, L=
lines 560A
Line jepoth the distance between two buses in Feeder-1
and Feeder-2 are 1.2 km and 1 km, Eleﬁv#
Loads Transmission Bus 12: 22 Bus 13:28
(0.93 pf lagging)
i Feeder-1:1.8 MW Feeder-2: 1.4 MW at
each bus (0.8 pf laggi
Transformer | 70/10kV, I8 MVA, x=12%, vr = 10, OLTC at HV
side. -1 0% o 10% voltage regulation with 13 steps

III. PROPOSED METHODOLOGY

OFF has been widely used in the transmission systemn to
deliver optimal control signal¢ to various reactive sources at a
certain time step. As the time proceeds, OPF is repeated for the
next time step. This scenario works well with transmission
networks supplied by conventional power plants because the
loading condition and generation pattern do not change
abruptly. In contrast to that paradigm, distribution networks
become more active with intercomnection with renewable
sources,

In this paper. optimization is camied out for a given
scenario which includes a set of fiture operating points for a
certain time horizon 7. The contro! objective is to maintain all
the bus voltages close to the reference voltage level 7, with
the minimum OLTC stepping. All these operating points are
optimized sinmltaneously with the objective function as
defined by:

Min /22 SIS, —n,}le-Ir‘uv. -4 "

where ¥, is the voltage of bus i at time step 7 (for every 5
minutes);, NV is the total number of buses excluding the slack; N,
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is the total number of OLTC step of the transformer; &, , is the
optimal transformer turn ratio of the previous hour #-1 and a,
is the optimal tum ratio of the considered hour 2 For each hour
h the optimization by GA is repeated and the vector control
variables can be represented by:

n,,=[q,)’,“,7‘h,l’,“.V‘m.“.,lf,_‘.l’s.‘} 2)

Observe that the optimal tum ratio is valid for the entire
hour while the voltage set-points of solar and wind farms are
optimally adjust in every 5 minutes. The notations ¥, and

mg
V;,, represent the optimal PCC voltages of wind and solar

farms at the 0% minute m, The set of PCC voltages is extended
until the 55" minute #155. The set of short control time steps for
the hour / can be written as

L= . | ®

By adjusting the mentioned controls, voltage of all buses is
the dependent variable which should be constrained within its
operational limits

4

hiwa

<V, <V,

(o 1EN tET @
where ¥}, and V. are minimumn and maximum allowable
level of load bus voltages and N, is the set of load buses.

The bounds on the decision variables include the
transformer turn ratio, the PCC voltage of solar and wind farins
as listed below.

O, S, S Qe &)
Veaeshopa Ve L teF ®
Vsom Vs  SVgm teT m

where @, and a_ are the lower and upper bounds of the
transformer turn ration, respectively, ¥, . and ¥, are the

lower and upper bounds of the wind fann PCC voltage,
respectively, ¥ . and ¥, arethe lower and upper bounds

of the wind farm PCC voltage, respectively.

IV. IMPLEMENTATION

The method proposed in this paper operates in a close-loop
and predictive mnanner. The optimization algorithm, i this case
GA, solves for the optimal set of control variable for each time
horizon. The tap position is adjustable at every hour whereby
the PCC voltage of wind and solar farms can be changed at
every 15 minutes. The wind and solar scenarios are predicted
and fed using ANN in to GA as inputs. The optimal tap
position of the last hour is also given into GA as a part of
objective (1). Fig. 2 illustrates the concept as discussed above.



Fig 2 Proposed predictive voltage control

‘vl.'

Fig 3 Impiementation concept

To develop the proposed predictive voltage control, three
distinct ANNs are used as follows. The wind profile a future
time step Py is predicted by ANN-W based on the wind
profile of the present and past # time steps. The similar data
structure is adopted for the solar prefile prediction by ANN-S.
The predicted wind and solar profiles are collected by two
data aggregator D; and D,. These data are incorporated with
the total apparent power demand of the distribution network
S», the set of decision variables of GA consisting of

[a, Vw is] where 7y and Vs are the vector of PCC

voltages of wind and solar farms at all time steps (5 minute
interval) of the considered hour s The ANN-V is used to

39

predict voltage at all distribution buses at all considered time
step. The output is collected in the matrix [V, ]. The GA is
iterated until the stopping criterion is achieved. The concept
and information flow can be depicted as shown in Fig 3.

All the ANNs discussed earlier are unplemented by
MATLAB neural network toolbox and trained by supervised
leaming on 2000 samples. Testing for all ANNs was done by
presenting unforeseen 1000 samples. Regression plots for all
involving ANNs are shown in Fig. 4 and Fig. 5. It is obvious
that all the predictions are very accurate.

Fig. 4 Reg ession of (a) ANN-W (b) ANN-S

© Dats

104- - ¥aT

8

¥

Output ~= 1*Target+ 62006

£

094 0% 088 1 N2 104
Target

Fig. § Regression of ANN-V

V. SIMULATION RESULTS

The daily load profile of the distribution system and power
output of the solar PV and wind farms connected to bus 10 are
shown in Fig: 6. In this study case, the DG penetration level in
the distribution network (defined by the ratio between the
peak power demand and the installed DG capacity) is 45%
For each planning hetr, the GA suggests the optimal settings
of all reactive sources for the current and the next 12 time
steps (5 minute-interval) ahead. The algorithm is repeated 24
times for an entire day.

The optimal control settings of all control variables are
shown in Fig. 7. The OLTC movement is allowed at every
hour and shown in Fig. 7(a). It can be also seen that the PCC



voltages of wind and solar farmns are maintained within their
operating bounds as shown-in Fig. 7(b) and (c).

Active powear
damand (MW)
a

c

&
<

of solarPY (MW)
a N

R

o

Active power

3

~n

Active power
ot wind (MW)
IS

(:

Fig 6 input data (3) total active power demand of the distribution
system (b) active power output of the solar fann (¢) active power
output of the wind farm

Tap position

Fig. 7 Optimat control settings (a) tap setting (b) m’nd fannPCC
voltage (c) solar farm PCC

Fig. 8 (a)-and (b) show the voltage profile at selected buses
on feeders 1 and 2, respectively. It can be observed that:with
‘the.renewable sources, voltage level at the substation is-not
necessarily hxghest For feeder 1, the vcltagc atbus § (at the
end of the feeder) where the-solar-farm is connected is, on
average “higher than the bus 1. . However duc to the tap
movement OLTC adapts the tum ration in. order to maintain
the voltage level at all buses. For the feeder 2, it can be seen
that the voltage of bus 8 is.on average higher than other buses.
This is due to the voltage control requirement imposed to the
wind farm owner according to the specified grid code.

40

Voitages of feader 1 (p.u)

Vuitages ¢ feeder 2 (p.u.)

Fig. 8 Bus voitage of (a) feeder 1.and (b) feeder 2

CONCLUSION

This paper presents a predictive methoed for optimizing
voltage and reactive power sources in a test distribution
network having significant penetration of renewable energy
sources. The optimization problem mnimizes the voltage
deviation and OLTC movement while maintaining the
operating bound and bus voltage level within their limits
Prediction of wind and solar ‘power in a short time frame (5
minute) is considered and the optimization is carried out for all

-time steps in the next hour horizon. Genetic algornhm is used

ag the optimization algorithm. for this paper. However any

state-of-the art algorithim can be applied for enhancing the

search capability.
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Abstract, With significant penetration of remwable energy sources in distribution networks, the
voltage control method may have to be revised especially during the hght load condition. This paper.,
presents a coordinated voltage control strategy to address this issue: A nnxed-mteger nonhnear“
optimal power flow was: fonmﬂatad and solved by partxcle swarm optlmxzatxon (PSO): All system
constraints and operating | limits:are considered, The code i is written using DigSILENT p programmmg

. language (DPL) and-implémented inside ngSILENT power factory simulation software. The
proposed method is capable of shedding the genetation optimally to’ prevent: overvoltage ab any biis.
A realistic dlsmbutmn networ!\. is aﬁopted to denionstrate its effectiveness, Si ulation results § :
that all secunty consn'amts are inainfained mthm operating limit.. Power Iosses at the same nme are
_minimized i in comparison m the losses usmg the classxcal control metbod S ; |

Introductwn

With: gnwmg conceris .on enwronmemal problems and deplet'on of. fossﬂ f‘uels,
..energy- sources. (RESs) have penetrated to distribution networks as- distributed. genemto
- This.is: possxble due 5 advanced and cost effective technologies. Howwer integration of RE, .

" existing dxstnbutxowsysrems may pose. techmcal problems such. as unexpected voltaga nses dua, 0
fluctuation of power infeed and rmscpcratzon of protective devices.

In response to these. issues,” smart’ grid technologies: mcludmg system-w:de conmmmcatmn"
infrastructure, smart inverters, and. controllable: distribution: transformers- play 1mportant mle in -
providing voltage control. as anmllary services, This' vnll bc.comc ‘. very .imporiant exel X
RESs in the future to prevem the systcm from techmcal xssue:, and potentmlly mcrease mtegram
capacity, .

Voltage regulauon can be achxeved by decentrahzed approaches in the past whereby' there was o
. ono- coordmatmn with -other-units. These ‘methods include: sensivity analysxs [1], intelligent methad s
2] ete Later, the. contml paradzgm has ch&nged to-centralized approaches by, the- state-of~!he~art:’ B
information and tommunication ‘technologics (ICT). ’I'h:s is becanse the centralized control: T
can analyze the sy stem a¥ awhole and thereby yxeldmg better: perfonnance arid: mbustness

In this paper, we. focus on the centralized approach. A. muln-ob_;echve ‘optimal” powe;
problem is formulated with full cons1derat10n of the network secirity. constrains and the opera
- limit of DGs. Particle swarm opumxzauon (P‘%O) is apphed 10. detarmme optxma] control set-point
- Wind and solar farms are connected to a large scale medium volta ’ge 16t system: The advantagés of
the proposed methiod, are-shown by. simulation results comparcd tothe, convennonal control methcd~ -
.- The'fest of this paper.is. ofganized as follows. The voltags: control- structurc ‘and definitio

inverter “capability curve: are. reviewed. - Then, thé -fulti: objectwe optimization prob}em _
formulated. The sxmulanon Tfesults are dlscussed hnally the paper is concluded and: mmarks on )
futuce works are gzven oo o . ’
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Voltage control -

The proposed voltage' control approach is based on a centralzzed regulation of voltage at all .
buses. This is a daily task of distribution system operator (DSO): In conventional control approach,
local information at a device is used as input to'a pre-programmed control logic. In case of a

distribution transformer; on-load tap changer (OLTC) is responsxble for adjusting the. tap position . -

such that the desired voltage level of the regulated bus is achieved. A basic arrangement of a

- “transformer ‘with OLTC.is shown in Figure 1. It is obvious that in this; approach OLTC moves

based on the secondary bus voltage’ wxlhout considering any other part of the system

l l 7‘&’" Uy 'Regulated =
I ><__,<~ 4 . l Voltage
[Tap chang__j # %
5%} ............... “} T
me delayJ T
Y S
+

Dead band (4‘—* | iS? ; Pd =, e e Cominuricaiion shanpaty maulrod
— - . y 3 e mesmmoeammm
Figure 1 A transformer with OLTC v -4 Figuré 2'A centralized control scheme

This type of independent operation may pose unexpectcd and sometxmes serious nrnpact to the, L
sysiem. The centralized control can overcome these issues mentioned- earller An example of this
method is shown in Figure 2 SCADA is responsible for. gathenng system $tates, making decision,
“and sending control signals to all associated devices. Since the main duty of DGsisto supplv active
power to the loads voltage regulauon is ancxllary services and requn’ed appropriate’ pricing soheme

Converter capablhty curve v A y _ |

Due to intermitiency of renewable energy, it is more convenient to connect DGs. through «
converter. Generally, active and reactive powers are decouple and controlled independently. For
voltage control application, grid side converter is normally used. It is well known that the converter
~capability is limited by current and. voltage lmnts Based on the model in [4], the mammum reactxve
poweravailable is computed by

AN PGz~ Sh A\ B - [Sre ¢ o /A
The current and voltage constralms on DG reacnve power ( Q,;,{, . and Q;x, s 1espectxvely) are

QD&; (V‘Icmax) PI}(J 3 f

vy 1%
.. = f| L0 p’v... £
Rk \/( X, ) s

where [, .. and V.. are max;mum current and voltage: output of the convertcr' X.7 is the gnd
side reacmnce, I/g is the grid slde voltage and. PDG is DG acuve power

Problem forniulation
The coordinated voltage control takes place at every one hour. In normal operation, OLTC and

reactive power output of DGs are adjust to maintain voltage at the predefined Jevel and minimizing
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power losses at the same time. In this pmposed method, if the two sets of control are not sufﬁcxent, e
generators are forced to réduced power- inject to the system, This is possible by controllmg the DC © |

link voltage of, the converter-or application of energy storage device such as battery. The last option - .

s to dlsconnect generators if overvoltage sustams The multl-oblecuve function is-the sum of -.

normahzed mdmdual three funcnons

. : N’I ! . .
min f =w, ——Z[V,,_V l+u ,am+wm,,-7vl—~z;lj_, y YreT ) B

4 }; st g =l

where wy and w; aré weights for the voltage deviation and power loss. These two terms are," ;’ L
always optimized for every time instance 7 in the total set 7. The method tries to bring the voltage ate

each bus i at time ' denoted by ¥, . close to the voltage referenice at the time V. Moreover the.
total active power loss £, is mmxmxzed for-each time. The last represents the total generation . .

curtailment from 1\ umts where Uy '€[0,1] is the percentage of the generation level still supplied to:
the system from the unitj at time £, In summar), the set of control variables at time ¢ x,: is. wntten ast

X, = {aiap!QD("ll] R N h : ’ ’ (4) .

where a,,, is the set of position of all OLTCs, Q s is the set uf reacuve power setpomts and uis o

the set containing variables ;... The welght Wegei becomes, 1 when the g g,eneratlon curtailment i 15 ’
required and set to 0 othetwise. : . :

The operatxondl constraints are hsted as follows

7 -a. Voltage limits </ X, - — N

Upia SUpy SUpy, , ¥i&N; VieT | | : : e

where Uy, is the voltage of bus #at time ; bmm and U,m are minimum and maxxmum <

allowable voltages, respectwely and Ngi Is the set of controlled buses.

b, Line lumt.«,

I,J,SI,"M,VJ&N WET : : ) .
-~ where I ;/is the.current flow.on. lme jat txme 5 ];,J,,,z is thc thennal capacxty of Ime J and .
N;, is. the set of all Imes L T :

Test system and simulanon settmgs

A real 11-kV medium voltage system in. Malaysxa as ahcwn in Fxgure 3 1s used to vanf)-
effectiveness of the: pmposed control methed.:* R

—‘_S I! 4 m.ap {H‘“{

a!ﬁ

Figure 3 The fest system
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Fne 4 MW wind turbines and five 4 MW solar PVs are mstalled in various 1ocatxons throughout;v' .
the system. All the loads are assumed to.be of constant power type with the power factor of 0.9+ -
inductive. In this simulation, the total power demand is about 6.5 MW whereby the peak power
generation available is almost 28 MW as shown in Figure 4. The generation is curtmled al 1}:am, . . :
12 am and 23 pm due to excessive power injected to the system and the other controls’ faﬂ 1o keep T
.the system in normal operation. DigSilent power factory [5] is used for simulation, .

The daily voltage profiles at the middle of the feeder 9 as a result of the conventlonal and-.
proposed (PSQ) methods are shown in Figure 5. If voltage is controlled. by the: conventional -
method, overvoltage is detected during 11-12 am due to high'solar PV power output. On the other
hand the proposed method can maintain the bus voltage wnhm the allowable fifmits ( 10% to 5% is
assumed in this paper). - .

'«; — o 1.06
—#—:;Bab!emp;w . . 1,05} -
g Aler e .
§2} ~oeLoad p«oﬁie 2 104
£ B~ 4
ézvc;...v.ﬁ.._..,...u...~ 231.02"
£ 18 a7 A
g 15 - 3
8 i é’,%
= 2
Eq0k- onon - i : 2'6‘0'98
| e e &
S Bhegng e Sogud . 0.96§
f | -l . : ogs! . ; : S R
oo 68:00. _ 12:00 18:00  00:00 00 - 08:00 - 1200 - 18 00 06:007
- -~ Time (Hoir) : Tawe (Hour) - %

anure 4 Load und genemtion panerns Y [ Figure 3 V°“‘S° ata selected b"s = i

Conclusmn

This paper presents a coordmated control approach to offer voltagc control for dmmbutmn
network with high penatranon of rénewable Energy saurces The coordination between ad_]ustmem
of OLTC, converter reactive power set-point and in extreme ¢onditions generation curtailment is . ; ’
achieved by. a multi-objective optimization problem solved by a PSO algorithm. Simulation results:
show that the proposed.method is capable of keeping voltage level close to.the téference: point, and
minimizing power losses at the same time, In case of high power injection, the centralized control.
sxgnal is-sent'to the selected RESs to curtail their power infeed fo ensure sccunty of the system.
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