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Abstract-- The demand for low-carbon solutions has led major 

electricity consumers to seek ways of replacing fossil fuel 

consumption with renewable energy in their processes. The 

intermittent nature of power generated by key renewable sources 

has implications for the generation-load balance of the electrical 

system, especially in weaker grids. This paper presents a case 

study for a behind-the-meter integration of a photovoltaic (PV) 

source into a downstream oil and gas industrial electrical system. 

The developed analysis uses a quasi-static power flow simulation 

employing Python’s library, Pandapower. An Optimal Reactive 

Power Dispatch (ORPD) algorithm is proposed to control the 

plant’s power factor (PF) at the Point of Interconnection (POI) 

with the bulk power system and to minimize its main buses voltage 

magnitude deviations. An Evolutionary Algorithm, called Particle 

Swarm Optimization (PSO), is applied to run the ORPD, defining 

the day-ahead setpoints for the plant’s existing synchronous 

generators (SG) controlled voltages, PV inverter reactive power 

injections, and transformers tap positions. The results showed that 

the proposed algorithm effectively maintained the POI power 

factor within regulatory limits while keeping the system bus 

voltage magnitude within its specified utilization range throughout 

the daily renewable energy generation curve. 

 
Index Terms—Renewable energy sources, Hybrid power 

system, Industrial power systems, Reactive power control, Particle 

swarm optimization 

I.  NOMENCLATURE 

HV – High-voltage. 

MV – Medium-voltage. 

OLTC – On-load Tap Commuter 

RHS – Right Hand Side 

USD – United States Dollars 

II.  INTRODUCTION 

hotovoltaic (PV) solar energy has been one of the fastest-

growing energy sources in the last decade, with its globally 

installed capacity increasing from 40 GW in 2010 to 586 GW 

in 2019 [1]. This trend has been driven primarily by the 

necessity of adopting low-carbon solutions in response to the 

impacts of climate change. Furthermore, the continuous 

reduction in its Levelized Cost of Electricity (LCOE), 

decreasing 89% between 2010 and 2022, falling from 449 

USD/MWh in 2010 to 49 USD/MWh in 2022 [2], is 

accelerating its application. 

The energy produced by PV generation is intrinsically linked 

to solar irradiation, whose levels fluctuate daily from zero to 

some maximum value. This intermittent nature directly impacts 

the electrical system generation-load balance, and its system 

integration has become a subject of intense study by grid 

planners. As the share of renewable sources in the generation 

portfolio increases, new challenges arise, especially those 

related to power quality. These challenges include problems 

associated with harmonics, voltage fluctuations and violations, 

reverse power flow, and electrical equipment protection 

discoordination [3]. 

Impact studies aim to identify the effects resulting from the 

integration of renewable sources on the performance of the 

electrical system, enabling the formulation of mitigation 

solutions [4]. One possible approach for these studies is through 

the quasi-static power flow. This method consists of a 

sequential series of power flow simulations with a defined 

periodicity over a specific period of interest. This approach 

emerges as an alternative to the dynamic simulation methods, 

which require more detailed modeling and more significant 

computational effort. 

Major oil and gas companies have been urgently searching 

for ways to reduce their Scope 1 and 2 carbon emissions to 

comply with international agreements and local agencies’ 

regulations. Electrifying low efficient thermal machines and 

obtaining electrical energy from renewable sources are among 

possible alternative measures to achieve these goals. Behind-

the-meter integration of renewable sources refers to its 

installation on the customer side of the utility meter and is a 

viable approach to oil and gas companies decarbonize its 

activities. However, its application can lead to power factor and 

voltage control issues for the industrial electrical system. It is 

well known that, especially in predominantly inductive 

networks, reactive power variations strongly affect bus voltage 

magnitudes [5], which needs to be maintained within electrical 

equipment and load supply range. In this sense, control 

strategies must seek to simultaneously control the plant's power 

factor and bus voltage magnitudes. 

While there is a significant amount of work evaluating the 

impacts of renewable sources on distribution and transmission 

electrical systems, the interest of large industrial consumers in 

utilizing them within their internal electrical systems is still 

recent, underscoring the need for more research and 

publications exploring such a topic [6]-[7]. 

This paper aims to assess the electrical performance of a 

behind-the-meter PV source integration in a grid-connected 

industrial refinery electrical system already containing internal 
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generation based on thermal source. The analysis will focus on 

the power factor (PF) hourly variations at the point of 

interconnection (POI) with the external grid and on the system 

bus voltage fluctuations. An Optimal Reactive Power Dispatch 

(ORDP) strategy is proposed for controlling the plant's POI 

power factor and the system's bus voltage magnitude 

deviations. The proposed control strategy uses an Evolutionary 

Optimization Algorithm called Particle Swarm Optimization 

(PSO) to adjust various electrical system's continuous and 

discrete control variables. This proposed algorithm will set the 

plant's fossil-driven synchronous generators (SG) automatic 

voltage regulators (AVR), PV source inverter reactive power 

injection, and HV-MV transformers tap positions to accomplish 

its goals 

III.  MATERIALS AND METHODS 

A.  Power flow algorithm 

The power flow problem solution involves calculating the 

voltages and angles at all buses and the power flows through 

each branch of a given electrical network. Numerous algorithms 

have been developed for performing this task, with nonlinear 

programming approaches, especially those based on the 

Newton-Raphson method, being among the most commonly 

used. In these approaches, each bus in the electrical network is 

traditionally classified into one out of three categories: slack 

bus (Vkθk), voltage-controlled bus (PkVk), or load bus (PkQk). 

The designation of each category indicates the predetermined 

electrical variables associated with it. The problem is then 

formulated on the mismatch equations between the power 

injections calculated through the solution of bus’s voltage 

magnitude and angle and the scheduled active (Pk
sch) and 

reactive (Q
k

sch) powers, which must equal. Active power 

mismatch equations can be solved for voltage-controlled buses 

(NPV) and load buses (NPQ), while reactive power mismatch 

equations can be solved for load buses. Equations (1) and (2) 

present the power mismatch equations for an arbitrary bus ‘m’ 

of an N-bus electrical network, where Gmn and Bmn are the 

branch’s conductance and susceptance between buses ‘m’ and 

‘n’, respectively. 

∆𝑃𝑚 = P𝑚
sch − V𝑚 ∑V𝑛(Gmncosθmn+Bmnsinθmn)

N

n=1

= 0  (1) 

∆Q
m

=Q
m

sch − Vm ∑ Vn(Gmnsinθmn-Bmncosθmn)

N

n=1

=0 (2) 

Equations (1) and (2) are iteratively solved by matching it 

with the product between the angles and voltages magnitudes 

deviations and the power equations Jacobian matrix (J) [8]. 

[J] [
∆θ

∆V
] = [

∆P

∆Q
] (3) 

Where vectors ∆P and ∆Q are formulated as per indicated in 

(1) and (2), and angles and voltage magnitudes mismatches are 

calculated as per (4) and (5), where the index i represents the 

algorithm iteration. 

𝜃𝑚
𝑖+1

=𝜃𝑚
𝑖+∆𝜃𝑚  (4) 

𝑉𝑚
𝑖+1=𝑉𝑚

𝑖+∆𝑉𝑚 (5) 

B.  Optimal Reactive Power Dispatch (ORPD) 

The Optimal Reactive Power Dispatch (ORPD) is a multi-

objective mixed-integer nonlinear (MINLP) sub-problem of 

optimal power flow (OPF) that usually consists of minimizing 

electrical system power losses while enhancing its voltage 

profile [9]. In order to achieve these goals, the ORPD algorithm 

adjusts the electrical system’s continuous and discrete variables 

for controlling network reactive power flow. Variables 

typically optimized by the ORPD algorithm are the generator’s 

voltages, the transformer’s taps, and reactive power injection 

setpoint by compensation devices (e.g., capacitor banks, static 

var compensators, synchronous condensers). 

C.  Particle Swarm Optimization (PSO) 

J. Kennedy and R. Eberhart invented Particle Swarm 

Optimization (PSO) algorithm in 1995 [10]. The technique was 

inspired by the behavior of creatures like fish schooling and bird 

flocking, where each agent's response is dictated by its own and 

the group’s experiences. This method has already been 

successfully applied for solving an electrical system ORPD 

problem [11]. 

Each possible solution for the objective function 

minimization (or maximization) is called a particle in this 

method. The particles are randomly initiated and then move 

along the n-dimensional search space. Every particle has a 

position (X) and a velocity (V), which are updated at each 

iteration [12]. The updates are based on the particle's best 

position (pbesti) and group’s best position (gbest), as per 

indicated in (6) and (7), for an arbitrary ‘i’ iteration: 

V𝑘
i+1= 𝜔𝑘

𝑖V𝑘
𝑖+c1rand1(𝑝𝑏𝑒𝑠𝑡𝑘

𝑖 − X𝑘
𝑖)

+ c2rand2(𝑔𝑏𝑒𝑠𝑡𝑖 − X𝑘
𝑖) (6) 

X𝑘
i+1=X𝑘

𝑖 + 𝐶.V𝑘
i+1 (7) 

Where: 

• Vk
i , Vk

i+1  are the particle ‘k’ velocities at iterations ‘i’ 

and ‘i+1’, respectively. 

• Xk
i , Xk

i+1 are the particle ‘k’ positions at iterations ‘i’ 

and ‘i+1’, respectively. 

• 𝑝𝑏𝑒𝑠𝑡𝑘
𝑖
 is the particle ‘k’ best position at iteration ‘i’. 

• 𝑔𝑏𝑒𝑠𝑡𝑖 is the group best position at iteration ‘i’ 

• c1, c2 are the cognitive and the social coefficients, 

respectively. 

• 𝜔𝑘
𝑖 is the particle ‘k’ inertia coefficient at iteration ‘i’. 

• C is the constriction factor. 

• rand1, rand2 are random numbers in range [0,1]. 
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The inertia coefficient (𝜔𝑘
𝑖) balance the algorithm’s local 

and global search. Experience indicates that best results are 

obtained if its value is updated between a maximum ( ωmax) and 

minimum ( ωmin) as a linear function of iteration value ‘i', as 

shown in (8) [13]. 

𝜔𝑘
𝑖  = ωmax −

 ωmax −  ωmin

𝑁𝑢𝑚𝑏𝑒𝑟𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛

× Iteration (8) 

The constriction factor (C) is another parameter used for 

algorithm result stability and is calculated according to (9) [14]. 

C=
2

|2 − 𝜑 − √𝜑2 − 4𝜑|
, where φ=𝑐1 + 𝑐2, 𝜑 > 4 (9) 

D.  Industrial Electrical System Generation Dispatch 

Typical downstream oil and gas industrial plants have 

Combined Heat and Power (CHP) schemes that use fossil fuel 

and process waste gases to generate steam, heat, and electricity 

simultaneously. These plants are usually connected to the bulk 

power system, enabling the sale or purchase of electricity 

whenever required. Overall, the internal electrical generation 

active power dispatch for these plants involves a complex 

optimization problem, where multiple variables need to be 

accounted (e.g., fuel and electricity wholesale prices, plant’s 

steam, heat, and electricity demands, CO2 emissions, viable 

operation mode) [15]. 

While SG active power dispatch is limited by prime mover 

capability, reactive power dispatch is limited by three main 

variables: (a) armature current; (b) field current; and (c) end 

region limit [16]. These three limits, along with the generator’s 

prime mover limit, compose into the capability curve, which 

indicates generators permissible area for active and reactive 

power dispatch. Fig. 1 graph shows a cylindrical rotor 

synchronous generator typical reactive power capability curve 

[17]. As can be depicted, the generator power factor, and its 

reactive power dispatch limit, depends on the active power 

generation. 

 
Fig. 1 Typical reactive power capability curve for a synchronous generator. 

Electrical system’s reactive power dispatch usually aims to 

minimize losses while enhancing bus voltage profile. While 

bulk power system transmission lines span large distances, 

industrial electrical feeders tend to be shorter, making these last 

electrical system power losses significantly lower. For these last 

system’s, the reactive power dispatch is oriented to maintain the 

system’s bus voltage at an adequate utilization level while 

maintaining its POI with external grid within regulatory limits. 

Brazil’s electrical system national operator (ONS) sets a 

minimum 0.95 power factor threshold for consumers directly 

connected to the transmission system, which is the case for the 

majority of large national oil and gas industrial unities. 

The voltage range for industrial equipment typically lies 

within the 0.95 to 1.05 pu range. Given that an industrial 

electrical system typically has a radial topology, its end load 

bus tends to have lower voltage when compared to primary 

distribution buses. For this reason, primary distribution bus 

voltages are expected to operate just above the 1.00 pu level, to 

compensate for network voltage drops 

E.  Photovoltaic inverter reactive power injection 

Many standards and codes regarding grid-connected PV 

inverters establish requirements for power factor and reactive 

power injection at the grid connection point. The Brazilian 

Standard for distribution-connected PV inverters (ABNT NBR 

16149) requires that inverters with rated power above 6kW 

must be able to operate with a power factor from 0.90 lagging 

to 0.90 leading when output active power is within 20% to 90% 

of its rated value [18]. Fig. 2 graph shaded gray area shows 

Standard ABNT NBR 16149 photovoltaic inverter operating 

locus [19]. 

 
Fig. 2 Standard ABNT NBR 16149 photovoltaic inverter operating area. 

IV.  CASE STUDY 

A.  Study case application for the ORPD 

A study case will be conducted in a refinery industrial 

electrical system exploring a behind-the-meter installation of a 

photovoltaic source. This study case will focus on applying a 

ORPD routine for defining system’s different sources reactive 

power dispatch. The following sections will present the 

electrical system modelling and optimization algorithm applied 

methodology. 

B.  Network Modelling 

Fig. 3 shows the studied industrial electrical system one-line 
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diagram. It consists in a grid-connected HV sector (138kV) and 

three MV primary distribution (13.8kV) islands. Each island is 

connected to the HV sector by one 40MVA 138-13.8kV power 

transformer (T1, T2, and T3) equipped with OLTC. Island’s 1 

and 2 are also supplied by steam moved synchronous generators 

(G1, G2, G3, G4, and G5). The network model also contains a 

few air-core reactors for short-circuit current limitation and 

electrical cable for panels interconnection. Table I shows data 

for Fig. 3 system’s power transformers and air-core reactors and 

Table II shows data for the electrical cables. 

TABLE I 

TRANSFORMER AND AIR-CORE REACTOR DATA 

Id. Rated Power Reactance X/R 

T1, T2 and T3 40 MVA 12.5% 30 

X2-3, X2-4 and X2-5 20 MVA 0.42Ω/phase 50 

X7-8 20 MVA 0.45Ω/phase 50 

X8-9  and X8-10 20 MVA 0.40Ω/phase 50 

TABLE II 
ELECTRICAL CABLE DATA 

Id. Resistance Reactance Length 

L3, L4 and L5 0.0850 Ω/km 0.1120 Ω/km 0.2 km 

L8 and L9 0.0850 Ω/km 0.1120 Ω/km 0.2 km 

L11 0.0850 Ω/km 0.1120 Ω/km 0.5 km 

L2, L6 and L10 0.0760 Ω/km 0.0646 Ω/km 2.0 km 

Python’s open-source library ‘Pandapower’ [20] is used for 

electrical system modelling, control and simulation. This 

platform is chosen due to its integration with other Python’s 

third parties’ libraries such as ‘Pandas’ and ‘NumPy’, allowing 

easy implementation of external files reading and optimization 

algorithms routines. 

 
Fig. 3 Industrial system electrical one-line diagram. 

C.  Synchronous Generators modelling 

The methodology adopted in this paper for the synchronous 

generators (SG) modelling considers their active power 

dispatch as fixed, regardless of the renewable energy 

penetration, with values according to Table III. This premise 

enforces that the interchange with the bulk power system is 

responsible for absorbing the active power fluctuations caused 

by the PV source penetration. This assumption significantly 

reduces the analysis complexity since it dismisses the necessity 

of running a CHP optimization in parallel with the ORPD at 

each simulation time step. This simplification is justified by the 

fact that the main focus of this paper is to assess the reactive 

power dispatch problem. If necessary, it would be easy to adapt 

the proposed control algorithm to account for simultaneous 

changes in synchronous generators’ active power dispatch. 

TABLE III 
INTERNAL GENERATION ACTIVE POWER DISPATCH 

Id. 
Active Power 

dispatch [MW] 

Reactive Power 

Limit [Mvar] 

G1, G2 and G3 6.0 6.375 

G4 and G5 11 12.35 

The proposed ORPD algorithm will use SG’s terminal 

voltage as a control variable to maintain PF at the POI with the 

bulk power system within the strict regulatory limits, as 

discussed in next sections. The SGs setpoint references shall be 

updated at each time step of simulation by the optimization 

algorithm. In an actual system operation, these variables would 

be controlled by regulating SG’s AVR setpoint, which typically 

has a fast response. 

SG reactive power dispatch limit shall be taken as 

constraints when formulating the power flow algorithm, 

according to the values shown in Table III. Since its active 

power dispatch is maintained constant throughout simulation, 

so is its conjugated reactive power limit. 

D.  Transformers OLTC modelling 

Industrial main HV-MV transformers are typically equipped 

with OLTC, which enables changing taps while the transformer 

is energized. As its primary winding is connected to a bus 

whose voltage is dictated by the external grid and is only 

slightly affected by the industrial internal system, transformer 

tap commutation can control its branch's reactive power flow 

and secondary voltage. 

The developed model considers transformer taps as discrete 

control variables, meaning that the optimization must 

simultaneously handle continuous and discrete variables. 

Transformers T1, T2 and T3 limits are between ±10% range 

with 1.25% step ratio. 

E.  Load modelling 

The electrical loads consist of the plant’s area substations 

that feed industrial equipment (e.g. pumps, compressors, 

heaters). For model simplicity, they were grouped in the 

primary distribution system main buses as constant power loads 

(ZIP model). Table IV shows the electrical loads power 

demands at each main primary distribution bus and plant’s total 
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power demand. 

TABLE IV 
ELECTRICAL SYSTEM LOADS 

Bus Active Power [MW] Reactive Power [Mvar] 

3 5.4 1.8 

4 11.7 5.4 

5 8.1 4.5 

7 20 14 

9 10 4.0 

10 7.5 3.0 

11 16.5 10.5 

Total 79.2 43.2 

To account for the plant’s daily normal load variations, 

Table IV power demands will be varied between -5% and +5% 

following a gaussian distribution between adjacent time steps. 

F.  Photovoltaic source modelling 

The PV source is modeled as active and reactive power 

injections at Bus 111 of Fig. 3 electrical system. This bus is 

considered a load-type bus in the formulation of the power flow 

problem, and the active and reactive power injections are 

updated at each simulation time step. Assumed PV source 

active power injections are indicated in generation profile 

curves plotted in Fig. 4 graph. 

The utilized data was collected from an existing PV plant 

located in the state of Minas Gerais, Brazil, for the average 

generation in January 2022. This data is publicly available on 

the Brazilian National Operator (ONS) website. The plant’s 

original generation values were scaled to match the proposed 

PV source rated powers at its daily peak under three different 

scenarios: 

• Scenario 1: 10 MW.  

• Scenario 2: 20 MW.  

• Scenario 3: 30 MW. 

Simulation is performed with hourly time steps between 

05:00 and 19:00, as shown in Fig. 4, resulting in 15 ORPD runs 

for each scenario. 

 
Fig. 4 Photovoltaic daily generation profile. 

The PV inverters are considered to be oversized so that the 

plant is capable of providing reactive power even during its 

daily peak generation. This means that PV panels peak 

generation (10 MW, 20 MW or 30 MW) corresponds to 90% of 

inverter’s permissible power output indicated in Fig. 2 graph. 

G.  Developed Model Validation 

To guarantee coherent results, the Pandapower developed 

model was compared with a specific model developed in the 

electrical simulation software Power Tools for Windows 

(PTW). Load and generation were set to equivalency between 

the two models, and voltage values, in kilovolts, for main buses 

are shown in Table V. 

TABLE V 

MODEL COMPARISON POWER FLOW SIMULATION VOLTAGES MAGNITUDES 

Bus Pandapower PTW Var. (%) 

1 137810.2298 137810.2 0.0001% 

2 13933.08956 13933.07 0.0001% 

3 14060.50688 14060.51 0.0000% 

4 14033.30228 14033.33 -0.0002% 

5 14050.07211 14050.06 0.0001% 

7 13804.43492 13804.79 -0.0026% 

8 13976.14623 13976.25 -0.0007% 

9 14052.12553 14052.13 0.0000% 

10 14053.74427 14053.75 0.0000% 

11 14259.7546 14259.79 -0.0002% 

20 137824.7725 137824.7 0.0001% 

21 137818.3284 137818.3 0.0001% 

22 137809.5685 137809.5 0.0001% 

111 14340.45749 14340.5 -0.0003% 

H.  Optimal Reactive Power Dispatch (ORPD) Formulation 

Two objectives were chosen for formulating the 

optimization function: (a) maintaining the plant’s power factor 

at the POI with the bulk power system at 1.00, and (b) 

minimizing the voltage deviations at a few selected buses (2, 7 

and 11). Equation (11) presents the objective function 𝑓(𝑥, 𝑦) 

chosen to be minimized by the ORPD algorithm, where (𝑥, 𝑦) 

are the system’s continuous and discrete state variables. 

Variable 𝑃𝐹𝑃𝑂𝐼  represents the plant’s power factor at the point 

of interconnection with the bulk power system and 𝑉𝑛 is the 

selected bus voltage magnitude, in per unit. 

𝑓(𝑥, 𝑦) = 𝑘1|1.00 − 𝑃𝐹𝑃𝑂𝐼| + 𝑘2 ∑ |1.02 − 𝑉𝑛|

𝑛=2,7,11

 (11) 

Being a metaheuristic optimization procedure, PSO does not 

guarantee exact solution convergence, unlike mathematical 

programming optimization methods (e.g., linear and nonlinear 

programming). For this reason, it was chosen to define the 

objective function so as to maintain the 𝑃𝐹𝑃𝑂𝐼  close to unity, 

ensuring that program convergence natural mismatches still 

remain above the acceptable 0.95 regulatory threshold.  

The voltage deviation index (second objective) is only 

calculated for buses 2, 7, and 11, which are located at the 

secondaries of the electrical system’s main HV-MV 

transformers. This condition was chosen to avoid OLTC control 
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instability. Also, the objective function voltage reference for 

deviation calculation is chosen to be 1.02 pu to ensure that the 

primary distribution buses voltage magnitudes are above 1.00 

pu level. 

Coefficients 𝑘1 and 𝑘2 balance the two RHS sub-equations 

mismatches. They are important to ensure that all objectives are 

equally achieved by optimization. 

Equation (11) objective function will be minimized by 

applying the PSO algorithm described in the previous section. 

The following variables were chosen for controlling the 

electrical system’s reactive power to achieve this goal: 

• X1: Generators G1, G2 and G3 controlled voltage. 

• X2: Generators G4 and G5 controlled voltage. 

• X3: Transformer T1 tap position. 

• X4: Transformer T2 tap position. 

• X5: Transformer T3 tap position. 

• X6: PV source reactive power injection. 

Electrical Islands 1 (G1, G2, and G3) and 2 (G4 and G5) SG 

had their controlled voltages coupled into the same PSO 

particles to avoid potential instability caused by intra-island 

control disputes. This means the PSO algorithm perceives their 

voltage magnitudes as one single variable and seeks 

optimization by manipulating them simultaneously. 

Since the control variables can be configured in multiple 

ways to satisfy the objective function shown in (11), it is 

important to avoid extreme oscillation in their setpoints 

between adjacent time steps. This can be achieved by initiating 

PSO particles within a close range of the previous time step 

global best positions. Traditional application of PSO initiates 

each particle position of the X vector randomly within the 

control variables range. However, to avoid significant 

variations between adjacent time steps and to guarantee better 

variable continuity, particles associated with SGs voltages and 

transformers tap setpoints are to be initiated following a 

gaussian distribution between 0.90 and 1.10 times the previous 

time step’s best parameter. This rule’s only exception is in the 

daily first iteration (05:00), where particles are initiated 

according to the traditional algorithm application. 

A second measure adopted to improve control variable 

stability between adjacent time steps is to only adjust the HV-

MV transformers T1, T2 and T3 tap position when the voltage 

magnitudes of buses 2,7 and 11, respectively, falls out of the 

specified 1.00 to 1.03 pu range deadband between adjacent time 

steps. 

I.  Simulation flowchart 

Fig. 5 flowchart illustrates the developed simulation 

procedure. Firstly, the PV active power generation data is read 

from an external Excel spreadsheet and stored in a Python data 

frame type variable. Then, the electric network is initiated, 

modeling Fig. 3 electrical system. The ORPD for each time step 

is run within a loop that systematically updates the system’s 

loads and the PV active power generation. The PSO algorithm 

is first run for each time step without adjusting the transformer’s 

taps. If the optimization resultant value for buses 2, 7 or 11 

voltage magnitude falls out of the 1.00 to 1.03 pu range, then a 

second optimization is performed, and the transformers taps are 

also adjusted along with SG voltages and PV source reactive 

power injection. The optimized results for each time steps are 

saved and later exported to an Excel spreadsheet. 

 
Fig. 5 Simulation flowchart. 

V.  RESULTS AND DISCUSSIONS 

A.  Optimization algorithm test parameters and tolerance 

The PSO algorithm was set to run with 30 particles, 10 

iterations, and with a 2.05 value for the cognitive (c1) social (c2) 

coefficients. The inertia coefficient was set to vary linearly 
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between 0.9 and 0.4 from the first to the last iteration, following 

(5). Objective function f(x,y) balancing constants k1 and k2 

were set to 1.00 and 3.00, respectively. These parameters were 

all obtained through pre-testing. 

The following constraints were imposed for system’s control 

variables: 

• 1.00 pu ≤ VG1, …, VG5 ≤ 1.05 pu 

• 0 ≤ QG1, …, QG3 ≤ 6.375 Mvar 

• 0 ≤ QG4, QG5 ≤ 12.35 Mvar 

• -10% ≤ OLTCT1, … , OLTCT3 ≤ +10% 

• 0 ≤ QPV ≤ 0.435 x PPV, if PPV ≥ 0.2 x PPV,MAX 

• QPV = 0, if PPV < 0.2 x PPV,MAX 

Where VG1, …, VG5 are the SG voltages, QG1, …, QG5 are the 

SG reactive power dispatch, OLTCT1, … , OLTCT3 are the HV-

MV transformers tap positions, and QPV and PPV are the PV 

source reactive and active power. The SG voltages and PV 

source reactive power injection are permitted to vary 

continuously between constraints while the HV-MV 

transformers tap positions are only permitted to vary in steps of 

±1.25%. 

Power flow simulations were performed with 1e-08 

tolerance using the Newton-Raphson solution method. PSO 

algorithm was performed until objective mismatch was inferior 

to 1e-03 or iteration achieved ten attempts. 

B.  Processing system characteristics 

Simulation was run on a machine equipped with a x64 

system with 11th Gen Intel(R) Core(TM) i5-1145G7 @ 

2.60GHz CPU having 16 GB RAM. Processing time was 

inferior to 300 seconds in all simulated scenarios. 

C.  Simulation Results 

This section presents numerical results that illustrate the 

proposed methodology application depicted in Fig. 5 flowchart 

in Fig. 3 electrical system for all three studied integration 

scenarios. 

Fig. 6 chart shows PF daily variation at the plant’s POI with 

the bulk power system. It can be noticed that in all three 

scenarios, the ORPD algorithm was efficient in maintaining the 

plant’s PF within regulatory limits. As already expected, the 

optimization could not keep the PF value closely attached to the 

1.00 objective throughout the day. However, the tolerance and 

number of iterations imposed to the optimization guaranteed 

that its error stayed below 0.05, ensuring that its value was 

always kept above the 0.95 threshold. 

In order to maintain the PF close to unity, the optimizer had 

to adjust the system’s electrical sources variables to control its 

reactive power dispatch. The PV source reactive power daily 

generation profile is graphically shown in Fig. 5 for all three 

scenarios. It is clear that Scenario 3 PV’s reactive power 

injection was the highest of all scenarios, while Scenario 1 was 

the lowest. This result is explained due the fact that SG active 

dispatch setpoints were kept constant, and the plant’s 

interchange with the bulk power system was responsible for the 

active power fluctuation caused by the PV source penetration. 

In Scenario 3, the active power interchange variation with the 

bulk power system was the highest, meaning a higher reactive 

power injection would also be required to reduce interchange 

reactive power and maintain PF at the POI within the 

constrained boundaries. 

Daily voltage magnitude fluctuations in Fig. 3 electrical 

system are shown in Fig. 8, Fig. 9, and Fig. 10 graphs for 

Scenarios 1, Scenario 2, and Scenario 3, respectively. Voltage 

magnitude was monitored for the following few selected buses: 

• Island’s 1 SG’s terminal buses (BUS_3, BUS_4, and 

BUS_5). 

• Island’s 2 SG’s terminal buses (BUS_9 and BUS_10).  

• Island’s 1 (BUS_2) HV-MV transformer secondary. 

• Island’s 2 (BUS_7) HV-MV transformer secondary. 

• Island’s 3 (BUS_11) HV-MV transformer secondary 

• Plant’s electrical system main HV (138kV) bus 

(BUS_1) 

 
Fig. 6 POI power factor daily variation curve. 

 
Fig. 7 PV source reactive power injection daily variations. 

Results demonstrated that the ORPD algorithm also 

achieved its second objective, which was minimizing the 

system’s voltage deviations, seeking to maintain its values 

within a suitable 0.95 to 1.05 pu operating range. It can be 

noticed that the system’s main buses voltage magnitudes were 

successfully kept just above the 1.00 pu level, while not 

exceeding the 1.05 pu threshold at any time. It is worth noticing 
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that buses 9 and 10 voltage magnitudes are superimposed in 

Fig. 8, Fig. 9, and Fig. 10 graphs. 

Fig. 11 shows the PV generator output PF daily variations. 

Values are not shown for 05:00 and 19:00 since both active and 

reactive power are zero for this hour. Results show that the PV 

source output PF was kept near the 0.90 constraint almost all 

day, except for the day's first hours, when the generated active 

power was below the minimum 20% value. In these moments, 

its output PF is 1.00, meaning no reactive power is generated. 

 
Fig. 8 Selected buses voltage magnitude daily variations for 10 MW injection. 

 
Fig. 9 Selected buses voltage magnitude daily variations for 20 MW injection. 

 
Fig. 10 Selected buses voltage magnitude daily variations for 30 MW injection. 

 
Fig. 11 PV generator output power factor. 

While Island 1 SGs had their terminal voltages closely 

attached around the 1.02 pu setpoint defined in the objective 

function, Island 2 SG had their voltages raised next to 1.05 pu 

limit in all three scenarios throughout most of the day. Having 

a higher voltage at its terminals enabled it to dispatch more 

reactive power, helping to balance the plant’s reactive power 

flow. Unlike Island 1 SGs, Island 2 SGs were able to maintain 

their voltages close to its boundary (1.05 pu) and not be 

penalized by deviating from 1.02 pu objective since bus 7 

voltage is not strongly coupled to them because of the voltage 

drop in the current limiting reactor (X7-8), electrically distancing 

bus 7 from buses 9 and 10.  

A second reason Island’s 1 SGs could not increase its voltage 

was due to reaching its reactive power dispatch limit. As seen 

in the Fig. 12 graph for Scenario 2, generators G2 and G3 

reached the 6.375 MVA reactive power dispatch constraint 

most of the day. On the other hand, G1 reactive dispatch has not 

reached the constraint between 08:00 and 15:00, and the reason 

was due to the fact that Bus 3 power demand, where G1 is 

connected, is significantly lower than Buses 4 and 5, where G2 

and G3 are, respectively, connected. Generators G4 and G5 

have not reached the 12.35 MVA reactive power dispatch 

constraint meaning that they were able to keep its terminal 

voltage magnitude in the 1.05 pu constraint. Generators G4 and 

G5 dispatched reactive power at 19:00 was significantly 

differed from 05:00. This condition is explained by the load 

demand variations included in the simulation model. 

 
Fig. 12 SG reactive power generation for Scenario 2. 
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As initially predicted, system’s reactive power fluctuations 

impacted its buses voltages magnitudes making their values 

raise. Buses overvoltage had to be controlled through 

transformers OLTC actuation. Table VI shows transformers T1, 

T2 and T3 tap positions for each simulated time step. These 

results illustrate necessary transformers tap commutations for 

maintaining system’s voltages within acceptable range, as 

depicted in the above graphs. 

It can be noticed that transformer T3 OLTC had to perform 

a higher number of daily commutations than the other two, 

having four daily tap changes for Scenarios 3 and two daily tap 

change for Scenario 1 and Scenario 2. A higher number of 

commutations for Scenario 3 can be explained due to the fact 

that busbar 11 had higher reactive power variation throughout 

the day, as already indicated in Fig. 7. It should be noted, 

though, that these quantities of daily commutations are well 

within the equipment capacity and does not impose 

maintenance or operation threats. 

TABLE VI 

TRANSFORMERS TAP POSITIONS (%) 

Hour 
Scenario 1 Scenario 2 Scenario 3 

T1 T2 T3 T1 T2 T3 T1 T2 T3 

05:00 0.00 -2.50 -5.00 0.00 -2.50 -5.00 0.00 -2.50 -5.00 

06:00 0.00 -2.50 -5.00 0.00 -2.50 -2.50 0.00 -2.50 -5.00 

07:00 0.00 -2.50 -5.00 0.00 -2.50 -2.50 0.00 -2.50 -2.50 

08:00 0.00 -2.50 -5.00 0.00 -2.50 -2.50 0.00 -2.50 -2.50 

09:00 0.00 -2.50 -2.50 0.00 -2.50 -2.50 0.00 -2.50 0.00 

10:00 0.00 -2.50 -2.50 0.00 -2.50 -2.50 0.00 -2.50 0.00 

11:00 0.00 -2.50 -2.50 0.00 -2.50 -2.50 0.00 -2.50 0.00 

12:00 0.00 -2.50 -2.50 0.00 -2.50 -2.50 0.00 -2.50 0.00 

13:00 0.00 -2.50 -2.50 0.00 -2.50 -2.50 0.00 -2.50 0.00 

14:00 0.00 -2.50 -2.50 0.00 -2.50 -2.50 0.00 -2.50 0.00 

15:00 0.00 -2.50 -2.50 0.00 -2.50 -2.50 0.00 -2.50 0.00 

16:00 0.00 -2.50 -5.00 0.00 -2.50 -2.50 0.00 -2.50 -2.50 

17:00 0.00 -2.50 -5.00 0.00 -2.50 -5.00 0.00 -2.50 -2.50 

18:00 -2.50 -2.50 -5.00 -2.50 -2.50 -5.00 -2.50 -2.50 -5.00 

19:00 -2.50 -2.50 -5.00 0.00 -2.50 -5.00 -2.50 -2.50 -5.00 

An additional simulation for the three scenarios was 

conducted exploring the SG capacity of maintaining POI power 

factor without PV source reactive power injection aid (e.g. QPV 

=0). Fig. 13 graph shows POI power factor results for this 

simulation. 

The plant’s SGs were only capable of maintaining system’s 

POI power factor above 0.95 in Scenario 1, where renewable 

energy penetration was the lowest, demonstrating the 

importance of PV inverter having reactive power injection 

capacity. Voltage magnitude and reactive power dispatch 

constraints prevented the plant’s SGs to solely adjust its control 

variables in order to achieve objective function goal. 

 
Fig. 13 POI power factor with PV source only injecting active power. 

VI.  CONCLUSIONS AND FUTURE WORK 

Industrial systems operators shall face new challenges with 

potential behind-the-meter integration of renewable energy 

within their electrical systems. Existent operational 

philosophies and control strategies must be updated to 

accommodate these electrical generation technologies, which 

possess distinct characteristics from today’s applied thermal 

sources. The development of impact studies as part of basic 

engineering design is paramount for guaranteeing the system’s 

safe and efficient integration of the renewable sources in the 

industrial electrical systems. 

The present paper developed a case study on a behind-the-

meter integration of a PV source into an industrial electrical 

system. The main focus was to define a strategy for optimizing 

the reactive dispatch of all electrical system sources, including 

not only the PV source to be integrated but also the existing 

thermal SG. The analysis sought to identify and correct the most 

significant impacts on the system's static operation, mainly 

identifying the following two effects: 

• Reduction in plant’s POI with bulk power system power 

factor as the PV source injects active power throughout 

the day. 

• Bus overvoltage as the industrial electrical system 

primary MV distribution is a predominantly inductive 

network and sensitive to reactive power disbalances. 

The reduction in plant’s power factor was mitigated by 

controlling the injection of reactive power from its multiple 

sources, thereby simultaneously decreasing the demands for 

both active and reactive power at the point of connection with 

the external grid. The PV source connection bus overvoltage 

was solved by adjusting the plant’s transformers’ taps through 

its OLTC. 

The proposed algorithm was shown efficient in achieving its 

goals, that was maintaining plant’s POI power factor within 

regulatory limits, while keeping bus voltage magnitudes at 

acceptable levels. It is expected that it can serve as a tool for 

industrial electrical system operator plan its daily operation. 

For future work, it is suggested that a contingency analysis 
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be run, analyzing its implications for the system’s ability to 

maintain voltage magnitude at its buses. In these cases, other 

indexes could be applied to the objective function, such as L-

index for voltage stability. A second route for future 

improvement would be comparing the PSO results with other 

optimization algorithm for solving the ORPD. 
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