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Abstract

 

Over the last decades, active power networks have reached great attention due to the incorporation of distributed 

energy resources into low voltage power systems. In this paper, a decentralized energy management strategy is 

proposed as an efficient way to minimize both active power losses and voltage profile deviation of an distribution 

power network with photovoltaic solar farms, and also at the same time, aims to improve the reliability and the 

security of supply. The coordinated energy management concept relies on a two-step optimization approach based on 

genetic algorithms (GA) and MINLP, in which a multi-objective function is used which takes into account reliability 

and operational technical constraints in its formulation. The suitability of the proposed methodology is tested on an 

existing low voltage power system, in which two aspects are considered: firstly, determining the optimal allocation of 

PV units and secondly, establishing the optimal reschedule of the active power of the generation units participating in 

the energy mix and minimizing both the real power losses and voltage deviation of the entire power system.
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1.
 
Introduction

 

Solar PV market has slightly increased during 2014 from 37.6 GW in 2013 to 38.7 GW [1] and its 

future expectations are very promising because of several factors. PV energy has reduced its unit costs 

which happened thanks to continuous technological progress, higher production efficiency and its 

widespread implementation, among other reasons. The trend of decreasing unit cost will also continue in 

the future as the technology improves. Thus, PV is predicted to achieve grid parity (competitiveness with 

electricity grid retail prices) before 2020 in many regions [2].
 

As solar panels can be easily incorporated into the architecture of a building and because of the fact 

that most electricity consumption is generated within the urban environment, Building Integrated PV 

(BIPV) has become one of the most promising applications of PV systems. Meanwhile, there are still 

large industrial PV systems producing enormous quantities of electricity at a single point and which are 

environmentally friendly. These types of electricity generation plants can range from many hundreds of 

kilowatts to several megawatts. 
 

Distribution Power network management with the presence of PV should evolve from an 

uncoordinated scheme, in which each DER unit is connected to the network and which works locally, to a 

coordinated power management throughout the whole power network in which every DER unit is 

controlled by a decentralized energy management controller, as shown in Fig. 1. A new power network
 

management strategy has to be applied in order to efficiently increase the use of DER units in power 

networks management, and at the same time, to keep reliability of the power systems.
 

The decentralized energy management strategy must be in charge of optimizing the operation of the 

whole network by increasing the reliability and the security of supply, and at the same time, by 

minimizing real power losses and voltage deviation. 
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Fig. 1. Coordinated power management strategy 

The traditionally used optimization algorithms [3]-[5], are no longer capable of managing non-convex 

systems like the proposed power system and they do not offer the availability of working with multi-

objective targets. The use of a multi-objective optimization algorithm stands out as the only suitable way 

to design and to optimally locate DER units in power networks and, at the same time, to consider a wide 

range of objective functions such as: reducing active power losses, voltage deviation and improving DER 

penetration. Compared with single objective optimization techniques, the multi-objective ones offer 

advantages because they are able to provide a solution containing different trade-offs among individual 

objectives, thus enabling the Power System Operator to select the best final solution [3]-[9]. 

The objective of the paper is to develop a decentralized coordinated power management strategy 

between Medium Voltage (MV) distribution power system and the Low Voltage (LV) distribution 

network in which some PV plants are optimally located in the lower voltage level. The optimal 

coordination among PV sources and the MV relies on an optimization algorithm based on a MINLP that 

aims, in the multi-objective formulation, to minimize real power losses and voltage deviation of the whole 

power system, taking into account the active generation reference set point supplied by the MV network. 

The suitability of the proposed strategy has been demonstrated on an existing Low Voltage distribution 

power system and it has been shown that the coordinated scheduling of PV plants will allow reduction of 

real power, at the same time, voltage deviation. 
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2. Aims and Objectives of the Work 

The aim of this paper is to develop a coordinated optimization algorithm for renewable energy sources 

in LV distribution network, considering the active power set-point received from the MV network (upper 

level) at the connection point. 

The optimal coordinated energy management strategy proposed in this paper is composed of two parts: 

 First: The optimal location of low voltage PV sources is found taking into account technical operation 

constraints. The output of the optimization process is the optimal location point at the LV network and 

the optimal sizing of each PV generation units. 

 Second:  The optimal scheduling of each PV source for the 24 hour-ahead period is performed 

considering both the technical operation constraints and the active power reference set point received 

from the MV network  

The objective is to optimize the generation delivered by involved PV plants, minimizing both active 

power losses and voltage deviations given by the difference between maximum desired voltage and the 

voltage values in each node of the MV / LV grid [10]. 

What is being achieved with this work is a coordinated management of low voltage networks using 

photovoltaic power plants, taking into account technical and operational concerns. To do so, it was 

developed an optimization algorithm with the structure described in III. 

3. Procedure Followed 

3.1. Multi-objective optimization algorithm 

Traditionally, optimization problems related to multiple objectives have been solved by means of 

linear programming in which one of the objectives is optimized and the others are included in the 

restrictions. This procedure generates disadvantages such as: 

 Representation of the objectives by means of the restrictions in linear programming can lead to 

unfeasible situations. 

 If the optimization is applied in a large system it is difficult to determine which restriction is 

generating the unfeasibility. 

 There is not a clear criterion for choosing the suitable objective function and in many cases the 

fulfilment of one single objective can come into conflict with others. 

Non commensurable and conflicting multi-objective functions must be faced by a set of optimal 

solutions instead of by using just an optimal solution. This set of solutions is known as Pareto-optimal 

solution and represents the best trade-off among all the individual objectives. Once a Pareto optimal 

solution has been found, it cannot be improved with respect to any objective without worsening, at least, 

another objective. 

Multi-objective algorithms stand out as a procedure to solve these problems in which the optimal 

solution is obtained by a set of efficient solutions. 

min 𝐹(𝑥) = 𝛼𝑓1(𝑥) + 𝛽𝑓2(𝑥)                                                                                                                                                                            (1) 

where: 

{f1, f2} set of the objectives to satisfy, 

f1(x) minimize active power losses, 

f2(x) minimize voltage deviation. 

Using different weights for  and  allows several solutions to be obtained. In this paper, two main 

objectives have been considered: minimizing real power losses and voltage deviation. 

3.2. Optimization problem statement 

The main objective of the optimization algorithm is to minimize both active power losses (3) and 

voltage deviation (4). 
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𝑓1(𝑥) = 𝑙𝑜𝑠𝑠𝑒𝑠 = ∑ ∑ 𝐺𝑖𝑗𝑗𝑖 (𝑈𝑖
2 + 𝑈𝑗

2 − 2𝑈𝑖𝑈𝑗 cos(𝜃𝑖 − 𝜃𝑗))                                                                           (3) 

𝑓2(𝑥) = 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = 𝑠𝑞𝑟𝑡√[(𝑈𝑖𝑚𝑎𝑥 − 𝑈𝑖)
2/𝑁]                                                                                           (4) 

To get success with this implementation and achieve the main goal as well, it is necessary to put some 

restrictions on the grid developments, which are presented, as follows: 

 Load flow equations (5)-(8) 

 Voltage limits at the nodes of the network (9) 

 Generator limits (10)-(11), given by the PQ curve on PV generator 

 Lines and transformers overloads (12)-(13) 

 Solar Resource Availability (14) 

 PV generation deviations from the MV active generation set point (𝑃r𝑒f𝑀𝑉−𝐿𝑉) (15) 

𝑃𝑔𝑖 − 𝑃𝑑𝑖 − 𝑃𝑖(𝑈, 𝜃) = 0                                                                                                                    (5) 

𝑄𝑔𝑖 − 𝑄𝑑𝑖 − 𝑄𝑖(𝑈, 𝜃) = 0                                                                                                                      (6) 

𝑃𝑖(𝑈, 𝜃) = 𝑈𝑖 ∑ 𝑈𝑘

𝑁

𝑘=1

(𝐺𝑖𝑘 𝑐𝑜𝑠 𝜃𝑖𝑘 + 𝐵𝑖𝑘 𝑠𝑖𝑛 𝜃𝑖𝑘)                                                                                                             (7) 

𝑄𝑖(𝑈, 𝜃) = 𝑈𝑖 ∑ 𝑈𝑘

𝑁

𝑘=1

(𝐺𝑖𝑘 𝑠𝑖𝑛 𝜃𝑖𝑘 − 𝐵𝑖𝑘 𝑐𝑜𝑠 𝜃𝑖𝑘)                                                                                                           (8) 

𝑈𝑖,𝑚𝑖𝑛 ≤ 𝑈𝑖 ≤ 𝑈𝑖,𝑚𝑎𝑥                                                                                                                                         (9) 

𝑃𝑔𝑖,𝑚𝑖𝑛 ≤ 𝑃𝑔𝑖 ≤ 𝑃𝑔𝑖,𝑚𝑎𝑥                                                                                                                                    (10) 

𝑄𝑔𝑖,𝑚𝑖𝑛 ≤ 𝑄𝑔𝑖 ≤ 𝑄𝑔𝑖,𝑚𝑎𝑥                                                                                                                                  (11) 

𝐼𝑏𝑟𝑎𝑐ℎ𝑗 ≤ 𝐼𝑚á𝑥,𝑏𝑟𝑎𝑛𝑐ℎ𝑗                                                                                                                                       (12) 

𝑃𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 ≤ 𝑃𝑚á𝑥,𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟                                                                                                                      (13) 

𝑃𝑃𝑉𝑖,ℎ ≤ 𝑃𝑚á𝑥,ℎ                                                                                                                                                   (14) 

∑ 𝑃𝑃𝑉𝑖𝑖 ≤ 𝑃𝑟𝑒𝑓𝑀𝑉−𝐿𝑉                                                                                                                         (15) 

PrefMV-LV is referred as the active power set-point received from MV network (upper level) at the MV-

LV connection point. The MINLP algorithm proposed in this paper was developed and simulated on 

MATLAB environment [11]-[12].  

4. Application Results 

4.1. Description of the low voltage network 

In the next section, the proposed coordinated management strategy based on multi-objective MINLP is 

applied upon an existing LV distribution power network (380V), consisting of five main feeders (162 

nodes) which feeds to 56 residential consumers, with a total contracted capacity of 1.87 MW. 

4.2. First step: Optimal sitting and sizing of PV plants 

The first step in the optimization of the power system is to accommodate several PV plants. Three PV 

plants with a total capacity of 100 kW must be optimally connected to the LV power network.  

216
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Optimal evacuation point and proper sizing of PV plants are found by using an optimization algorithm 

in which a multi-objective GA strategy is applied in order to:  

 Minimize real losses, f1(x), 

 Minimize voltage deviation, f2(x), 

Thereby, the multi-objective function could be expressed as (2). 

According to Spanish national legislation, every utility is obliged to maintain the voltage supply within 

an admissible margin of 10% around nominal voltage [8]. Consequently, this restriction is considered to 

be a constraint in the optimization problem. 

The results of the multi-objective process are shown in Table 1. The optimal evacuation point of a 

solar PV plant should be located at bus #127 with a size of 60 kW on feeder 1, a second solar PV plant 

has to be located at bus #217 with a rate of 35 kW on feeder 2 and finally, a third solar PV plant is to be 

located at bus #419 with a rate of 5 kW on feeder 4. 

Table 1. Optimal allocation and size 

PV1 PV2 PV3 

LocPV1 RatePV1 

[kW] 

LocPV2 RatePV2 

[kW] 

LocPV3 RatePV3 

[kW] 

127 60 217 35 419 5 

 

Table 2 shows how the optimal evacuation point of PV sources can reduce power losses up to 20%, 

compared to the original power network. 

Table 2. Power losses  

Original network 

 (without PV 
sources) 

Optimal network 

(PV sources 
optimally located) 

Power losses 

reduction 

75 kW 60 kW 20% 

4.3. Second step: Optimal day-ahead scheduling 

Once the evacuation point of PV plants has been optimally located and sized in the power network 

according to Table 1, an optimal coordinated scheduling of real power generation from conventional and 

solar PV plants is performed. 

The second step of the optimization process deals with minimization of both real power losses and 

voltage deviation of the whole power systems for the next 24 hour day-ahead, taking into account the MV 

active reference set point received from the MV upper level. The inputs of this process are: 

 The 24 hour Day-Ahead load forecast provided by the Distribution System Operator (DSO). 

 The 24 hour Day-Ahead solar generation forecast as detailed in [13]. 

 The optimal power network topology where PV plants have been optimally located and sized.  

 The MV-LV active reference set point. 

With all these inputs, MINLP accommodates real power generation of all generation units in an 

optimal and decentralized way according to (2). 

Several optimization strategies have been developed and summarize in Table 3. 

Table 3. Optimization strategies 

 PV   

O.E. 1 optimal 0 1 

O.E. 2 optimal 0.5 0.5 

O.E. 3 optimal 1 0 

 

For each one of the three optimization strategies, two different scenarios are considered: typical winter 

day and summer day. 
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4.4. Winter and summer day scenarios 

A typical winter and summer day scenario is summarized in Appendix. The hourly load demand and 

the 24 hour Day-Ahead solar generation forecast for the winter day are shown in Fig. 5 (a) and (b) 

respectively. Knowing the 24 hour day ahead reference set point (PrefMV-LV) received from the MV level, 

the different optimization strategies are compared in terms of reduction of power losses (in percentage) 

and voltage deviation in p. u. Fig. 2 shows the reduction of power losses (in percentage) for each one of 

the optimization strategies detailed in Table 3. It could be observed that only those optimization strategies 

which include the minimization of active power losses in its formulation are able to reduce power losses 

during the whole day which corresponds to O.E.2 and O.E.3.  

 
 (a) (b) 

Fig. 2. Losses reduction for winter (a) and summer scenario (b). 

 
(a)                                                                                         (b) 

Fig. 3. Voltage profile for peak hour and winter (a) and summer (b) scenario. 

 
(a)                                                                                                    (b) 

Fig. 4. PV generation for O.E.2 winter (a) and summer (b) scenario. 

Fig. 3 represents the voltage profile for the peak demand hour in main feeders with presence of PV. It 

can be seen that incorporation of PV plants improves the voltage profile, in terms of voltage deviation for 

all the optimization strategies. In this case, O.E.1 is the strategy that allows voltage profile to be flatter.  

Fig. 4 shows the hourly contribution of each PV source for complying with the active power reference 

set point received from the MV level when O.E.2 is considered. It can be noted that PV2 and PV3 are the 

most suitable units to fulfil the generation of the commanded reference set point, PrefMV-LV, received from 
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the upper level.  

From previous results it can be concluded that the application of multi-objective optimization 

strategies improves the technical operation of the distribution network minimizing both active power 

losses and voltage profile deviation.  

At the same time, the multi-objective optimization formulation based on MINLP proposed in this 

paper is very effective to coordinate in a decentralized way the whole operation of MV and LV 

distribution power networks when PV units are included. 

5. Conclusions and Future Approach 

This paper presents a decentralized coordinated management strategy in active networks where 

conventional and distribution energy sources such as photovoltaic power plants are operating in a 

coordinated and optimum way. The Day-ahead unit commitment scheduling is performed by using the 

proposed optimization strategy, in which the power production of every generation unit (conventional and 

renewable) is optimally planned according to the 24 hour Day-Ahead forecast of the power demand 

supplied by the DSO. The method has been applied to an existing low voltage distribution power network 

in which photovoltaic power plants are optimally located using GA. Results show the capability of the 

proposed optimization strategy based on MINLP to maintain the reliability and safety of the supply of the 

active power network. 

Future approach has driven by a centralized medium and low voltage coordinated management that 

will be developed to deal with the optimal day-ahead unit commitment of a whole distribution power 

system, from medium to low voltage power system. 

Appendix  

  
(a)                                                            (b) 

Fig. 5. 24-hour day-ahead power demand forecast (a) and Solar forecast of PV plants (b) 
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