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Abstract
This paper presents the multi-objective optimizatior high penetration of different type of distited generations (DGs)

considering voltage step constraint. In most ofgtuglies in literature, the commonly used constsadne bus voltage limits and
line power capacity limit. In this paper, it is &ymed that voltage step constraint affects thetiooa size and power factor of

DG in distribution network. The studies are carmed for 17-bus, 38-bus and 76-bus distributiortesys
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1. Introduction

The limitation of traditional power generationgreasing power demand and benefits of distribgenkration (DG) have been
renewed the interest in DG and increased the D@tpaion into distribution systems (Ackermagiral, 2001; Chiradejaane al,
2004; El-Khattanet al, 2004; Pepermaret al, 2005; Drieseret al, 2006). The DG could accrue the benefits onlymbé&s are
placed at optimum location with optimum size. Foyger DG placement, the optimization techniqueseanployed in such a way
that system operating constraint should not beatéal and system should operate economically. Tigdesbbjective and multi-
objective functions, which could be optimized usgremetic algorithm (GA), are used for proper altmraof DG.

The multi-objective performance index based apghoasing GA for optimal DG allocation has been présd by many
researchers with different compositions of indiclest voltage step constraints have been consideyetew researchers for
optimal DG planning. (Cellet al, 2005), proposed a GA based multi-objective foatiah for the siting and sizing of DG in
distribution system. This methodology allows thanpler to achieve the best compromised solutioniderisg cost of system
upgrading, cost of real power loss, cost of enawich is not supplied, and cost of energy requibgdhe customers. (Ochoa
et al, 2006) present a multi-objective performance inftexdistribution systems DG which considers a widage of technical
problems. The technical impact on medium-voltageellgeliability as well as electrical power quality assessed and used
distribution system impact indices. (Ochaial, 2008), present a multi-objective performance infie distribution systems with
time-varying distributed generation and load, cdesng a number of issues such as losses, voltagesrve capacity of
conductors, and short circuit current. (Sirgylal, 2009) present a multi-objective performance inftexoptimal size and location
of DG in distribution systems for different voltagependent load models and concluded that voltagperdlent load models
significantly affect the optimal location and seDG.

The voltage-step constraint is one of the inevéadanstraints for appropriate size and locatioB@f This constraint has been
implemented by the authors for distributed generatiapacity analysis (Degt al, 2010). From the literature review (Payeisal,
2011), itis found that the researchers have nasidered voltage step constraint (VSL) in multiedtjve optimization problem.

In this paper, multi-objective function is formear foptimum location and size of different type oc&E®to maximize the DG
size for high penetration. It is shown that voltatep constraint can significantly affect the sinel location of DG in distribution



34 Payasi et al./ International Journal of Engineering, Science and Technology, Vol. 7, No. 3, 2015, pp. 34-41

network. To keep the problem focused on study @it of voltage step constraint on size and lonatfosingle DG, the cases of
single DG placement are presented. However, a gkred method is proposed which can be appliednfattiple DG by
increasing the number of variables in GA method.

This paper is structured as follows: Section Zenés the voltage step issue. Section 3 defiregntpact indices. Section 4
presents the multi-objective function and GA bassethodology. The result and discussions are predeint section 5. The
conclusions drawn from the study are presenteddtian 6.

2. Voltage Rise and Voltage step

The voltage rise and voltage step are explainedidering two bus system (Figure 1) consists ofid gupply point (GSP) at
busA, load Ppe+jQps) and DG (capable of supplying both real power esattive powerRpss + Qpsg) at busB. The some
amount of the load is met by DG, and hence the palr@wn from the grid through lineR¢jX) is reduced. Thus DG results
steady state voltage rise between bu#sasdB (V,ig) is expressed approximately as follows (Dara, 2010).

Vies = (Pocs =~ Pos) R+ (Qoes ~Qps) X (1)

On subtracting the voltage at B without D@yfps g) from the voltage at B with DGV(yps ), gives the voltage step at bus B
(Vseps) ON loss of the DG (assuming that the voltagé\ emains constant, i.e., 1.00 p.u.) which is esped as follows:

Veas =Vuoss ~Vaooes = (Poss R+ Qpss X) ) (2
If DG is capable of supplying only active powernth(2) is modified as:

\Y/ =V,

WDGB

V,

WODG B

=—Pwe R (3)

step B

In this paper, the bus-1, i.e., grid supply po®8P) of test system is taken as slack bus for poveav 8tudy. For every size of
DG, the voltage step in per unityy) is calculated at every bus as follows:

Veepi :(VWDGi _VWODGi)/VWDGi , fori=2toNg (4)

PocstjQocs

o
ERG

A

Pos+jQos

Figure 1. Two-bus system

3. Impact Indices
The five numbers of indices have been considereduhi-objective performance indeMQPI) formulation. These are defined
as follows:

3.1 Real power lossindex (PLI): The lesser value of this index indicates lowed power loss. This index is expressed as follows:

PLI =_PWos 500 ®)
‘QLWODG‘

3.2 Reactive power lossindex (QLI): The lesser value of this index indicates lowexrctive power loss. This index is expressed as
follows:

(6)

QLI = QL&xloo
LWODG

3.3 Voltage profile index (VPI): It is related to maximum voltage drop between tmag and each bus. Lower value of this index
indicates improvement in voltage profile. This irdg expressed as follows:
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VPI = ma){’vl_’vi]xmo, for i =2to Ng (7)
Vil
3.4 Line capacity index (LCI): Lower value of this indicates availability of mdiee capacity. It is expressed as follows:
LCl =ma: S x100, for ij =1to N, (8)
lcs|

3.5 Apparent power intake (Snake) index (S1): The lower value of this index indicates les&gfe and more availability of
substation capacity. This index is expressed éawist

gl = ‘SntakeWDG‘ x100 (9)
‘SntakeWODG‘

4. M ethodology
4.1 Multi-objective formulation

Multi-objective index, to assess the performancthefnetwork with DG, takes into account the coratiom of different indices
by strategically assigning the weighting factoetxh index for optimal DG size, power factor, anchtion planning with voltage
step constraint including usual constraint, i.eis boltage limits and line capacity limit. The ningbjective performance index

(MOPI) may be formulated with normalized weights iaflices emphasizing loss reduction for economiération, or
emphasizing deferment of substation upgrade . M@®1I, considering PLI, QLI, VPI, LCI, and Sik formulated as follows.

MOPI = w,.PLI +W,.QLI +w, VPl +w,.LCl +ws.Sl (10)

5
where, an =10 A w, 0[0]]
n=1
The weighting factors used for high penetratiorgeter the substation upgrade, of DG are considasddllows:
w=0.1, w=0.1, w =0.15, v =0.20, v = 0.45

The above objective is minimized subject to théofeing inequality constraints:

Vinin S M| €Vipayx . fori=1to Ng (11)
S, <Cs™, fori,jON, (12)
Vsepi sVS't“eSX, for i =1to Ng (13)
Poc < Bitake (14)

In this paper, voltage limits andSL are taken as follows:
Viin = 095 P-U., Vi, = 103p.U., andVger™ = 3%

4.2 Type of distributed generation

The classification of traditional and non-tradi@iDGs from different points of view, i.e., congttional, technological, size,
and power-time duration, have been described iK¢®Ettamet al, 2004). However, DGs may be grouped into four majpes
on the basis of their terminal characteristicseimts of real and reactive power delivering capigb{liunget al, 2010; Payasiet
al, 2012):

Type 1. This type of DG is capable of delivering only iget power. The photovoltaic, micro turbines, fuells, which are
integrated to the main grid with the help of conees/inverters, are the example of this type. Hawewaccording to current
situation and grid codes these may consume or peockactive power

Type 2: This type of DG is capable of delivering bothiaetand reactive power. The DG unit based on symabus machine, i.e.,
cogeneration, gas turbine, etc., comes underypés t

Type 3: This type of DG is capable of delivering only ctee power. The synchronous compensators suclasisugbines are the
example of this type.

Type 4: This type of DG is capable of delivering activenger but consuming reactive power. The inductienegators, which are
used in wind farms, mainly come under this categbligwever, doubly fed induction generator (DFIG$teyns may consume or
produce reactive power i.e. operates similar tagonous generator.
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4.3 Test cases

The following test casesre considered for optimal size and location of P@ssuming with constant power load, for
minimization ofMOPI in 17-, 38- and 76-bus systems.

o Type 1 DG with and without VSL constraint.

o Type 2 DG with and without VSL constraint.

o Type 3 DG with and without VSL constraint.

o Type 4 DG with and without VSL constraint.

4.4 System

A 38-bus distribution system (Singhal, 2009) is adopted as base system, network is showigure 2 in Appendix. The line
impedances, load data and the line capacity lirsfiteyvn in Table 5, are expressed in p.u. at the baltage of 12.66 kV and base
MVA of 1.0 MVA (Singhet al, 2009; Bararet al, 1989). The test systems of 17- bus and 76-buseaieed from 38-bus system.

4.5 GA implementation

GA based optimization technique has been considerddG planning by authors in (Goldberg, 1989; Cetlal, 2001;
Bakirtziset al, 2002; Chakraborty, 2005; Singhal, 2008) to optimize the multi-objective performamegex (MOPI).

The evaluation of the objective function dependly @m location, sizeRpg), and power factorRFpg) of DG if the network
configuration remains same. Because of above reaaon solution is checked for proper location of B@ging from 2 td\g,
size of DG limited tdP; e, and power factor of DG limited between 0.8 |dDt8 Ig.

The GA starts with random generation of initial ptgtion of the possible solutions. For each sotutize size of DG, power
factor of DG, and a location of DG, DG-bus, arearated within system constraints. The numbersza-power_factor-location
sets are randomly selected, multi-objective funci®evaluated, and system constraints are verifieée solution is accepted, if
any constraint is not violated, else solution jected.

Once initial population is constituted, the genefierators are applied for set number of timesréalypce new solutions. The
crossover (swept with probability of 0.5) and migat(with probability of 0.05) operators are apglidf any of the system
constraints is violated, the new solution is nategted.

Finally, according to steady-state topology of Gle new population is constituted comparing old aew solutions and
selecting the best among them. The algorithm stdpen the maximum number of generations is reachetdifference between
objective function value of the best and worst wdlial becomes smaller than specified. The computak algorithm is as
follows:

Step 1:Read the load data, line data, number of busetagellimits, voltage step chanfenit (VSL=3%), power factor (pf)
limits (0.8 lg to 0.8 t), maximum number of iterations (mi=50), maximumminer of runs (mr=10), and weights.

Step 2: Take one of the DG types

Step 3: Run power flow program without DG andesthe required quantities corresponding to WODG.

Step 4: Randomly generate size-pf-location of D@ predefined range of DG sizes, buses, i.e. N t@nd power factor and
Set k=1.

Step 5: ifkr>mr goto 16

Step 6: if k>mi, go to 14

Step 7: Run power flow programme and calculaté pewer loss of system for each of the size-pfdmrasets and record the
power loss and its corresponding size-pf-location.

Step 8: Check the voltage limits, VSL at all theses, and line capacity limit for all the lines éach of the size-pf-location sets.

Step 9: Accept the sets for next generation qfutation for which NVLVB=NLCLVL =0 ( and NVSLVB =0when VSL
constraint is considered). If population is zeragstep 4

Stepl10: Obtain the size-pf-location(k) set for minim value of multi-objective performance indeMPI (k)).

Stepll: Use the available population of size-p&tmmn set (parent population) for cross over andatmn for obtaining new
generation (offspring) of population.

Stepl12: Use the newly generated population sizeffgpring and parents as new generation.

Stepl3: k=k+1 and goto step 6

Stepl4: size-pf-location(kr) = size-pf-locationég)d MOPI (kr) = MOPI (k).

Stepl5: kr =kr+1 goto 5

Stepl6: The size, pf, and location correspondingittmum loss out of number of runs are the optingime-pf-location pair. For
optimum size, pf, and location run the power flamd obtain all the relevant quantities such @s Bpe, P. , Q., Shtake
Pintake- Qntake SSys PL|, QL|, VP|, LCI.

Step 17: go to step 2 till all DG types are sekbcte

Step 18: stop
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5. Simulation Result and Discussion

The multi-objective optimization performance indmnsists of five indices includingae. The weight given t&axe iS more
compared to others for high penetration of DG. i@ size and location along with other relevant dii@s obtained for
different type of DGs in 17-, 38-, and 76-bus dttion systems are given in Table 2, Table 3, Bable 4 respectively.

5.1 Effect of DG-type on NVSLVB

It is observed from Table 1 that tNe/SLVB is 25 for T1 and T4 in case of 38-bus system, wdgreo violation of voltage step
limit for any type of DG in case of 17- and 76-lmystems. It is because of load condition, i.géfedint system have different
loads

Table 1. NvSLvB without VSL constraint for different type of DGs

Type of dgs NVSLVB for minimump,
17-bus 38bus 76-8US
T1 0 25 0
T2 0 0 0
T3 0 0 0
T4 0 25 0

5.2 DGsize

In case of 16- and 76-bus systems, the size of g@ehof DG remains same wh#&t$L constraint is considered, whereas, in
case of 38-bus system, the size of DG is affeated £ and T4 when VSL constraint is considered.

5.3 DG location

In case of 16- and 76-bus systems the optimumitotatf each type of DG remains same when VSL cairgtis considered,
whereas, in case of 38 bus system, the optimeatitm of DG is affected for T1 and T4 when VSL swaint is considered. The
optimum location for each type of DG is 7 and A2@ibus and 76-bus systems respectively, whereassim of 38-bus system the
optimum locations are different for different typeDGs. Further, th®ps is more when VSL is considered for T1 and T2 iseca
of 38-bus system. It is because of shifting of matilocation towards the root bus, i.e., substabios.

5.4 Real and reactive power losses

It is observed that in all three test systems tharfél Q are lesser for T2 compared to T1, T3, and T4. Bason is that T2 is
capable of supplying real and reactive power baith eoltage is improved. The improvement of voltégeers the current flow
and hence power losses are lesser for T2 compaattier type of DGs

5.5 MVA intake (Snake)

It is observed that in all three test systems théANhtake is lesser for T2 compared to T1, T3, add The reason is that T2 is
capable of supplying real and reactive power bdthe penetration of T2 reduces the real and reagitweer intake from
substation and hence MVE intake is lesser for TiApmared to other type of DGs.

Table 2. Value of relevant quantities corresponding toimum MOPI for 17-bus system

DG W/WO | W/WO Poc Qoc DG | DG_pf | Siake P Q
Type DG VSL (p.u.) (p.u.) bus (p.u.) (p.u.) (p.u.)
WODG | - - - 1.5994| 0.0161] 0.014(

T1 WDG WOVSL | 0.7989 | - 7 1.0 0.9393 0.0054 0.0043
WVSL 0.7989 | - 1.0 0.9393 0.0054 0.0048
WOVSL | 0.7281 | 0.3731| 7 0.89 0.8268 0.0032 0.0023

T2 WDG WVSL 0.7281 | 0.3731| 7 0.89 0.8263 0.0032 0.0023
WOVSL | 0.0 0.48 7 0.0 1.4473 0.0136 0.0118

3 WDG WVSL 0.0 0.48 7 0.0 1.4473 0.0136 0.0118
WOVSL | 0.7909 | -0.1127 7 0.99lg| 1.033 0.0071 B&O

T4 WDG

WVSL 0.7909 | -0.1127 7 0.99lg| 1.033 0.0071 0805
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Table 3. Value of relevant quantities corresponding toimimm MOPI for 38-bus system

DG W/WO WI/WO | Ppg Qoc DG | DG_pf | Shake P Q
Type DG VSL (p.u.) (p.u.) bus (p.u.) (p.u) | (p.u.)
WODG - - - 4.5963 | 0.18890.1260
WOVSL | 3.3203 0.0 6 1.0 2.4274)  0.1046.0755
T WbG VWSL 3.8145 0.0 4 1.0 2.3967| 0.1336.0964
T2 WDG WOVSL | 3.4753 2.1538 3 0.85Id 0.4354 0.1247.0922
VWSL 3.4753 2.1538 3 0.85Id 0.4354 0.1247.0922
WOVSL | 0.0 2.2734 6 0.0 3.8646) 0.14[B6.1006
3 WDG VWSL 0.0 2.2734 6 0.0 3.8646)  0.14[7B.1006
T4 WDG WOVSL | 3.2559 -0.4639| 6 0.99Ig 2.9134 0.127%0899
VWSL 3.3716 -0.4804| 7 0.99Ig 2.9131 0.13850988

Table4. Value of quantities corresponding to minimum M@ 76-bus system

DG W/WO W/WO | Ppg (p-u.)| Qoe DG |DG_pf | Stake P Q
Type DG VSL (p.u.) bus (p.u.) (p.u.) (p.u.)
WODG - - - 9.8504 0.3419 0.2434

1 WDG WOVSL | 8.2721 0.0 2 1.0 5.3275 0.3019 0.2484
WVSL 8.2721 0.0 2 1.0 5.3275 0.3019 0.2484

T2 WDG WOVSL | 9.2137 5.3055 2 0.84ld 0.0133 0.28526 0.2188
WVSL 9.2137 5.3055 2 0.84ld 0.0133 0.2856 182

T3 WDG WOVSL | 0.0 3.7535 2 0.0 8.3759 0.2925 0.2232
WVSL 0.0 3.7535 2 0.0 8.3759 0.2975 0.2232

T4 WDG WOVSL | 7.3984 -1.0542 2 0.991g 6.4407 0..309a.2314
WVSL 7.3984 -1.0542 2 0.99Ig 6.4407 0..3093.2314

6. Conclusions

The multi-objective optimization is implementeat high penetration of different type of DGs in 138- and 76-bus systems
considering voltage step constraint including wgdtand line capacity constraints.

o The investigations show that number of voltage $teji violated buses is zero for each type of DGcase of 17- and
76-bus systems, whereas, it is zero only for T2E®th case of 38-bus system.

0 The MVA intake is lesser for T2 compared to otlygetof DG in 16-, 38- and 76-bus systems.

o0 The real and reactive power losses are lesserXaompared to other type of DG in 16-, 38- and é§-4%ystems.

o The optimum location of different type of DGs isr&ain 17- and 76-bus system, whereas it is diftei@ndifferent type
of DGs in 38-bus system wh&f8L constraint is considered.

Nomenclature

CS; MVA capacity of linei-j (p.u.).

Id, Ig Leading, lagging

MOPI Multi-objective performance index.

NLCLVL Number of line capacity limit violated lines.

NVLVB Number of voltage limit violated buses.

NVSLVB Number of voltage step limit violated buses.

Po, Qo Total system real and reactive power demand (p.u.)
Pbe, Qbe, Soe Real, reactive, and MVA power of DG (p.u.).

P, Q Real and reactive power injection at bus i (p.u.).

Pintake » Qintake Real and reactive power intake at main substgfpan).
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P, QL System real and reactive power loss (p.u.).

S; MVA Power flows in line-j (p.u.).

Shtake Apparent power (MVA) intake at bus-1 (p.u.).

T1,T2,T3,T4 Typel DG, Type2 DG, Type3 DG, Typed DG

V, Voltage of" bus (p.u.).

Vi VSL Voltage step at" bus (p.u.), Voltage step limit (%).

WDG, WODG With and without DG.

Ng, N, Number of buses and number of lines.

Appendix
Table5. Linesparameter and load data for 38-bus systgm [9
Line impedance L s Load on to bus
FT (p.u) (.0 (p. u.)
R X P Q

1 |2 0.000574 | 0.000293] 1 460 0.0 0.06
2 |3 0.003070 | 0.001564| 6 410/ 0.09 0.04
3 |4 0.002279 | 0.001161] 11 290 0.1Z 0.08
4 |5 0.002373 | 0.001209] 12 290 0.04 0.03
5 |6 0.005100 | 0.004402] 13 2.90| 0.04 0.02
6 |7 0.001166 | 0.003853] 22 150 0.24 0.10
7 |8 0.004430 | 0.001464] 23 1.05 0.2¢ 0.10
8 |9 0.006413 | 0.004608] 2§ 1.05 0.04 0.02
9 | 10 | 0.006501 | 0.004608] 27 1.05  0.04 0.0p
10 | 11 | 0.001224 | 0.000405f 24 1.05 0.045 0.08
11 | 12 | 0.002331 | 0.000771] 29 1.0§  0.0¢ 0.085
12 | 13 | 0.009141| 0.007192] 31 0.5Q 0.0¢ 0.0B85
13 | 14 | 0.003372 | 0.004439] 32 045 0.1 0.0B
14 | 15 | 0.003680 | 0.003275] 33 030  0.0¢ 0.0L
15 | 16 | 0.004647 | 0.003394 34 025  0.0¢ 0.0p
16 | 17 | 0.008026 | 0.010716f 34 025 0.0 0.0p
17 | 18 | 0.004538 | 0.003574 3¢ 010 0.0 0.04
2 | 19 | 0.001021 | 0.000974] 2 0.50  0.09 0.04
19 | 20 | 0.009366 | 0.008440 3 0.50]  0.0¢ 0.0k
20 | 21 | 0.002550 | 0.002979 4 0.21]  0.09 0.0k
21 | 22 | 0.004414 | 0.005836] 5 0.12  0.09 0.0k
3 [ 23 | 0002809 | 0.001920] 7 1.05  0.09 0.05
23 | 24 | 0.005592 | 0.004415 8 1.05 0.4 0.2p
24 | 25 | 0.005579 | 0.004366] 9 0.50] 0.4 0.2p
6 | 26 | 0.001264 | 0.000644] 14 150  0.04 0.0p5
26 | 27 | 0.001770 | 0.000901] 1§ 150  0.04 0.0p5
27 | 28 | 0.006594 | 0.005814 14 150  0.04 0.0p
28 | 29 | 0.005007 | 0.004362] 17 150 0.1 0.0y
29 [ 30 | 0.003160 | 0.001610 18§ 150 0.2 0.6D
30 | 31 | 0.006067 | 0.005996] 19 050  0.1% 0.0f
31 [ 32 | 0.001933 | 0.002253] 20 050 0.2] 0.1p
32 [ 33 | 0.002123 | 0.003301] 21 0.1d  0.0¢ 0.04
8 | 34 | 0012453 | 0.012453] 24 0.50  0.0q 0.0p
9 |35 [ 0012453 | 0.012453] 24 0.50  0.04 0.0p
12 | 36 | 0.012453 | 0.012453] 30 050 0.0 0.0p
18 | 37 | 0.003113| 0.003113 37 0.5Q 0.0 0.0p
25 [ 38 | 0.003113 | 0.002513 10 0.10 0.0 0.0p
F = From bus, T = To bus, L = line numbg&r~ Line apparent power
limit., P = Real power loadQ= Reactive power load
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Figure 2. The 38-bus test system [9]
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