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Abstract— This paper presm a new multiobjective index-
based analytical methodology to calculate the optimal size and
power factor of distributed generation (DG) unit at various
locations. This multiobjective index (IMO) is related to real and
reactive power losses. A computational procedure is also
developed to specify the best’pfation where the IMO value is the
lowest. The results obtained on a 38-bus test system demonstrate
the effectiveness of the proposed mmdulugy and computational
procedure as validated by an exhaustive load flow solution
(ELF). The optimal power factor and indices weights can
minimize the IMO value while maximizing DG penetration and
achieving the best voltage profile.

Index Terms— Distributed generation, optimal power factor,
optimal size, reactive power loss index, real power loss index.

I. INTRODUCTION

Power industry deregulation, fossil fuel resource depletion,
fuel cost uncertainties Y@ environmental concerns have
encouraged integration of remewable DG resources (e.g.,
biomass, wind and solar) in distribution systems. These
sources have offered several positive impacts on distribution
networks such as loss reduction, voltage and reliability
enhancement, network reinforcement deferral, and green
house gas emission reduction [1]-[3]. However,
accommodatinhigh DG penetration with improper planning
and operations in some circumstances may reduce benefits and
even jeopardize the performance of the existing systems with
high losses and excessive voltage rise [1]-[3].

Real power loss minimization plays a significant role in
distribution system performance enhancement [1]-[15].
Similarly, reactive power loss reduction could also play an
important role in reducing voltage drops, releasing system
capacity and enhancing loadability, voltage stability and
security [2]-[5]. Depending on the nature of the distribution
system, the f@@#r or the latter may be dominant. In some
systems, both can play an equal role in improving the system
performance. In addition, in competitive electricity market,
reactive power provision has been recognized as an ancillary
service and hence could have an economic impact on the
market [16]. However, most existing studies [1], [6]-[13] have
focused on placing DG units to minimize real power or energy
loss by neglecting benefits of reactive power loss reduction.
Depending on the system characteristics, this would
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potentially limit DG penetration and subsequently not achieve
the best voltage profile. Moreover, sunaecent researches [2]-
[5]. [14] have shown the importance of the reactive power loss
in DG planning. Consequently, it is critical to assess the
mutual impact of real and reactive power losses on optimal
DG location and size selection. On the other hand, most
analytical approaches presented so far [6]-[13] can address
DG placement for real loss reduction as a single-objective.
Additionally, a few studies [8]-[11] have indicated the
significance of optimal DG power factor operation in
mirfffizing power losses.

This paper proposes a new [MO-based analytical
methodology and cumputatmil procedure to accommodate
DG unit for minimizing real and reactive power losses
simultaneously. Here, thgAnpact of the optimal power factor
and indices weights on the optimal location and size of DG
unit are highlighted. The results of the proposed approaches
are@Bjidated by the ELF solution.

The rest of the paper is structured as follows: Section II
EF3cribes power losses. Section III presents impact indices
related to real and reactive power losses and a combination of
both known as IMQ. Section IV introduces the analytical
methodology and computational procedure to accommodate
DG unff)Section V portrays the 38-bus test distribution
system along with numerical results and discussions. Finally,
Section VI summaries the contributions of the work.

II. POWER LOSSES

A. M’er Losses without DG Unit

The total real and reactive power losses (i.e., Py and 0;) in
a distribution system with N buses can be calculated by (1)
and (2) respectively, popularly known as “exact loss formula”

[17].

B = 22[ FP +Q,0 )"' r:f(QfPf—ﬁQ_;]] (1)
Ql-gglx,(PP +00)+&0p-ro) @
crc a, = ";f cos(d,~8,); B, =—L-sin(6,-5,):
i i
gﬁﬂa( 5): &= IV: 5 sin(6; - 8));

V,£6; is complex voltage at the bus " I+ jx; = is the
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" clement of impedance matrix [Zb”_s.]; ry and X;; are the
aistance and reactance of a line between bus 7 and j; P and
P; are respectively active power injections at the i and ;™
buses; @ and Q;are respectively reactive power injections at
the i and j* buses.

B. Po

The active and reactive power injection at bus i where DG
unit is installed is respectively given as follows [&]

osses with DG Unit

B = Ppg; = Py, 3)

O = Opgi —Opi = 4;Ppgi = Opi (4)

re Opai = ;P » a; = (sign ]tan(cos_](pfm;f]] N
sign =+1 : DG unit injecting reactive power, sign=-1: DG

Ppgi
respectively the real and reactive power injections from DG
Pp; and Qp,; are respectively the real and

unit consulmg reactive power; and Qpg are
unit at bus i;
reactive power of load at bus i; pfpe 1s the operating power
factor of DG unit at bus .

Substituting (3) and (4) into (1) and (2), we can obtain the
total real and reactive power losses with DG unit (i.e., Pypg
and O, i) as follows

¥ 8 [0, (Pogi = Py )Py + (a;Po; — 00 )O; )
if (i Di DGi Di
5
??{ (s~ 00)P, (P — P )Q_,—)} ®

Pipe =

NN }’r.f( PD(;; PDr )P + [ﬂ‘ PD(;; QDr p )
) (6
QoG =2 ZL i ([a Ppgi = Opi )P; = (Ppgi = P )Q; ) ©

i=1 j=1
It is revealed from (5) and (6) that the system real and
reactive power loss is as a function of: both P, and Qpg; or
both P,

impact on the system power loss.

and a; (or pfpq; ). Such variables have a significant

III. IMPACT INDICES AND MULTIOBJECTIVE INDEX

A, Impact Indices

System losses are a key consideration particularly given to
economic and environme@@! efficiency [2]. A beneficial DG
placement would reduce losses. In this paper, two real and
reactive power loss indices are calculated to evaluate the
impact of DG inclusion in a distribution system. These indices
play a critical role in DG planning and operation due to their
significant impacts on utility revenue and system power
quality [3], [5]. They can be defined @fffollows [2]-[5], [14]:

1) Real Power Loss Index (ILP): is defined as the ratio of

the total real power loss of the distribution system after and
before DG inclusion (P pg and Py).
P
JLP="tDG (7)

L

2) Reactive Power Loss Index (ILQ): is defined as the ratio

of the total reactive power loss of the distribution system with
and without DG unit (Q;p¢ and Q).

Qe

ILO =
¢ o,

(8)

B. Multiobjective Index

The mltiobjective index (IMO) for the performance
evaluation of the distribution(§fwork with DG unit considers
the real and reactive power indices by strategically giving a
weight to each one. This can be performed as all imjffbt
indices were normalized (values between 0 and 1). JMO can
be expressed as

Minimize IMO = @,ILP +0,ILQ 9)

2
where > 0, =100, € [0.1].

i 7

These weights gc intended to give the corresponding

importance to each impact index due to DG inclusion and
depend on the required analysis (e.g., plarfffile, operation and
cost) [2]-5], [14]. In this study, the active power loss receives
a significant weight of 0.6, leaving the reactive power loss
weight of 0.4, These weights are reflecting a real power loss
cost higher than a reactive power loss cost. HEfFkver,
investigation of the impact of weight variations on optimal
location, size and power factor of DG unit is also explained in
section V.D.

IV. PROPOSED METHODOLOGY

A. Optimal Size and Power Factor at Various Locations
Substituting (7) and (R) into (9), we obtain

o, o
IMO=—LP;pg +_2Qm(,' -

) Or

It is obvious that equation (10) has two components, real
and reactive power losses. When DG unit is connected at any
bugffh a distribution system, the variation of each component
as a function of the DG penetration level related to active
power DG size and its value @ show a U-shaped trajectory.
Consequently, IMO als@llows a U-shaped curve. It can
reach a minimum value if the partial derivative of (10) with
respect to the active power injection from DG unit and value a
at bus i ( Py, and a;) become zero.

(10)

9IMO _ 0, 9Ppg | > 90up6 _, (11)
OPps P, P O) OPpg
IIMO _ 0, IP1pg | 2 s _ (12)

da. P, da; 0, da;

i
The derivative of (11) and (12) with respect to Pp;and a;

can be expressed as

ZZ[ar,r(P +G‘Q ]+f‘5:',r(ar _Q_,r']] (13]
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W6 _ 55, (p+ai0,)+&,(ap, -0,

aPD(,r =l
aP,
= zz[ @0, + 5,7}
a%j’" 2Z[x,Q +&,P).

i

Substituting equations (13) and (14) into (11), we get
20, &
P_] > [“ff (Pf +a,0; J+ By ("r‘P_f -0 )

L j=

ZQO.‘, Z[?’:(P +a;0; )+é-'”(ap -0 )]

Equation (17) can be rearranged as follows

[ (P+a,0 )+ 4 +a,B]

+_3[%r_[}:;_ +a,0, )+Cf +afo]= 0

a
< e
=

where A=Y oy P - By0;); Bi = ey 05+ By Py):
= J=1
=
C= Z(%:P: ‘fr:Q ] =Z(?':Q +‘§r: )
J=1 =1
f#i J#l

Substituting (3) and (4) into (18), we obtain

4]
(}1 O +QL ?};]( DI+aIQDI)

——][A +a,B)- 2[C}+a,-D,-)
Ppgi = L( -
+_%1
g

Similarly, substituting (15) and (16) into (12), we get
20, 20
IZ( /0, +B,P, )+ ’Z(;V,,Q+ &P,)=0
L =l
Equation (20) can be rearranged as follows
).+ B, ). +D;)=0.
(0,4 5)+ 2(1,0,+D)

Substituting (3) and (4) into (21), we get

ﬂBf 2 D,
L _On B0
i
Ppg lef o
' DGE[?]QH + Q2 xr]
L L

(14)

(15)

(16)

(a7

(18)

(19)

(20)

21

(22)

Finally, the P and a;, where the value of /MO can reach

a minimum level, can be obtained from (19) and (22) as

91y 2c.
P o, '
Py =P, ——L L 23
Dii i ﬂa +i}’ ( ]
P;_ i QL i
_]au + Yii ]Qﬂi _[_]BI i 1]
— [PL QL PL QL (24]

The optimal power factor of DG unit at each bus i (opf ;)

can be obtained from (24) as follows

opfnai =cos(tan_][a,- )) (25)

B. Computational Procedure

In this study, the approximate /MO approach to specify the
optimal location that is similar to the apprffimate loss method
reported in [7] is adopted. This procedure requires load flow to
be carried out only twice, one for the system without DG unit
and another for the system with added DG unit to obtain the
final solution. Hence, the proposed computational procedure is
less computationally demanding.

Step I: Set real and reactive power loss weights (o7 and a3).
Step 2: Run base case load flow and find P; and Q; using (1)
and (2) respectively.

Find the optimal size and power factor for each bus
using (23) and (25), respectively.

Place DG unit obtained earlier at each bus. Calculate
approximate values: Prpg, Qrps and IMO for each
case us(S], (6) and (10), respectively.

Locate the optimal bus where IMO is the lowest with
the corresponding optimal size at that bus.

Run load flow with the DG unit obtained in step 5 and
calculate exact values: P;ps QOppg and IMO using (5),

(ﬁﬁd (10), respectively.

When the power factor of DG unit is pre-specified, the
computational procedure is similar to the above with the
exception that the optimal DG size for each bus is calculated
using (19) rather than (23).

Step 3:

Step 4:

Step 5:

Step 6:

V. CASESTUDY

A. Test Systems

The proposed methodology has been applied to a 12.66 kV
38-bus radial distribution system. The complete system data
given in [14]. This system is supplied from one substation
with a total load of 3.715 MW and 2.300 MVar. DG unit
considered is a renewable energy source with predicable
output (e.g., biomass) that is normally employed for combined
heat and power (CHP) applications, and can be placed at any
bus. It is modeled as a synchronous machine that can operate
at any desired power factor. It is further assumed that DG unit
is owned and operated by distribution network operators.
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The proposed methodology has been developed and
simulated in MATLAB environment. To validate the
effectiveness of the proposed method, the exhaustive load
flow (ELF) approach as an exact solution has also been
developed in Matlab environment. DG unit is placed at each
bus. Its size is changed from 0% to 100% offfe total system
load demand plus loss in each step of 0.25%. The power factor
of DG unit is also varied for each case from 0 to unity
(leading/laPhg) in each step of 0.001. The IMO value is
calculated for each case by load flow analyses. The optimal
location, size, and power factor are obtained in the case where
the JMO value is the lowest without any voltage violations.

B. Optimal Sizes and Power Factors at Various Locations

After base case load flow analysis, the optimum sizes and
power factors of D(FZmit at various buses with the
corresponding indices: real power loss (ILP), reactive power
loss (ILQ) and multiobjective (/MQ) are obtained in Fig. 1.
This indicates the importance of the DG location close to load
for minimizing indices. The optimum sizes at buses are
significantly different in the range from 0.33 to 4.60 MVA.
The largest size is found at bus 2, closest to the substation bus,
where the /MO value is the highest. The power factors at
various buses are in the broad range from 0.76 to 0.89 lagging
as the load power factors at buses are substantially different in
the large range from 0.31 to 0.99 lagging. As far as one bus is
concerned, the respective figure would provide the optimum
size and corresponding optimal power factor to which the JMO
value is the lowest. As shown in Fig. 1, the optimum location
is bus 6 where the approximate /MO value is 0.3554 with the
corresponding optimal size of 2.983 MVA and lagging power
factor of 0.8221. After running load flow again with DG unit
obtained at bus 6 only, the accurate JMO value is 0.3252 with
a difference of nearly 8.85%. However, this difference has no
impact on the final solution of the optimum location, size and
power factor. It is also observed that the /MO, ILP and ILQ
values follow an almost similar pattern. At each bus, the ILP

value is lower than the JLQ value, indicating that the real loss
reduction due to DG placement has a more positive impact on
the /MO value than reactive loss reduction in this system.
However, this depends on system load characteristics. The
system loss reaches a s§Elficant reduction level of 61.38 kW
and 48.22 kVAr from the base case loss of 202.21 kW and
134 85 kVAr.

Optimal DG power factor

Optimal DG size (MVA)
(=]
ILPALQYIMO

1 3 5 7 9 1M 131517 19 21 23 25 27 29 31 33 35 37

Bus

Fig. 1. Optimal DG sizes and power factors at various locations.

Table I summarizes the optimum location, size and power
factor of DG unit and its corresponding /MO, ILP and ILQ
values and power losses. The results of the proposed method
are in close agreement with the ELEJolution. The optimal
location, power factor and /LQ value affffeactive power loss
of both approaches are the same. The difference in the size,
IMO and ILP values afffJreal power loss between both
approaches is negligible. In addition, the computational time
of the proposed approach is insignificantly shorter than that of
the ELF solution.

TaBLE]
COMPARISON OF DG PLACEMENT RESULTS AT OPTIMAL LOCATION

Method Bus Spo (MVA) opfoe (lag) ILP ILQ MO Proi (kW) Oini (KVAr) CPU (s)
ELF 6 3.043 0.8221 0.3030 03576 0.3248 61.26 48.22 = 134.78
Proposed 6 2983 0.8221 0.3036 0.3576 0.3252 61.38 48.22 0.06
TABLEII
COMPARISON OF DG PLACEMENT RESULTS WITH DIFFERENT POWER FACTORS

Power factor Bus Soi (MVA) ILP ILQ MO Prog (kW) O (KVAL
0.85 leading 8 0.989 0.8789 0.8896 0.8805 177.72 119.96
Zero (Opg only) 30 1.208 0.7089 07126 0.7104 143.35 96.09
Unity (Pp; only) 6 2.452 0.5141 05534 0.5298 103.94 74.61
0.85 lagging 6 2.979 0.3050 03592 0.3267 61.67 48.43

C. Power Factor Impact

Table II shows the results of DG placement with different
power factors using the proposed approach. The power factors
are pre-specified at 0.85 leading, zero, unity and 0.85 lagging.
The operating power factor has a significant impact on the
location, size, /MO, ILP and ILQ values and power losses. For

instance, when DG unit operates at 0.85 leading power factor,
the optimal location is bus 8 and the optimal size is 0.989
MVA. The /MO, ILP and ILQ values §gJrespectively 0.8805,
0.8789 and 0.8896. The corresponding real and reactive power
losses are 177.72 kW and 119.96 kVAr respectively. These
results are remarkably different from the optimal solution
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when DG unit operates at the optimal power factor of 0.8221
lagging as described earlier in Table(§E)

Fig. 2 shows the voltage profiles of the system without DG
unit and with DG unit considering different power factors. In
the absence of DG unit, the voltages at several buses are under
the lower limit of 0.94 p.u. [18]. On the other hand, when DG
unit with unity or lagging power factors is comected to the
system, the bus voltages improve significantly within
acceptable limits of 0.94 and 1.06 pu [18]. It is worth
mentioning that DG unit operating at the optimal power factor
can produce better voltage profile enhancement than other DG
unit running at non-optimal power factors (e.g., 0.85 leading).

—HNoDG s ad
— DGpl= - - DGpi
DG pf=0.85 g — DG piel 82 lag {opl)
= 0.98
E
=
@
k=4
H
s
0.94
0.90

13 5 7 8 11 13 15 17 19 21 23 25 27 29 31 33 35 a7
Bus

Fig. 2. Voltage profiles with different DG power factors.

Overall, it is revealed from the results that the DG unit
operating at optimal power factor can minimize the MO
value, whifnaximizing penetration (optimal DG size) and
achieving the best voltage profile enhancement {Eflipared to
DG unit with other power factors. However, when the real and

reactive power loss weights are optimally chosen, a better
result can be obtained as explained in the next section.

D. Weight Impact Considering Optimal Power Factor

It is assumed that the real and reactive power loss costs are
neglected in weight selection. Consequently, technical and
environment benefits are considered. Table III shows the
results of DG placement at the optimal power factor for the
system with various weights. The real power loss weight ( g;)
is varied in the range from 0 to 1 in a small step of 0.1. The
reactive power loss weight (3) is subsequently equal to be 1
minus o;.

It is observed that the weights have a significant impact on
the location, size and power factor of DG unit and its
corresponding /MO, ILP and [LQ values and power losses.
When weight o; is in the range from 0 to 0.4, the optimal
location is bus 30 and the optimal power factor is
approximately 0.76 (lagging). On the other hand, when weight
g; 1s in between 0.5 and 1, the optimal bus is bus 6, and the
optimal power factor is roughly 0.82 (lagging). The /MO value
and its corresponding /LP value reduce and the optimal DG
size raises when weight o; increases. The lowest ILP value is
obtained when weight ¢; is unity. In contrast, the minimum
ILQ value is achieved when weight o; is 0.4. However, the
optimal solution is obtained when weight ¢; reaches unity at
which the /MO value is 0.3032. In this case, the /LP value is
0.3032 that is lower than the /LQ value of 0.3576. This
indicates that the /LP value due to DG insertion has a more
positive impact on the /MO value than the ILQ value.

TABLE 11T
COMPARISON OF DG PLACEMENT RESULTS AT OPTIMAL POWER FACTOR WITH DIFFERENT WEIGHTS

e s Bus Soc (MVA)  opfog (lag) ILP ILO MO Proc (kW) Oroe (KVAT)
0 1 30 1818 0.7591 03214 03471 03471 65.00 46.80
0.1 0.9 30 1.827 0.7599 03210 03469 03443 64.91 46.78
0.2 0.8 30 1.836 0.7608 03205 03468 03415 64.82 46.76
03 0.7 30 1.845 0.7616 03201 03466 03387 64.73 46.74
0.4 0.6 30 1.854 0.7624 03197 03465 03358 64.65 46.73
0.5 0.5 6 2974 0.8219 0.3037 03577 03307 61.41 48.23
0.6 0.4 6 2.983 0.8221 0.3036 03576 03252 61.38 48.22
0.7 03 6 2991 0.8224 0.3034 03576 03197 61.36 48.22
0.8 0.2 6 3.000 0.8226 0.3033 03576 03142 61.34 48.22
0.9 0.1 6 3.008 0.8228 0.3032 03576 03087 61.32 48.22
1 0 6 3.017 0.8230 0.3032 0.3576 0.3032 61.30 48.22

In addition, it is seen from Table III that the optimal size
for weight o; of unity is 3.017 MVA with an optimal power
factor of 0.8230 (lagging). This value is considerably larger
than 1.818 MVA with 0.7591 (lagging) for weight oy of zero.
However, the difference in real and reactive power losses
between both cases is insignificant, at 5.69 % and 2.94 %
respectively. This indicates the importance of optimal power
factor selection with the corresponding weight.

Fig. 3 illustrates the voltage profiles with different weights
for the system, considering the optimal power factor for each
case. The best voltage profile is obtained when DG unit is

placed with weight g; of unity. However, the voltage profiles
with weights zero and 0.6 are insignificantly different from
that with weight ¢; of unity. This is due to the fact that the
power factor is optimally selected with the corresponding
weights as previously mentioned.

Overall, it is found from the results that when DG unit
operating at the optimal power factor and indices weights
simultaneously can lead to the lowest /MO value while
maximizing DG penetration and achieving the best voltage
profile enhancement. Subsequently, environmental benefits
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can be obtained as a result of increasing renewable DG
penetration and reducing usage of fossil fuel energy resources.

1.01
= = Ploss weight 0
——Plass weight 0.6
a‘l.m- — Ploss weight 1
4 0891
@
g
S 0981
0.97
LR o o o P L L L B A R

1 3 5 7T 9 1 13 156 17 18 21 23 25 27 28 31 33 35 37

Bus

Fig. 3. Voltage profiles with different weights considering optimal power
factor.

VI. CONCLUSIONS

This paper has proposed a new multiobjective index-based
analytical methodology for sizing DG unit for each location
where the significance of the optimal DG power rois
highlighted. The multiobjective index (IMQ) based on ILP and
ILQ indices related to real and reactive power losses is
utilized. A computational procedure has been developed to
identify the best placement where the JMO value is the lowest,
corresponding to the optimal size and power factor at that
location. This approach can also be utilized as a usetul tool for
assessing the mutual impact of real and reactive power losses
on optimal locatioff#8ize and power factor of DG unit. The
numerical results show the effectiveness of the proposed
approach as verified by the exhaustive load flow solution in
terms of optimal power factor, loss reduction and
computational time. The significant impact of indices weights
on the optimal location, size, power factor, /MO value and
power losses has been observed. It is worth mentioning that
optimizing power factor and indices weights simultaneously
can minimize the IMO value, while maximizing DG
penetration and achieving the best voltage profile
enhancement.
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