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1. INTRODUCTION

With the development of renewable energies, such as wind and solar, distributed generators have
become more popular in power systems, especially in distributed grids. These distributed generators can
impact operational indices, such as power loss, generation cost, and so on. These indices can become worse if
DG’s position is not suitable. Therefore, the determination of distributed generators (DG) optimal placement
is important.

Until now, there have been many proposed methods to tackle the power loss issue [1]-[15]. Some
authors focused on using DG solely [1]-[3] or a capacitor bank (CB) solely [4]. The combination of DG and
other methods was also introduced. In the references [5], [6], DGs are associated with grid reconfiguration;
the disadvantage of this combination is that it requires a high investigation to reconfigure, or this
combination can not apply to a tie-distributed grid. The combination of reactive power compensation
equipment and DG is quite popular [7]-[15]. The result [15], a STATCOM was suggested, while in [7]-[14],
CBs or shunt capacitors were used. Generally, STATCOM can be very efficient in voltage quality support
but is more expensive than a CB of the same size. Therefore, the combination of DG and CB is quite popular.

Many algorithms were suggested to determine the position of DG and CB [7]-[13]. Generally, these
algorithms are divided into three groups, including the conventional algorithms [16], the heuristic-based
algorithms [8], [9], and the hybrid algorithms [10], [14], [17]. These algorithms can apply to two classes of
objective functions: single and multi-cost functions. Concerning the cost function, the reduction of power
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loss or energy loss was the main and popular objective. Still, some researchers considered other objectives
such as voltage index, benefit, and so on [17]. Depending on the applied algorithm, the results may be
different, no matter the cost function. The percentage of power reduction is normally used to compare
algorithms together. Normally, if the installed power of DG and CB is high, the power loss may be low, and
hence, the percentage of power reduction is higher. However, when we install a DG and CB combination
with a higher capacity, the annual operation cost will be higher. Therefore, the higher power loss does not
mean that we can obtain benefits.

In this research, we suggest an algorithm to identify the best location and capacity of DGs and CBs.
The optimization goal focuses on minimizing the generation cost, but we still achieve lower losses within the
distribution network. The proposed algorithm is developed from the loss sensitivity factor (LSF). Unlike
many previous works that focus mainly on power loss or voltage profile, our research emphasizes generation
cost, including both DG and CB investment, using an efficient step-wise analytical approach. We utilize the
MATLAB scripting environment to execute the algorithm, and we employ the IEEE-69 bus and IEEE-85 bus
power systems for verification. The findings are evaluated and juxtaposed with other existing methods.

2. PROBLEM STATEMENT AND LOSS SENSITIVITY FACTOR

In this study, we do not mainly focus on the power loss minimization, but we focus on minimizing
the generation cost in the distribution system. This cost includes the energy cost from both DGs and the grid,
and the investment in CBs. Compared to many previous studies that only minimize power loss, this objective
better reflects the economic performance of the system. To obtain this goal, we use an analytical method,
which is named the improved loss sensitivity factor (ILSF), to determine the optimal installation site and
rating of DGs and CBs. This method does not require population-based or heuristic algorithms, so it is faster
and easier to implement. To our knowledge, this optimal problem and solution method have not been used in
similar works.

2.1. Generation cost

The generation cost is defined as the cost to supply electricity to loads per hour. This cost is
computed from the investment and the energy selling costs from electrical sources in the grid. With an
existing grid, the investment cost is almost constant. Hence, the generation cost is only reliant on the energy
quantity received from sources, the new components’ cost. Hence, the generation cost is simplified as

(D-(4) [17].

COSt = CEDG + Ccap + CEG (1)

Cepe = CpcPoe )
_ ncei+KexQ

CCap - CTicc (3)

Cpe = Cgrid X Pgrid 4

Where, Cp is the price of a kWh from DG; e;, T, and K are constant cost, lifetime, and investment of a
kVAr of CB; n, is the number of nodes where the CB is installed; Cg.iq is the selling price of 1 kWh from
the grid; Py,iq is the power supplied from the grid; and Pp; and Q¢ are the DG power generation and
CB capacity.

2.2. Optimization problem
The objective is to minimize the generation cost of the grid. Accordingly, the optimization problem
is defined as:

Cost = Cgpg + Ceap + Cgg = min &)
Vinin < Vi < Vinax (6)
i < lemax (7
08<pfps <1 ®)
0 < 34 Poga < Paemand ©)
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max dmax
0< ZE:l QCB,C < Qdemand - Zd:l QDG,d (10)
APL’ter < APiter—l (1 1)

where, i is the current on the k*line; V;is the voltage at the i*"*node; Pyemana and Qgemana are active and
reactive power demands in the grid; Ppg, Qp¢, and pfp¢ are active, reactive power, and power factor of DG;
AP, is the power loss at the iter™iteration; Vi,in, Vinax»> and Lynay are the bounded values of node voltage
and current on the k" line; d,,4, and cy,q, are the maximum number of DG and CB, respectively. Noted that:

Vmin,iter = min(Vmin,iter—li 0-95) (12)

2.3. Loss sensitivity factor
2.3.1. Conventional LSF method

We consider the simplified tree-structured grid in Figure 1, where S; is the total apparent power of
loads in branches connected to the i**node and S;s is the apparent power injected into the i**node. The power
loss from the source to the i*"*node caused by the power S;5 can be simplified as (13).

7 Ry, — i Rj—
AP; = SiZZ k=2 :;21 = (PiZZ + QLZZ) k=2 ‘};21 (13)
k k

Where, Rj,_, is the resistance of the line from the (k — 1)node to the k**node and Vj, is the k**node’s
voltage. The LSF value at the i*"node versus active power (LSF; ) and versus reactive power (LSF;q) is
computed as (14) and (15).

i R
LSF;p = 2P;y Z;c:zv_g (14)
i R
LSF; o = 2Q;5 Z}szv—g (15)
To obtain AP; in (13) equal to zero, we should install DG at the i*"node such that:
P pe = Py (16)

Qipc = Qiz~ a7

®‘ 13,5 2 532-’: -1 Six |i Sivaz *1
L s >

Ll N Lls'3 Ll '13'1- Ll $in1

Figure 1. A sample of the distributed grid

2.3.2. Improvement of LSF method
The improvement of LSF (ILSF) was developed from LSF, and the ILSF detail was described in
[18]. The ILSF value of active power and reactive power at the i*" node is computed as (18) and (19).

;P

ILSFip = 2 Tjeep 33 Ric-s (18)
i @

ILSFig = 2 Thp 3 Ris (19)

The optimal active and reactive power of DG at the i*"*node to minimize the power loss is defined as (20)
and (21).

-1
i P i Ry
Puos = Bher 23 Rir (Zhe "5 (20)
k i
. Q.Z . Ry -1
Qipe = Z;c:ZVTRk—1 <Z;¢=2 V;1> : (2D
i k
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3. PROPOSED ALGORITHM

Unlike simultaneous optimization approaches as BSA [7] and SSA [8], the proposed method applies
a step-wise optimization method that first determines the optimal placement and size of DGs, followed by
that of CBs. This approach is motivated by the following considerations. Firstly, DGs and CBs affect the
distribution network in fundamentally different ways. While DGs can supply both active and reactive power,
CBs only provide reactive compensation. If both are optimized simultaneously, the algorithm may install
large capacitors without fully utilizing the DGs' reactive power capability, leading to inefficiency. Secondly,
our method uses a deterministic analytical approach by using ILSF, rather than metaheuristic algorithms.
This helps avoid the need to set up a population, adjust parameters, or evaluate fitness many times, making
the method simpler and faster to run. Therefore, although simultaneous optimization using metaheuristic
algorithms may work well in other studies, the step-wise method used in this paper is reasonable and takes
advantage of the specific strengths of the ILSF approach.

To ensure minimal generation cost in the grid, an algorithm is proposed in Figure 2. In this
algorithm, the calculation of each DG’s optimal position and size is always prioritized over that of CBs to
utilize the reactive power supported by DG. It means after determining the d*® DG, we start to determine the
optimal installation site and rating of CBs to obtain the lowest generation cost, and then move to the next
DG. The CB number, position, and size of CBs are dependent on the installed DG number. Here, we compare
the result of the LSF method to the ILSF method to identify the best position and power rating of DG or CB.
This algorithm is shown in Figure 2.

Step 12
—‘ d = d + 1; update data; run power flow |1L

Step 1
| Reading grid data, running power flow, d =1 ‘ —"| Update data: run power flow, c=1 ‘ Step 6
< N
iy Step 2 L Step 7
‘ Choosing optimal position and size of DG ‘ | Choosing optimal position and size of CB ‘

Running power flow to calculate AP, Cost, and

Running power flow to calculate AP and ;
efficient factors (EFy, pspand EFy, j15p)

efficient factors (EFp jepand EFp cp)

l Step 4 l Step 9
Determine optimal position: max{EFp ycr, EFp 55} ‘ ‘ Determine optimal position: max{EFy ;smEFy, psr)
Step 11 ' Step 10
c=c+1; Yes AP is better
update data: &= opax
run power flow Cost is betig

Step 13

Determine the optimal DG number

Figure 2. Algorithm to determine the optimal position and size of both DG and CB

Step 1: Reading data, including the grid parameters, Data; costs of DG, CB, and the connected grid;
and run the power flow. We start the first DG, d=1. Step 2: Calculating LSFp (14) and ILSF, (18) at all
nodes. We chose the best position for the d** DG based on ILSFp and LSFp, and we determine DG’s size
(Prsp, Qrsp from (16), (17), and Py s, Qprsr from (20), (21)) at these nodes. Due to the limitation of reactive
power from DG, the optimal reactive power of DG is determined by the allowable power factor as (22).

Qpe,opt = Min (Qpg, Ppetan®qy) (22)

Step 3: Running power flow with the existence of this DG to obtain the power loss, AP, gz and APy gp,
corresponding to the LSF method and ILSF method, respectively. The efficiency factor of DG installation is:

APq_1—APisF

APg_1—-APiLsF (23)
PLSF

PILSF

EFp s = and EFp 1 sr =

where, AP, _; is the power loss before installing the d**DG for each method.

Optimize the position of the distributed generator and capacitor bank in the distributed ... (Ngoc An Luu)



974 a ISSN: 2252-8792

Step 4: Deriving the optimal installation site and size of DG. If EFp ;sr > EFp ;sr, the best installation site
and size of DG come from the LSF method; otherwise, they come from the ILSF method. We store the
position and rating of DG in the set X; and we use the power loss, APy, corresponding to this case in the next
steps. Step 5: Testing the stop condition. If AP; < AP;_,,and d < d,4y, Step 6 is used; otherwise, Step 13
is done. Step 6: Updating the grid data by adding the d**DG in Data. We start the first CB, ¢ = 1, and we
set AP._; = AP4_4, Cost._q = Costg_q, CData, = Data, and run power flow. Step 7: Calculating LSF,
(15) and ILSF;, (19) at all nodes. We choose the best node to install CB and its size for the LSF method, Q¢
(17) and the ILSF method, Q;;sr (21). Step 8: Running power flow after adding this CB for each method to
obtain the power loss, AP, gr and AP;; gz We compute the efficient factor as (24), where AP,_; is a power
loss before installing the ct* CB.

_ APc_1—APisF

APc_1—AP1SF
EFQ,LSF - T and EFQ,ILSF = —e1 — HSF (24)

QILSF

Step 9: Deriving the optimal position and size of CB. If EF; | sr = EF ;;5r, the optimal position and size of
this CB come from the LSF method; otherwise, we use the ILSF method. We use the power loss, AP,,
corresponding to this case in the next steps.

Step 10: If AP, < AP._4, ¢ < Cppax » CoSt, < Cost._q, Step 11 is done; otherwise, we move to Step 12.

Step 11: Updating the ¢**CB in CData, then run the power flow. We set c=c+1, and then Step 7 is returned.
Step 12: We set DCCost,; = Cost._q, d=d+1, use Data to run the power flow, and then execute Step 2 again.
Step 13: Deriving the optimal DG and CB numbers from min {DCCost;, DCCost,, ..., DCCosty_4}.

4. RESULTS AND DISCUSSION

To verify the proposed algorithm, we use the IEEE 69 bus and IEEE-85 bus distributed system as
shown in Figure 3. The total load in the IEEE-69 bus grid is 3801.9 kW and 2694.1 kVAr, while in the IEEE-
85 bus grid, it is 2570.3 kW and 2622.1 kVAr. These grids’ data are listed in [19], [20]. We suppose that the
energy price from the grid and DG are 49 $/MWh and 51.45 $/MWh, respectively; the CB investment and its
constant are 0.35$/kVAr/year and 100$/year.
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a4 | 45 |

27 g 25 24 2 2
| 262I 25 | 24 | 23 22 | 21 |20
I I I I I

35| 36 | 37 |38 |39 |40 | 41 |42 |43 | |
| | | I I I I | | ] I T
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Figure 3. The configuration of the sample distribution system: (a) IEEE 69 bus and (b) IEEE 85 bus
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4.1. IEEE-69 bus distributed grid

With the IEEE-69 bus system, if the maximum DG number is 4, we obtain the results in Table 1 and
Figure 4. Clearly, with the proposed algorithm, we only install 1 DG at the 61st node (1562 kW) and 3 CBs
at the 16th, 64th, and 17th nodes (with 225, 204, and 195 kVAr, respectively). With this installation, the
power loss and the generation cost are reduced significantly, and the minimum node voltage in this network
is elevated. A notable power loss reduction is observed, from 225 kW to 20.45 kW, and the generation cost is
cut from 197.3 $/h to 191.196 $/h. The voltage at nodes from the 50th node to the 69th node is over 98%, and

the minimum voltage in the grid is around 98% at the 27th node, while in the base case, the minimum voltage
is 91.02% at the 65th node.

Table 1. Results of applying the proposed algorithm to the IEEE-69 bus

Case DG size (node) pf CB size (node) AP V;pin (%) Cost
(kW) (%) (kVAr) (kW) ($/h)
Base 225 91.02 197.3

Proposed method ~ 1562(61) 81 195(17) 204(64) 225(16) 20.45 97.73 191.196

1.01 ——
1.
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Figure 4. The voltage at nodes in the IEEE-69 bus after installing DG and CBs

To clarify the above results, the results of all cases are shown in Figure 5. Figure 5(a) indicates the
power lost and the generation cost when we install 4 DGs step by step. Obviously, after installing the 1% DG,
the power loss is reduced from 225 kW to 26.737 kW, and its efficiency is around 0.056 %/kW while after
installing the 4" DG, the power loss is 7.017 kW and the efficiency is around 0.043%/kW . Concerning the
generation cost, after installing the 1% DG, the generation cost is the lowest, 191.435 $/h. By adding more
DGs, the generation cost increases. Figure 5(b) indicates the results in the case of both DG and CB
installation. From this figure, when the DG number is higher, the CB number is lower, and in the case of 4
DGs, none CB are suggested. Obviously, by adding CB, both power loss and generation cost are lower than
those in Figure 5(a). However, the higher the DG number, the higher the generation cost. This increase

comes from the increase in the DG cost. Therefore, we should install a DG and 3 CB as Table 1 to obtain the
lowest generation cost.

250 197.7 5 5
= g 23 E==Loss 192.3 =
& 200 Lo 196.4 & % 20 1922 3
o ] j=) —— 05t / —
= 150 D) G cost 1951 8 @ 15 191.9 +
7 =1 ) / =]
g \ 2 P 10 1916 32
5 100 193.8 -2 g | - | 1013 &
S g o = £
a ” h_ﬂ/ 923 8 =0 o g
] IDG DG 3DG 4DG
0 /o= 912 @}
base 1st 2nd  3rd  4th 225(16) 204(64) 204(64)  No
5
1562 342 180 169 fg:(f? 195(17)
(61) (16) (27) (65) 57
DG installation order and size(node) in kW DG number and capacitor size(node) in KVAr
(a) (b)

Figure 5. Power loss and generation cost after installing DG and CB: (a) Only DG and (b) both CB and DG

To compare to other research, two cases of power factor (pfinin = 100% and pfp,i;, = 80%) and
two cases of the DG number (d = 1 and d = 3) are used. The comparison results are shown in Table 2
[71-[9], [21], [22]. Clearly, with our algorithm, the power loss cannot be compared to others because the total
capacity of DG and CB in the proposed algorithm is lower than that of others. However, the investment
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effectiveness of the introduced scheme surpasses others. For example, in the case of 3 DGs with pfi,;, =
100%, in [22], after installing 2547 kW of DG and 1797 kVAr of CB, the system loss is as low as 4.263 kW,
but the generation cost is 192.883 $/h, which is higher than our algorithm. Likely, in the case of 1DG with
Dfmin = 80%, with the proposed algorithm, the power loss and generation cost are 20.45 kW and 191.196
$/h, while with the ABC algorithm, the data is 18.551 kW and 191.817 $/h. This means that my algorithm is
more efficient.

Table 2. Comparison between the proposed method and other methods

Method DG size in kW (node/pf) CB size in kVAr (node) AP in kW Cost in $/h
ABC [21] 1870(61/0.85) 300(18) 18.551  191.817
Propose 1562(61/0.81) 225(16) 204(64) 195(17) 20.45 191.196
BSA [7] 294(19/0.866) 219(22/0.866) 1768(61/0.866) 450(7) 300(2) 150(3) 7.604 192.344
SSA [8] 358(19/NA) 518(10/NA) 1673.5(61/NA) 600(11) 600(48) 200(60) 4.853 192.952
Propose 1562(61/0.81) 342(16/0.83) 180(27/0.96) 204(64) 8.256 191.831
ABC [21] 1800(61/1) 1350(61) 23282  191.937
Propose 1562(61/1) 1116(61) 225(16) 204(64) 195(17) 20.446  191.271
WCA [9] 540.8(17/1) 2000(61/1) 1159.2(69/1) 1187.9(2) 1237.3(62) 269.7(69)  33.339  197.184
Ref.[22] 504(11/1) 376(17/1) 1667(61/1) 1193(61) 367(11) 237(20) 42632  192.883
Propose 1562(61/1) 342(16/1) 180(27/1) 1115(61) 225(16) 204(64) 8.747 191.954

4.2. IEEE-8S5 bus distributed grid

By applying the proposed algorithm to the IEEE-85 bus grid, we can get results in Table 3 and
Figure 6. Obviously, with 2 DGs and 6 CBs as Table 3, both the power loss and the generation cost are
reduced significantly, and the nodes’ voltage in the grid becomes flat. A considerable drop in power losses is
observed, from 314.537 kW to 45.760 kW, and the generation cost is cut down by about 10 $/h. The nodes’
voltage is from 97.71% to 1.01%.

Table 3. Results as applying the proposed algorithm to the IEEE-85 bus grid

Case DG size (node) pf CB size (node) AP Vimir Cost
(kW) (%) (kVAr) kW) (%) ($/h)
Base 314.537 87.43 141.357

Proposed method 794(54) 617(76) 86 82 1167(8) 99(84) 48(47) 62(15) 66(22) 59(21) 45.760 97.71 131.798

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Node

Figure 6. Voltage at nodes in the IEEE-85 bus grid

To clarify the above result, the case of d,,;, = 4is used and the detailed results are shown in
Figure 7, in which Figure 7(a) represents the case of DG without CB and Figure 7(b) represents the case of
DG with CBs. Figure 7(a) shows that the power loss and the generation cost are reduced with the increase in
the DG number. Obviously, after installing the 4th DG (794 kW, 617 kW, 348 kW, and 187 kW at the 54th,
76th, 84th, and 62nd nodes, respectively), the system loss is decreased significantly from 314.537 kW to
54.363 kW, and the generation cost is cut down from 141.357 $/h to 133.376 $/h. Figure 7(b) indicates that
the combination of DG and CBs will reduce the power loss, but the generation cost increases again when we
use more than 2 DGs. For example, with 3 DGs (794 kW at the 54th node, 617 kW at the 76th node, 348 kW
at the 84th node) and 5 CBs (906 kVAr, 65 kVAr, 56 kVAr, 73 kVAr, and 89 kVAr at the 8th, 47th, 43rd,
22nd, and 20th nodes, respectively), the power loss is 36.264 kW but the generation cost is 132.156 $/h
which is higher than the data in Table 3. Therefore, the optimal result is the case of 2 DGs and 6 CBs, as
Table 3.

To compare the proposed algorithm and others, here we use the case of DG with unity power factor;
the value of d4 and cpg.are set based on the compared references, and we relax the condition of
generation cost (step 13 in Figure 2). Comparison results are shown in Table 4 [23]-[25]. From Table 4, in
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the case of sole DG, with the proposed algorithm, the power loss may be higher than others, but the
generation cost is always lower than others. Take the SA algorithm [24] with d,,,4, = 2 for example, the
power loss is 170 kW lower than 177.637 kW of the proposed algorithm, but the generation cost is 139.637
$/h, higher than 138.103 $/h of the proposed algorithm. This is explained by the lower DG size in the
proposed algorithm. In the case of DG and CB, the power loss and the generation cost are always lower than
those of others. Obviously, with d,,4x = Cmax = 3, the data with the introduced scheme is 49.570 kW and
132.864 $/h, which are lower than 73.24 kW and 135.027 $/h of the GABC scheme [25]. This proves that the
proposed algorithm is more efficient than others.

315 143 82 1327 _
EZALoss == Cost 2 B ErAloss ==Cost 13,5 S
-

260 141 & < e 523 5
< z 3 7~ "8
w 205 139 g Ts 52 / 132.1 g
= = 2 g
g 150 137 .S 8 42 /% 131.9 =
= *g 32 A 2 = 1317
£ 95 135 & IDG DG 3DG  4DG V]

w0 A \E-——m_m 133 © 1604(8) 1167(8) 906(8) = 765(8)

N 132(76) 99(34) 65(47)  65(47)

0 1st 2nd  3rd  4th 75(75)  48(47) 36(43) = 36(43)
Base 794 617 348 187 62(22) | 62(15) | 73(22) | 73(22)
30(74)  66(22) 89(20) | 89(20

(54) (76) (84) (62) (74) 59&1; @0)  89G20)

Installation order and size(node) in kW

(2)

DG number and capacitor size (node) in kKVAr

(b)

Figure 7. Power loss and generation cost as: (a) only DG and (b) combination of CB and DG

Table 4. Comparing the proposed algorithm to others in the case of the unity power factor

dmax  Method DG size in kW (node) CB size in kVAr (node) AP in Costin $/h
& Cpg kW
1&0 WOA [23] 946.3(55) 224.049 139.241
Propose 794(54) 220.279 138.683
2&0  SA[24] 591.2 (36) 1597.5(09) 170 139.637
Propose 794(54) 617(76) 177.637 138.103
3&0  SA[24] 321.1(69) 851.2 (33) 744.3(9) 166.44 138.795
Propose 794(54) 617(76) 348(84) 165.595 138.363
1&1 GABC [25] 1801(36) 900(53) 11826 136.214
Propose 794(54) 2070(8) 100.919 132.964
2&2 GABC [25] 851(36) 1349(56) 600(53) 450(46) 86.34  135.648
Propose 794(54) 617(76) 2068(8) 612(30) 58.465 132.439
3&3 GABC[25] 574(36) 1204(56) 426(54) 300(53) 450(46) 300(54) 73.24  135.027
Propose 794(54) 617(76) 348(84)  2068(8) 612(30) 33(22) 49.570 132.864

5.  CONCLUSION

This paper proposed an algorithm to minimize the generation cost and reduce the power loss in the
grid by determining the optimal position, size, and power factor of DGs and the optimal position and size of
CBs. The algorithm is developed from the loss sensitivity factor. By applying this algorithm to the IEEE-69
bus and IEEE-85 bus distributed grid, the optimal position, size, and power factor of DGs and CBs in each
grid are determined, the power loss in the grid is reduced significantly, and the generation cost is minimal.
Compared to other research, with the proposed algorithm, the generation cost is always lower than others.
This is the efficiency of the proposed algorithm. In the future, this method can be extended to apply to

renewable sources with uncertainty, such as wind generators, solar systems, or combined with other
techniques to solve more complex problems.
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