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ABSTRACT This paper presents a PV-Battery smart grid photovoltaic system through use of a 

modified perturbs and observes (P&O) technique for energy efficient utilization and ensuring the 

maximum power point tracking (MPPT). The modified P&O is based on step by step power-

change in the specified three distinct search zones using an assigned zone- duty cycle ratio of the 

chopper converter (D). The PV-Battery-smart grid integrated system utilized a proportional 

integral (PI) controller for Li-Ion battery charging with a feed forward battery current signal for 

fast charging. LC filter is used to reduce current ripple introduced by PWM switching and 

modulating of the grid-side voltage source inverter (VSI).  Digital simulation results using the 

MATLAB/Simulink software environment validated the effectiveness of the proposed control 

scheme for efficient energy utilization and reduced ripple contents in the DC and AC side of the 

VSI-inverter as well as it provided fast battery charging. 
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1. INTRODUCTION 

Renewable energy resources (solar, wind, tidal, wave 

etc.) are increasingly considered as viable and economic 

alternative sources to the electric utility-generation mix. 

Conventional fossil-fuel energy sources are declining 

with increased use, population growth, growing concerns 

over gaseous emission and global warming. Photovoltaic 

(PV) array is considered to be promising power source in 

future low carbon electric grid. Photovoltaic arrays are 

subject to variations in power/energy output due to 

variations in insolation/irradiation and operating 

temperatures. One effective technique is to add multi-

source and storage devices such as Li-Ion batteries, fuel 

cells, super-capacitors and superconductive magnetic 

energy storage (SMES) systems [1], and battery energy 

storage systems [2]. The diesel back-up for PV power 

systems is capable of providing a continuous 24-hours 

power supply but with low energy efficiency and 

additional fuel cost of low power output. SMES 

technology has a significant potential health risk due to 

strong ambient magnetic fields. The battery storage 

systems are considered a common way to store energy 

when the main source of power is sufficient to provide 

energy in case of light loads. Power electronic conversion 

devices are required for both DC and AC interface such 

as inverter and DC-DC converter. One of the main tasks 

of these devices is to continuously adapt the hybrid DC-

AC interface system to ensure power matching between 

generation and load while ensuring the maximum power 

utilization from the PV array under varying weather and 

load conditions. Nonlinear characteristic of a PV power 

curve is a function of the irradiance level and temperature 

[4], for best efficient energy utilization it is necessary to 

operate the system at its Maximum Power Operating 

Condition MPP.  

There are several methods used to achieve the 

maximum power tracking and efficient energy 

utilization. One of which is perturb and observe method 

(P&O) [5]. It is the most common method and widely 

adopted. Perturb and observe method has simple 

implementation yet it has drawbacks where the 

perturbation process will lead the operation point of the 

PV array to oscillate around the maximum power point 

(MPP). Secondly, the P&O method probably fails to 

track the MPP when the insolation level changes rapidly 

[5].  Incremental conductance (IC) method offers good 

http://www.scienceliterature.com/
http://www.scienceliterature.com/
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performance under the rapidly changing conditions in 

insolation [6]. Regulation controllers require high 

sampling and fast dynamics to cope with sudden load 

excursions and variations in insolation/irradiation and 

operating temperatures. PV-Battery-Smart Grid 

interconnected schemes have two control loops. The first 

loop is a pulse width modulation (PWM), which 

regulates the output currents of the VSI-inverter, to meet 

the requirements of the waveform and phase. The second 

loop is to control the output power of the inverter based 

on MPP-maximum PV search. Both regulators use a two-

stage tiered power conversion [7].  

This paper deals with power/energy optimized 

management for a PV-Battery interfaced to smart grid, 

modified P&O is used to achieve MPPT under changes 

in weather conditions. The battery system is connected to 

the PV array and charging of the output power from the 

DC/DC converter. A new algorithm of charging 

controller is used to control the charging process through 

the PI controller with feed forward from the battery 

current. In addition, the power flow from PV- hybrid 

system is connected to the grid and controlled through a 

PI controller. The next section details the structure of the 

unified system components which comprised of    PV, 

battery, filter capacitors and interface VSI-to smart grid 

system. The MPPT search was achieved using the 

modified P&O search algorithm. PI controller with 

battery current feedback is used for battery charging. 

Third section presents the structure of MPPT, where the 

goal of MPPT system is to provide a fixed input voltage 

and - or current to reach the maximum power point 

(MPP). Forth section presents the efficient battery 

charging controller to regulate the DC voltage. Fifth 

section presents the optimization algorithm for efficient 

energy exchange. Dynamic simulation results and 

conclusions are presented in sections 6 and 7, 

respectively.  

 
2. PROPOSED SYSTEM 

The block diagram that represents the proposed system is 

shown in Figure 1.  

Fig. 1. Integrated PV-Battery- Inverter-Smart grid 

system 

 

Figure 1 shows the schematic of the PV (11 kW) 

unified system with key subsystems. The PV is feeding 

the load (load 1 is 5 kW & 1 kVAr, load 2 is 3 kW & 1 

kVAr)   and ensures continuous charges the battery 

through a buck DC-DC chopper converter using the 

maximum power point tracking (MPPT) algorithm. The 

DC-DC converter is controlled by a PWM using 

modified P&O. The battery is continuously connected to 

the common voltage bus, through an additional DC-DC 

converter. The power may flow through the battery in 

both directions. The charging current is regulated by 

controlling the bus voltage. VSI-Inverter is used to 

provide the required AC power to the AC side loads.  

 
3. POWER CONTROL OF PHOTOVOLTAIC SYSTEM 

P&O algorithm shown in Figure 2 is preferred in 

industrial applications, due to its simplicity. Many ways 

are proposed to improve the response of P&O through 

control the perturbation steps such as modified P&O with 

fixed perturbation. Modified P&O with adaptive step by 

step zonal perturbations is proposed to achieve MPPT 

[5]. A photovoltaic cell has a nonlinear voltage-current 

characteristic with varying power/energy output due to 

the change in environmental conditions such as solar 

insolation level, ambient temperature, and the load. 

  
(a) 

(b) 

(c) 

Fig. 2. (a) The algorithm of perturb and observe (P&O), 

(b) Proposed of perturb and observer, (c) PV cell 

(Power/Voltage) curve operating regions 

D=0.75

D=0.65

D=0.55

Return to 

Step 2

Return to 

Step 2

Region  3

Region  2

Region  1
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The PV source needs to track the maximum power 

point (MPP) by controlling a DC-DC converter. This 

section represents the novel way to achieve MPPT. This 

proposed algorithm aimed to enhance the dynamic power 

utilization and increase the efficient operation of the 

traditional P&O method and eliminates its drawbacks.   

The modified P&O search algorithm based zonal power 

levels are scaled for the specified three selected zones. 

The power change in each zone has pre-assigned zonal- 

switching duty cycle ratio (D) for the DC-DC converter 

(chopper) with an initial preset value. Figure 2 represent 

the schematic diagram of the traditional P&O, search 

algorithm based on the modified P&O, and 

power/voltage of the   PV system. The control strategy is 

divided into two parts: the first part deals with Power 

from the hybrid system “PV-Battery System”, and the 

second part controls the power delivered to AC side using 

the VSI Inverter.        

The criterion proposed in the flowchart of the 

proposed controller (MPPT) divides the P-V curve into 

three regions, as shown in Fig 2(c). The three levels of 

the perturbation step are as follows: D=0.75 for region 3; 

D= 0.55 for region 2; and D=0.65 suits for region 1.

 
Fig.3. Complete system layout  

 

4. MODIFIED CONTROL STRATEGY

Power from PV array is utilized to feed the load and 

charging the battery. The weather conditions has a great 

effects on the output power of the PV array, hence the 

MPPT is used. To ensure that the value of the DC bus 

voltage is maintained within the required range, DC-DC 

converter is used to charge the battery. PI controller is 

used to control the DC-DC converter, through generating 

the required duty cycle (D). Feed forward from the 

battery current (Ib), and the state of charge of the battery 

(SOC) are considered [6]. From AC side, to simplify the 

way of the control design for PV grid-connected system, 

there are many methods of transformation are utilized to 

reduce the mathematical model of the system [8, 9]. 

Figure 3 represents the complete system layout. The most 

common methods of transformations are αβ 

transformation and d-q transformation (Park 

transformation). Park’s transformation was used in this 

study. Park's transformation converts a three-phase (A, 

B, C) into a two-dimensional system (d-q) as αβ 

transformation is carried out. The differences is appeared 

in the coordinate, where in αβ the coordinate is 

stationary, while in Park’s transformation the coordinate 

rotates with a constant frequency. To connect the PV with 

the grid system, synchronization considered to be the 

essential part to achieve connection with the grid. To 

achieve the synchronization, the amplitude and phase 

value of the grid voltage need to be well known. This 

information is essential for the voltage and current 

control loops in order to work at its optimal point. There 

are various methods used to achieve synchronization 

with the frame such as zero crossing, phase locked loop 

(PLL) [10]. PLL was preferred in current study. This 

algorithm had a better rejection of the harmonic and 

disturbance compared to zero-crossing [11].   

PV systems in the grid required additional 

functionality from the inverter, such as synchronization, 

active and reactive power control [12-14]. The control of 

the inverter is based on a decoupled control of the active 

and reactive power. The proportional-integral controller 

(PI) is used to control the output power (P) from the 

inverter, it provides the active direct current reference 

(Id*) in a synchronous reference frame. The quadrature 

component (Iq) that effects on the reactive power is 

controlled through PI controller. Applying the inverse 

Park’s transformation to d–q frame current vector 

components, the desired Id_ref &Iq_ref a-b-c phase current 

references were obtained. Each component is passed to a 

unique PI controller, which outputs the pulses to drive the 

inverter. Figure 4 represents the structure of system 

components where the PV array was chosen so that the 

output voltage of the DC-DC converter suits the inverter's 

requirements. In this case, a 440V AC grid was chosen, 

so the requirement for the inverter will be 650V in DC 

bus to operate properly.  
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5. DYNAMIC SIMULATION RESULTS 
To validate the effectiveness of the proposed control 

scheme, a step dynamic response of the proposed P&O 

was examined. The irradiance level was 900W/m². 

Figure 4 (a) shows the proposed controller that tracks the 

operating point very quickly. From the battery side, PI 

battery charging controller is utilized to regulate the DC 

voltage, through generating the required duty cycle. The 

output control signal from the control algorithms based 

on calculating the DC bus voltage with its reference 

value. Feed forward from the battery current is used to 

improve the charging response in addition SOC.         

Figure 4 (b) represents the response of the DC bus 

voltage using the battery charging controller. It can be 

noticed that the DC bus voltage fast conversion to the 

reference value was achieved when PI controller with 

DC-DC converter is used. Figure 5 (a), represents the 

load output power. Figure 5 (b) represents the output 

power from the voltage source control (VSC), the power 

from PV array is the same as in Figure 4(a). From the 

Figure 5 (c), it is observed that when load one is 

energized the output power from the inverter is higher 

than the demand power, Pinv > PL, then the remaining 

power feeding into the grid. The load two is energized, 

then the total power output from the inverter is Pinv > PL, 

but in this case the remaining is less than as compared 

before. The load was changed (increased), but the power 

feed into the grid is still.   The response for the controller 

was tested under the partial shadowing. The PV array is 

subjected to the irradiance level based on the profile 

levels given in Figure6 (a). The response of battery 

charging PI controller achieved good tracking for the 

voltage reference value as compared with direct 

charging. In addition, active and reactive power are 

measured at the load (load 1+load 2) to determine the 

effectiveness of the battery charging controller. Figure 6 

(b) depicts active and reactive power at the load with 

battery controller. Figure6-c shows that load 2 (30 kW as 

a new value) is increased and the total load changed from 

8 kW to be 35 kW, Pinv < PL. The grid compensates the 

remaining required power.  Figure 6 (c) shows the battery 

current when Pinv< PL, there is no compensation from the 

battery. In Figure 7, the power at night is supplied to the 

load via the battery.  Another test was performed under 

fault conditions on the inverter side, then the load is 

totally feeding from the grid. Figure 8 (a) shows the 

power flow from the grid to the load and Figure 8 (b) 

represents the RMS value of the AC voltage. According 

to the proposed power flow, there are four scenarios as 

follows: First priority is to feed the load from PV, if the 

output power from the PV is much higher than the load 

power. Secondly is to feed the load from PV system and 

the grid when the output power from the PV is not 

sufficient hence, the grid compensates the required power 

to the load. Third priority is to feed the load from battery 

bank at night. The last priority is to feed the load from 

grid in case of no power output from the PV hybrid 

system or the PV hybrid system is failed.  The 

observation from Figure 9 (a, b & c) and the obtained 

results show the effect of using an inductive filter not 

only in the AC side, but also in the DC voltage. One of 

the major aims to use filtering is to eliminate the 

harmonics and suppress the undesired. Figure 10 shows 

the MATLAB/Simulink model with all system 

components.  

 
(a) 

 
(b) 

Fig. 4. (a) Output power under irradiance level 

900W/m², (b) DC bus voltage 

 
(a) 

 
(b) 

 
(c) 

Fig. 5. (a) Load demand power, (b) Inverter output 

power, (c) Output power from the inverter to grid 
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(a) 

 
(b) 

 
(c)  

(d) 

Fig. 6. (a) Irradiance level, (b) Load demand power, (c) 

Power from inverter& grid compensation, (d) Battery 

current when the PL>Pinv 

 

 
Fig. 7. Battery current during night 

 

 
Fig. 8. Power from grid supplied to load 

 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Fig. 9. (a) Effect of using filter on DC bus voltage, (b) 

3Q voltage from inverter without filter, (c) 3Q voltage 

from inverter when using filter, (d) Voltage RMS value. 

6. CONCLUSION  

     This paper presented a unified integrated PV-Battery-

inverter interface to smart grid energy utilization using 

DC-AC interface. A multi-regulation pulse width 

modulation (PWM) is switching control scheme using a 

modified P&O to ensure energy efficient operation. The 

Modified P&O algorithm is based on multi-zonal pre-

specified power change to update duty cycle. The new 

search algorithm was used to control battery charging 

with minimal current ripple content through battery 

current dynamic feedback signal. This is performed using 

a PI controller combined with feed forward with battery 

current (Ib). The multi-regulator control scheme for 

integrated PV-Battery-Inverter fed smart grid with DC 

and AC side loads are validated for variations in 

insolation levels, load changes as well as “fault 

conditions”. The integrated scheme with the controllers 

is validated and assessed for fast dynamic performance, 

efficient PV solar energy utilization, reduced current 

ripples as well as fast Li-ion battery continuous charging. 

An additional LC filter was added to reduce harmonic 

content and smooth VSI-inverter waveforms at the smart 

grid interface bus. The inverter control is implemented 

using Park's transformation with -Phase Locked Loop 

(PLL) synchronization with AC grid, a second PI 

controller is used to control the amount of power 

delivered to the AC side from the VSI-inverter to the 

smart grid. The modified P&O search and PI controllers 

for battery charging and decoupled inverter P&Q control 

will be extended to hybrid PV-Wind-Fuel Cell-Smart 

Capacitor-Li Ion storage systems, LED lighting schemes 

and standalone micro grid applications in 

village/resort/island electricity as well as hydrogen 

production.

 
Fig.10. MATLAB/Simulink system model 
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ABSTRACT In this paper, proton exchange membrane (PEM) fuel cell electric vehicle is 

presented as a solution to overcome the alarming pollution problems caused by the conventional 

internal combustion engine vehicles. To improve the performances of the electric vehicle, the 

direct torque control (DTC) is applied to the induction machine. It allows us to obtain higher 

performances with an increasing dependency of the electrical parameters. The use of the PEM 

fuel cells and the introduction of advanced controls to the DTC results in improved performance 

of the electric vehicle. The modeling of the whole system is also provided. Obtained results under 

MATLAB/Simulink was used the compute the performance values of the electric vehicle. 
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1. INTRODUCTION 

Currently, most of the world's energy production 

comes from fossil energy sources (oil, gas, coal etc.). 

Excessive consumption of these energy resources, leads 

to the depletion of these reserves and intensifies the 

release of greenhouse gases (CO2, CH4, etc.) which cause 

the pollution of the atmosphere. With these alarming 

consequences, it is necessary to consider the 

development of alternative energies. Renewable energy 

sources (wind, solar, biomass, geothermal, hydro etc.) 

and fuel cell technology are sustainable resources, 

offering a competitive ecological quality in terms of cost 

compared to conventional energy sources [1].  

The PEM fuel cell is considered as a chemical 

renewable energy source since it uses H2 and O2, which 

are two abundant chemical elements, to produce energy. 

A proton exchange membrane fuel cell transforms the 

chemical energy liberated during the electrochemical 

reaction of hydrogen and oxygen to electrical energy, as 

opposed to the direct combustion of hydrogen and 

oxygen gases to produce thermal energy. The name of 

chemical source was given due to the reaction which 

occurs between O2 and H2. Output of the reaction is 

electrical energy, and water. 

During the past few years, the fuel cell electric 

vehicle (EV) gained the interest of industrials, where it is 

presented as a clean mean of transportation, with no 

harmful emissions and noise. The development of fuel 

cell technology offers significant autonomy for the 

electric vehicle going up to 400-800 km. Most mobile 

applications and particularly automobiles are dominated 

by proton exchange membrane fuel cells (PEMFC) [2]. 

The advantages of the fuel cell allow us to exploit it in 

the electric vehicle, such as: higher efficiency; silent 

operation compared to internal combustion engines.  

In this context, several studies present the drive of the 

EV with the fuel cell. Authors studied the electric fuel 

cell application, the generation of the hydrogen and the 

integration to the smart city [3-4]. However the control 

strategy of the electric machine is not addressed. 

Different types of machines have been used to move EVs. 

Due to the robustness and low-cost, Induction Motors 

(IM) have obtained special interests from the industry 

since their invention. This development allows the 

introduction of the advanced control, such as Direct 

Torque Control (DTC), Fuzzy Logic Control (FLC) and 

Sliding Mode Control (SMC), which are applied to the 

IMs in order to improve their performances [5-26]. 

Several researchers employed DTC as reported in 

literature [5-9, 13-20, 24-25]. In another study, authors 

used PI and Fuzzy Controller to control induction motor 

speed [21]. In order to improve performances, some 

authors have used a combination of several controllers. A 

combination of DTC and FLC was proposed for IM in 

[22-23, 26]. 

In this study, performances analyses of a PEM fuel 

cells electric vehicle using direct torque control (DTC) 

are presented. The use of this control method allows us 

to obtain better performances with an increasing 

dependency of the electrical parameters. The simulation 

has been carried out using MATLAB/Simulink. 

 

http://www.scienceliterature.com/
http://www.scienceliterature.com/
mailto:dja_rekioua@#yahoo.fr


Z. Mokrani, D. Rekioua, T. Rekioua, Turk. J. Electrom. Energ. 3(2) 8-14 (2018) 

9 

2. MODELING OF THE PROPOSED SYSTEM 

The proposed system is given in Figure 1. It consists 

principally of an electric vehicle supplied by proton 

exchange membrane fuel cells (PEMFC) and controlled 

by DTC control method. Each subsystem has been 

modeled separately. The electric vehicle has been 

modeled by an induction motor (IM) fed by an inverter. 

The global system has been simulated in 

MATLAB/Simulink.  

 
Fig. 1. Proposed PEM fuel cell model  

 

2.1. PEM Fuel Cell Model 

A PEMFC is an electrochemical energy converter. 

The cell voltage VPEMFC is given as the summation of 

Nernst voltage ENernst due to various irreversible loss 

mechanisms, activation overvoltage Vact, concentration 

or diffusion over-voltage Vconc and resistive or ohmic 

over-voltage Vohm as shown in Figure 2 [2, 5, 10, 11]. 

 
Fig. 2. Electrical representation of a PEMFC 
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where Vact is activation overvoltage, Vconc is 

concentration or diffusion over-voltage, Vohm is resistive 

or ohmic over-voltage, VPEMFC is fuel cell voltage, ENernest  

is Nernest voltage, i  and I constants, TPEMFC absolute 

operating temperature of the stack, P*
O2 partial oxygen 

pressures, P*
H2 partial hydrogen pressures, C*

O2 oxygen 

concentration in the cathode area, IPEMFC  fuel cell current, 

j current density,  constant, Rm  equivalent resistance of 

the electron flow, Rc  proton resistance, rm specific 

resistance of the membrane, em  thickness of the 

membrane, Scell membrane active area,  adjustable 

parameter in Equation 1 to 6.  

Electrical characteristics of PEM fuel cells are 

represented in Figure 3 and the parameters of the fuel cell 

used in Equation 2 and 4 are summarized in Table 1.  

 
Fig. 3. Voltage characteristic (a), and power 

characteristic (b)  

 

Table 1. Parameters of the fuel cell   

Coefficients Values 

α1 1.229 

α2 -8.5x10-4 

α3 4.3085x10-5 

β1 -0.9514 

β2 3.12x10-3 

β3 -1.87x10-4 

β4 7.4x10-5 

 

2.2. DC/DC Converter Model 

The DC/DC boost converter used is inserted between 

the source and the inverter. The following equation gives 

voltage and current expressions of the DC/DC converter 

[2]. 
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2.3. Induction Motor Model 

The stator voltage equations can be represented in a 

stationary reference frame as [1-2, 5, 9]: 
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Equation (9) gives the electromagnetic torque and rotor 

speed equation:   
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Other parameters are listed in Table 2. 
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Table 2. Parameters of the induction machine 

Parameters Symbols Values Units 

Shaft power  Pu 3 kW 

Nominal speed Nr 1430 rpm 

Frequency f 50 Hz 

Number of pole pairs P 2 - 

Stator resistance Rs 1.76   

Rotor resistance Rr 1.95   

Mutual inductance M 0.183 H 

Stator (rotor) self-

inductance 

Ls=Lr 0.194 H 

Moment of Inertia J 0.02 kg.m2 

Coefficient of 

viscous friction 

f 0.0001  N.m.s/rad 

 

2.4. Methods for Identifying Induction Machine Parameters 

Several methods exist to identify machine parameters 

(such as stator and rotor resistors, stator and rotor cyclic 

inductances and mutual inductance). We can cite: 

 Least squares method (knowledge of partial leakage 

equivalent scheme and parameter vector). 

 Nameplate method, which is a direct method 

(knowledge of the rated power factor and the model 

of the machine at steady speed). 

 Conventional test method, which is based on the 

steady-state machine model used in our study. 

The steady state phase scheme, also known as 

coupled inductance scheme, is as shown in Figure 4.  

 
Fig. 4. Steady state phase diagram  

 
𝑉𝑠 = 𝑅𝑠𝐼𝑠 + 𝑗𝐿𝑠𝜔𝑠𝐼𝑠 + 𝑗𝑀𝜔𝑠𝐼𝑟

 

0 =
𝑅𝑟

𝑔
𝐼𝑟 + 𝑗𝐿𝑟𝜔𝑠𝐼𝑠 + 𝑗𝑀𝜔𝑠𝐼𝑠

                              (10) 

 

     We performed the continuous test on one phase to 

determine the stator resistance 𝑅𝑠 of the machine since 

the inductance term is zero. 

The test in synchronism at no load allows us to annul 

the slip "g'", and we will have as equivalent model of the 

machine as shown in Figure 5.  

 
Fig. 5. The equivalent diagram of the machine under 

synchronism test 

 

No need for these power active 𝑃0 , reactive power 

 𝑄0 = √𝑆0
2 + 𝑃0

2,  the efficace current  𝐼𝑠𝑜, the voltage 

efficace 𝑉𝑠𝑜. 

𝑃0 = 𝑅𝑠 ∙ 𝐼𝑠𝑜
2 +

𝑉̀2
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                                                        (11) 

𝑄𝑜 =
𝑉̀2
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                                                                    (12) 

𝑉̀ = 𝑉𝑠𝑜 ∙
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                              (13) 

 

The current 𝐼𝑠𝑜 is very low in this test and the voltage 

losses due to the stator resistance are generally neglected 

before the voltage 𝑉𝑠𝑜, so from the previous equations we 

will have the following equations: 

 

𝑃0 =
𝑉𝑠𝑜

2
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                                                                      (14) 

𝑄𝑜 =
𝑉𝑠𝑜

2
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                                                                   (15) 

Since the studied machine is a Squirrel-cage Class A 

(assumption of equal leakage distribution in the stator 

and rotor), therefore: 𝐿𝑠 = 𝐿𝑟 [27-28]. 

During locked rotor and reduced voltage test (short 

circuit), the rotor is locked, so the speed is zero, which 

will imply that the slip is at its maximum value (g=1). 

The equivalent model of the machine is given in Figure 

6. 

 
Fig. 6. Equivalent diagram of the locked rotor test 

machine 

 

We have: 
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As the voltage 𝑉𝑠1 is low, it is possible to neglect the 

currents flowing in 𝑅𝐹  and 𝐿𝑠 before 𝐼𝑠1 and the previous 

equations become : 

 

𝑃1 = (𝑅𝑠 + 𝑅𝑟
∗) ∙ 𝐼𝑠1

2                                                    (21) 

𝑄1 = 𝒩𝑟 ∙ 𝜔𝑠 ∙ 𝐼𝑠1
2                                                        (22) 

 

2.4. Electric Vehicle Model 

The vehicle is subjected to forces along the 

longitudinal axis. There are types of three forces [1-2, 5]: 

-Rolling resistance force Ftire due to the friction of the 

vehicle tires on the road. It is given as: 
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rotire fgmF                  (23) 

 

With: m is the vehicle total mass, g is the gravity 

acceleration, fro is the rolling resistance force constant. 

- Aerodynamic drag force Faero caused by the friction on 

the body moving through the air. Its expression is: 

 
2

dfairaero VCA)
2

1(F  
              (24) 

 

With:  ρair is the air density, Af is the frontal surface area 

of the vehicle, Cd is the aerodynamic drag coefficient, V 

is the vehicle speed. 

 

-Climbing force Fslope which depends on the road slope.  

 

)sin(gmFslope 
                (25) 

With: β is the road slope angle. 

 

The total resistive force Fr is given as: 

 

slopeaerotirer FFFF 
               (26) 

 

The load torque can be written as: 

 

G

r
Fr  rT                  (27) 

where r is the tire radius, Fr is the total force. 

 

By applying the fundamental principle of the vehicle 

dynamics, we can deduce the speed vehicle. 

 

r

dv
m FF

dt
t                  (28) 

 

where Ft is traction force. Table 3 summarizes the electric 

vehicle parameters. 

  

Table 3. Parameters of the electric vehicle 

Parameters Symbol Value Unit 

Vehicle total mass m  1300 kg 

Rolling resistance force 

constant 

fro 0.01  

Air density ρair 1.20 kg/m3 

Frontal surface area of 

the vehicle 

Af 2.6 m2 

Tire radius r 0.25 m 

Aerodynamic drag 

coefficient 

Cd 0.32  

Gear speed ratio G 5  

Road angle slope β 60 ° 

  
3. DIRECT TORQUE CONTROL STRATEGY  

To keep the DC bus voltage at a constant value when 

the speed of the rotor varies, different control techniques 

can be used. In our work, the IM is controlled using DTC 

strategy, which is a powerful control method for motor 

drives. The DTC technique is based on the independently 

control of the stator flux and electromagnetic torque.  

For this purpose, the selection of the optimal space 

vector using a hysteresis controller is required. Similarly, 

the stator flux, electromagnetic torque developed by the 

machine and its position in terms of flux can be estimated 

[1-2]. 

Stator flux and electromagnetic torque are estimated 

using the following equations: 
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The electromagnetic torque is calculated using Equation 

32. 

 

   sssse ii
2

P3
                (32) 

 

The evolution of the stator flux in (αβ) frame is 

divided into six zones i, with i =[1: 6 ] as seen in Figure 

7. The space vector applied in each condition is described 

in Table 4 [4-5]. 

 

Table 4. Switching table for the DTC technique 

 N 1 2 3 4 5 6 

HΦ =1 HГ = 1 110 010 011 001 101 100 

HГ = 0 111 000 111 000 011 001 

HГ =-1 101 100 110 010 011 001 

HΦ =0 HГ = 1 010 010 011 001 101 100 

HГ = 0 000 000 111 000 111 000 

HГ =-1 001 001 101 100 110 010 
   

 
Fig. 7. The six voltage vector of the inverter 

 

 

4. SIMULATION RESULTS AND DISCUSSION 

MATLAB/Simulink has been used in the 

development of the DTC of induction motor using the 

above equations. The general studied system is 

represented in Figure 8. 
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Fig. 8. General structure of the proposed direct torque 

control 

 

The block diagram of the classical DTC is made under 

MATLAB/Simulink. The obtained results are given 

below. A vehicle speed profile is chosen to show the 

traction, the stop and the braking modes of the EV. The 

speed increases gradually from the moment t =9 s. 

 
Fig. 9. Speed profile of the EV 

 

The electromagnetic torque follows the load torque 

developed by the electric vehicle. 

 
Fig. 10. Electromagnetic torque waveform 

 

The biphase currents are in quadrature form (Figure 

11) while the three-phase currents are shifted by 2π⁄3 in 

Figure 12. The currents are alternative and reach a value 

of 5.6 A for a load torque of 6.3 N.m. 

 
Fig.11. Biphase stator currents 

 
Fig. 12. Stator current waveform with classical DTC 

 

The rotational speed of the induction is maintained to 

the reference imposed by the speed regulator (at 100 

rad/s), despite the variation in the load applied to the 

electric machine. The direct and quadrature flux 

components are shifted by π/2 and have amplitude of 

1Wb as shown in Figure 13. This amplitude is kept 

constant despite load torque variations.  

 
Fig. 13. Stator flux waveform and its circular trajectory 

 

Although the DTC is insensitive to variations in the 

rotor parameters of the machine, the flow and torque 

estimation as well as the determination of the PI 

controller parameters are dependent on the stator 

resistance. This led us to the use of a controller ensuring 

total independence of the performances and accuracy of 

the technique with respect to the variation of the machine 

parameters. 

 

6. CONCLUSION  

An electric vehicle powered by the PEMFC is studied 

in this paper. The studied system deals the supply and the 

control of the electric vehicle using a sustainable energy 

and advanced control techniques. The obtained results 

show that the fuel cell insures the energy need of the EV. 

Firstly, a DTC method has been applied to control 

electric vehicle. Obtained results show the performances 

of the proposed system.  
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ABSTRACT Extracting the parameters of photovoltaic (PV) cell is a vital process to accurately 

simulate the behavior of the cell. Various techniques are used to extract these parameters such as 

iterative, and metaheuristic methods. Although metaheuristic methods require more test points 

on the PV module, through this paper the optimization function is chosen to accurately adjust the 

I-V curve of the PV module based on less number of test points yet still achieve higher accuracy. 

A modified hybrid flower pollination method with clonal selection algorithm is suggested to extract 

the PV parameters and is compared with various metaheuristic methods to estimate the PV 

parameters of the single diode model, the two-diode model. In addition, modeling the PV at various 

irradiance and temperature levels was performed. Results show an excellent curve fitting for I-V 

characteristics and more accurate results in estimating the unknown parameters of PV cell.   

 

Keywords: PV Model, Single Diode Model, Two Diode Model, Flower Pollination, Modified Flower 
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1. INTRODUCTION 

The fast decline of conventional energy sources 

increases the need to use renewable energy sources. By 

2016 renewable energies share by more than 24 % of total 

electricity consumption worldwide [1]. Energy 

generation based on photovoltaics is one of the most 

competitive renewable energy sources.  

PV market is increasing rapidly and it is governed by 

the reduction in panel cost and increasing capacity factor. 

In 2016, PV contributed by at least 303 GW DC which is 

4.8 GW more than the one from concentrated solar 

thermal power [1]. In Egypt, energies about 154 MW 

from photovoltaic cells and 3035 MW from solar panels 

were produced [2]. Various technologies are used to 

manufacture PV cells as crystalline silicon 

(monocrystalline, polycrystalline), thin film (amorphous 

silicon, Cadmium Telluride, copper indium gallium 

selenide), nanotechnology (tandem, super tandem, 

intermediate band) [3]. 

Modeling of PV cell is a fertile research area that aims 

to model the behavior of the cell using the electrical 

circuit to accurately predict the performance and 

efficiency. It helps to correctly track the maximum power 

point and simulate the whole system performance along 

with the power conditioning and storage units [4]. The 

model should be accurate, robust, take low computational 

time, gives correct I-V data close to experimental data at 

various working conditions [5]. 

Section (II) introduce the various model used to 

simulate PV characteristics, section (III) starts from 

Villalva et al. method to extract PV parameters while the 

current paper presents modification to eliminate the 

assumptions of Villalva method and produce an objective 

error function for extracting the required PV parameters 

based on five test points namely: maximum power, open 

circuit voltage, shorts circuit current, half open circuit 

voltage, average of maximum power voltage and open 

circuit voltage. The hybrid flower pollination with clonal 

selection algorithm (FPA-CSA) is suggested to minimize 

the objective error function. A lot of metaheuristic 

techniques was used in recent years to extract the PV 

parameters these techniques which varied in result 

accuracy, number of technique’s parameters, technique 

complexity. Through this paper, a wide range of 

metaheuristic techniques was used to extract the PV 

parameters, and results showed that FPA-CSA provided 

http://www.scienceliterature.com/
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the least error when compared with famous metaheuristic 

techniques. FPA-CSA has more changeable parameters 

than the other techniques which increase the complexity 

of the algorithm.   Section (IV) deals with extracting PV 

parameters at various environmental conditions mainly 

changing in irradiance and temperature using FPA-CSA 

technique.  

 

2. THE PV MODEL 

Various approaches are used to accurately simulate the 

behavior of PV cell, although circuit model of PV cell is the 

most popular approach which uses a relatively simple circuit 

model to simulate the electrical characteristics of PV cell [6, 

33]. 

 

2.1. The Ideal Model of PV 

As the PV cell is mainly a semi-conductor material, it 

can be modeled as the P-N junction that emits current 

when exposed to sunlight [6, 7]. 

The diode current is given as: 

 

𝐼𝐷 =  𝐼𝑆 ∗ [exp (
𝑞∗𝑉𝐷

𝑎𝐾𝑇
) − 1]          (1) 

 

Where ID is the diode current, Is is the diode reverse 

saturation current, q is the absolute value of electron 

charge, VD is the diode voltage, a is the diode ideality 

factor, K is the Boltzmann’s constant and T is the cell 

temperature in Kelvin. 

 
Fig.1. Ideal single diode model 

 

The output current is given in Equation 2 where Ipv is 

the light current. 

 

𝐼 = 𝐼𝑃𝑉 − 𝐼𝑆 ∗ [exp (
𝑞∗𝑉𝐷

𝑎𝐾𝑇
) − 1]                   (2) 

   

Although the ideal model is simple, it can't provide a 

realistic model for PV behavior as it doesn't consider the 

effect of contact resistance between silicon and 

electrodes, electrode resistance and the leakage current. 

 

2.2. Single Diode Model (with Rs and Rp). 

The single diode circuit [8] is shown in Figure 2. 

 
Fig.2. Single diode model 

 

The output current is given in Equation 3 considering 

the effect of contact resistance by adding the series 

resistance   (Rs) and the leakage current through adding 

shunt resistance (Rp). 

I = IPV − IS [exp (
q∗(VD+I∗RS)

aKT
) − 1] −

VD+I∗RS

RP
          (3) 

 

2.3. Two-Diode Model 

The two-diode model shown in Figure 3 compensates 

the effect of recombination current loss in the depletion 

region by adding a second diode to the PV cell model. 

The output current is given in Equation 4 where IS1 

represents the first diode current and IS2 represents the 

recombination current. The advantage of this model is 

that unlike the single diode models, it provides 

appropriate accuracy in low irradiation values [6, 9-11].  

 
Fig.3. Two diode model 

 

𝐼 = 𝐼𝑃𝑉 − 𝐼𝑆1 ∗ [exp (
𝑞∗(𝑉𝐷+𝐼∗𝑅𝑆)

𝑎1𝐾𝑇
) − 1] −

𝑉𝐷+𝐼∗𝑅𝑆

𝑅𝑃
− 𝐼𝑆2 ∗ [exp (

𝑞∗(𝑉𝐷+𝐼∗𝑅𝑆)

𝑎2𝐾𝑇
) − 1]                                         

(4) 

 

 

According to Equation 4 the two-diode model takes 

into account the effect of the contact resistance and 

leakage resistance through adding the series resistance 

and the shunt resistance and the diode current through 

adding diode current IS1 and recombination current 

through adding second diode current IS2.    

 

2.4. Other PV Models 

There is also three diode model, an explicit model that 

doesn’t use equivalent circuit. It is used in a situation like 

resonance with cables, interaction with switching 

frequency harmonics, underdamped current. To model 

the reverse bias process and dynamic characteristics, a 

dynamic model is suggested [3, 12, 13]. 

 

3. ESTIMATING UNKNOWN PARAMETERS OF 

THE PV CELL 

In general, the manufacturer datasheet provides 

special test points as the open circuit, short circuit and 

maximum power point voltage and current wherein 

single diode model there are five unknowns namely: 

photon current, saturation current, ideality factor, series 

resistance, and shunt resistance. 

For the two-diode model, there are seven unknowns 

namely: photon current, series resistance, shunt 

resistance, first diode ideality factor, second diode 

ideality factor, first diode saturation current and second 

diode saturation current. 

Finding the unknowns of the PV cell is essential to 

correctly simulate the cell behavior. Various methods are 

used to estimate these parameters as analytical methods, 

artificial intelligence and hybrid methods. 

 

3.1. Villalva, Gazoli and Filho Model 

Villalva et al. proposed a model to determine the five 

parameters of single diode model, based on adjusting I-V 
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curve to three common points: open circuit, short circuit, 

and maximum power point. 

Three assumptions are used to find saturation current, 

ideality factor and light current as follow: 

1. 1≤a≤1.5 

2. IPV ~ ISC. 

3. Io = 
𝐼𝑆𝑐+𝐾𝐼∗(𝑇−𝑇𝑜)

exp[
(𝑉𝑂𝐶+𝐾𝑉∗[𝑇−𝑇𝑜])

𝑎∗𝑣𝑡
]−1

 

where VT is the thermal voltage and equals to (Ns.k.t/q) 

and Ns is the cells connected in series. 

Two parameters are still unknown, namely series and 

shunt resistance. Those are adjusted based on a unique 

pair of (Rs, Rp) that match the maximum power point, in 

other words, the maximum power calculated by the 

model. 

(Pmax,m) equal to datasheet maximum power (Pmax,e), is 

given by the following equation [7, 14]: 

 

Pmax,e=Vmp[𝐼𝑝𝑣 − 𝐼𝑜(exp (
𝑞

𝑘𝑇

𝑉𝑚𝑝+𝑅𝑠𝐼𝑚𝑝

𝑎𝑁𝑠
) − 1) −

𝑉𝑚𝑝+𝑅𝑠𝐼𝑚𝑝

𝑅𝑃
] 

(5) 

 

3.2. Metaheuristics Methods 

Metaheuristics methods can be used as an 

optimization technique for Equation 5, without assuming 

any parameter of the PV model [32]. 

Through this study, a range of metaheuristics 

methods are reviewed and used to optimize Equation 5, 

such as: Particle Swarm (PS)[15,16], Genetic Algorithm 

(GA)[17], Pattern Search (Pt.S)[18], Simulated 

Annealing (SA)[19], Cuckoo Search [ 20, 21, 22] (CS) 

and Hybrid Cuckoo Search with Nelder-Mead 

Simplex(CS-NMS)[23], Whale Optimization Algorithm 

(WOA)[24-25], Grey Wolf Algorithm (GWA)[26], Ant 

Lion Algorithm (ALA) [27], Flower Pollination 

Algorithm (FPA) [28], Hybrid Flower Pollination with  

Clonal Selection Algorithm  (FPA-CSA) [29].  

FPA-CSA is considered to minimize the objective 

function to extract PV parameters, where flower 

pollination algorithm is enhanced by combining it with 

the clonal operator in current study. 

Flower pollination is the process of transferring 

pollen between flowers through pollinator, and this 

process can be cross-pollination or self-pollination. In 

cross-pollination, pollens from different plants can be 

transferred while in self-pollination only pollens from 

same plant type are transferred. This process can also be 

biotic which needs a pollinator or abiotic which needs no 

pollinator. Another important property is the plant 

constancy property where plant attract the pollinators to 

it and by-pass other plants. The pollination process can 

be either local (abiotic and self-pollination) or global 

(biotic and cross-pollination), so a switch probability P is 

presented to switch between the two types of pollination. 

The clonal selection algorithm is based on generating 

antibodies for various viruses each of them is activated 

by a certain virus and the selected antibodies are cloned 

and mutated. 

The principle of hybridization is presented in [29], 

where local pollination step size is scaled, then the best 

solutions are selected at each population.  The best 14 

solutions were selected and cloned proportionally to its 

fitness as the pseudo code of the algorithm in this study 

as it is shown in Table 1. 

The reason why FPA-CSA provide more accurate 

results lays on having the property of global pollination 

from FPA algorithm which clonal selection enhance by 

choosing the best solution and cloning them. 

 

Table 1. Pseudo-Code of FPA-CSA 

The previous algorithms are tested using MATLAB 

software, and with a computer equipped with an Intel 

Core i5 processor. A list of parameters used for each 

algorithm is shown in the Table 2 (2,000 iterations for 

each), under same bounds. 
 

Table 2. Parameters of metaheuristic methods 
Algorithm  Parameters 

Particle Swarm 35 Particles  

Cuckoo Search 35 Nests, discovery rate = 0.25. 

ALA 35 Search Agent 

WOA 35 Search Agents 

FPA Population size 35, Probability switch: 0.8 

γ = 0.01, for Levy flight λ = 1.5 

GWA 35 Search Agents 

FPA-CSA Population size: 35, Probability switch: 0.8, 

cloning array = [9, 8, 7, 6, 5, 4, 3, 2, 1, 1, 1, 1, 

1, 1], γ 1 = 1, γ2 = 3, for Levy flight λ = 1. 5 

 

For PS, GA, PS and SA, default built-in MATLAB 

codes were used in the test. 

Each method is used to estimate the five unknown 

parameters of single diode model based on single 

optimization function by minimizing the absolute error 

of (Pmax,m-Pmax,e) proposed by Villalva et al in Equation 5.  

For both Astro power AP 110 model and Kyocera KC-

40T shown in Appendix I & II. SA, then FPA-CSA 

provide superior error as shown in Table 3,  which makes 

1- Minimize or maximize the objective function f(x), x=(x1, 

x2,….xd) 
2- Create a random initial population pop of the size n. 

3- Identify g* which is the best solution in pop.  

4- Identify P ε [0,1] which is a switch probability between global 
and local pollination.  

5- While (gen < Max Generation Num) 

6- If rand > p,  // perform global pollination  
7- For each Xi in the Pop 

8- Draw a (d-dimension) step vector L which obeys a levy 

distribution. 

9- Global pollination via Xi 
t+1 = Xi

t  + γ1L(g*-  Xi
t  ) 

10- End for 

11-Else 
12- Select best m solutions from the Pop to form ClonesPop 

population. 

13- Clone solution in ClonesPop proportional to affinity. 
14- For each solution in ClonesPop 

15- Draw ε from a uniform distribution in [0,1].’ 

16- Randomly choose j and k from Pop. 
17- Perform local pollination via Xi 

t+1 = Xi
t  + γ2ε (Xj

t -  Xk
t  ). 

18- End for 

19- End if. 

20- Select best solutions from Pop and ClonesPop to from 

NewPop population. 

21- Replace Pop by NewPop. 
22- Find the current best solution g*. 

23- If g* doesn’t chane, for the successive 100 iteration, with a 

value more than 10-6, keep g* . 
24- Replace Pop by a new randomly generated one. 

25- gen=gen+1. 

26- End while. 
27- Print g*  
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the maximum power point matches exactly with one 

reported in the datasheet point I-V curve for SA method 

was plotted in Figure 4 to clearly identify the models 

fitting with the rest of remarkable points mainly open 

circuit and short circuit. 

 
Fig. 4. I-V curve using SA algorithm based on Villalva 

et al. for single diode model for AP-110 Module 

 

Although SA presents extremely small error in 

calculating the maximum power point but it doesn’t fit 

curve in other points as in open circuit and short circuit 

points as the objective function only accounts on 

maximum power point and no assumption is made for 

other unknowns. 

On the other hand, the objective function can be based 

on the summation of error as shown in [30], so the 

objective function can be modified to consider five test 

points namely: open circuit, short circuit, maximum 

power point, half open circuit voltage and average of 

maximum power voltage and open circuit voltage as 

follows: 

 

Error=Abs (Pmax,m-Pmax,e)+Abs (Voc,m-Voc,e) + 

Abs (Isc)+Abs ( Vx,m-Vx,e) +Abs (Vxx,m-Vxx,e)              (6) 

 

where Vx is half of the voltage at maximum power point 

and Vxx is average of maximum power voltage and open 

circuit voltage test point  based on M. Siddiqui et al. [30]. 

To determine the efficiency each metaheuristic 

method is tested to find the least error when applied to 

suggested error optimization function, a summary of 

results is found in the Table 4. 

FPA-CSA then CS provide better results than the 

other methods, I-V curve is plotted to examine fitting the 

data in Figure 5. 

Where IO= 1.5246e-06 A, IPV= 7.5135 A, a= 1.4576, 

RP=49.9999Ω, RS= 0.08999Ω. 

 

Table 4. Results of metaheuristic methods for AP 110 

Model based on five test points for single diode model. 
Algorithm  Error 

Genetic Algorithm  0.4041 

Particle Swarm 0.542 

Pattern Search  1.159 

Simulated Annealing 1.095 

Cuckoo Search  0.3768 

Cuckoo Search- Nelder-Mead 0.5733 

Ant Lion 0.6420 

Whale Algorithm 0.4284 

Flower Pollination 0.3816 

Grey Wolf Optimizer 0.5118 

Flower Pollination- Clonal Selection 0.373 

 

 
Fig. 5. I-V Curve for AP-110 module using FPA-CSA 

using single diode model based on five test points 

 

The model present very good fitting for I-V 

characteristics with a slight error.  

Again, the metaheuristic methods were tested to 

extract the parameters of two diode model for AP-110 

module based on the previous five test points as shown 

in the Table 5. 

 

Table 5. Two-diode model optimization results for 

metaheuristic methods 
Algorithm  Error 

Genetic Algorithm  0.5166 

Particle Swarm 0.4076 

Pattern Search  0.7476 

Simulated Annealing 0.7529 

Cuckoo Search  0.3964 

Cuckoo Search- Nelder-Mead 0.6035 

Ant Lion 0.56634 

Whale Algorithm 1.2788 

Flower Pollination 0.4073 

Grey Wolf Optimizer 0.83851 

Flower Pollination- Clonal Selection 0.3739 

Table 3. Results of meta-heuristic methods and estimated five parameters  

FPA- 

CSA 

GWA FPA WAO ALA CS-NMS CS SA Pt. S PS GA  

1.4e-9 2.01e-5 5.9e-6 1.2e-8 1.9e-9 1.9e-7 2.5e-6 5.6e-14 8.4e-08 4.3e-7 5.4e-6 Error 

2.8e-6 1.85e-6 1e-6 1.06e-6 4.99e-6 1.24e-6 4.98e-6 3.20e-6 1.00e-6 1.50e-6 1.95e-6 Io 

7.50 8 7.42 7.86 8 7.99 7.91 7.84 7.12 7.65 7.80 Ipv 

1.49   1.48 1.43 1.46 1.50 1.43 1.49 1.45 1.50 1.42 1.41 A 

42.21 16.75 38.73 18.35 49.99 16.25 49.53 40.45 48.19 36.03 38.25 Rp 

0.012 0.016 0.057 0.072 0.048 0.011 0.030 0.010 0.010 0.038 0.020 Rs 
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Once again FPA-CSA then CS present more accurate 

results in the two-diode model to accurately detect the 

seven model parameters based on minimizing the error in 

Equation 6. 

The seven parameters extracted using FPA-CSA are 

as shown in Table 6. 

 

Table 6. Seven parameters extracted using FPA-

CSA for AP 110 model 
Parameter Value 

I01 1.743159e-08 A 

IPV 1.743159e-08 A 

a1 1.4579 

RP 50 Ω 

RS 0.090 Ω 

IO2 1.5072e-06 A 

a2 1.4576 

 

I-V curve of the seven-parameter model using FPA-

CSA is shown in Figure 6. 

 
Fig.6. I-V curve of the seven-parameter model using 

FPA-CSA two diode model based on five test points 

 

For convenience, the best two metaheuristic methods 

namely: FPA-CSA and CS were tested to extract two 

diode parameters for KC-40T model where errors were 

computed as 0.0358 and 0.0426, respectively. It was 

shown again that FPA-CSA shows superiority over other 

methods. 

Two diode model parameters for KC-40T are shown 

in Table 7. 

 

Table 7. Seven parameters extracted using FPA-CSA 

for AP 110 model 

Parameter Value 

IO1 2.4299e-08 A 

IPV 2.6486A 

a1 1.69999 

RP 2.13128e3 Ω 

RS 0.45439 Ω 

IO2 1.146e-08 A 

a2 1.219 

 

4. MODELING OF PV CELL AT DIFFERENT 

IRRADIANCE LEVEL AND TEMPERATURES 

The previous work models the PV cell at reference 

conditions namely 1000 W/m2 irradiance at 25 °C.  

It is necessary to model the PV cell at various 

environmental conditions, mainly the irradiance level 

and temperature, as the unknown parameters of the PV 

depend on both irradiance and temperature [31, 34]. 

The MPF-CSA is tested to estimate the parameters of 

two diode model for the KC-40T model at low irradiance, 

namely 400 W/m2 and at        50 °C, based on test points 

in [30]. Results are shown in Figure 7 which show 

excellent fitting for the I-V characteristics at various 

operating conditions. 

 
Fig. 7. Two diode model at 1000 W/m2 + 25°C, 400 

W/m2 + 25°C and 1000 W/m2 + 50°C for KC-40T 

model 

 

4. CONCLUSION 

Flower pollination algorithm hybridized along with 

colonel selection algorithm (FPA-CSA) was tested to 

extract the parameters of PV module along with various 

metaheuristic methods. Firstly, objective function 

depends only on settling the I-V curve on MPPT, SA then 

FPA-CSA where the most effective methods with the 

least errors 5.68e-14, 1.40e-9 respectively. Although 

these results are rather tricky as settling the curve at only 

MPPT doesn’t ensure fitting the entire curve. 

A proposed modification on the objective function 

was introduced in order to fit the curve at common point 

as open circuit voltage, short circuit current, half open 

circuit voltage, average of maximum power voltage and 

open circuit voltage along with MPPT. Results in Tables 

3, 4 shows the FPA-CSA ranks as number one among 

other metaheuristic methods followed by FPA and CS 

methods as shown in Figure 8.  

 
Fig. 8. Comparison between metaheuristic methods 

objective function result for both single diode model 

and double diode model 
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The obtained I-V curve based on the suggested 

objective function using FPA-CSA produce the most 

accurate curve fitting to the practical test points with the 

least error.  

Either five parameters model or seven parameters 

model proved to provide high accuracy and less error in 

modeling even when compared with a variety of artificial 

intelligence techniques such as particle swarm, genetic 

algorithm, simulated annealing, etc. 

Objective function better includes minimization of 

error in the five remarkable points (OC, SC, MP, Vx, and 

Vxx) for more accurate results which require only two test 

points as first three points are typical datasheet 

information. 

Further addition of experimental points can improve 

the accuracy of the model although it increases the 

complexity of the objective function.  

Although FPA-CSA has more parameters which 

make it more complex compared to original FPA it 

provides more accuracy, the problem of excessive 

parameters can be handled as a separate optimization 

problem to select the appropriate parameters for the 

required problem.      

The proposed algorithm works efficiently with 

various environmental conditions and presents accurate 

modeling for the PV cell especially with two diode 

model. It presents more accurate results at low irradiance 

level. 

Further improvement can be made by having a 

secondary optimization problem which include 

estimation of sensitivity parameters of the transitional 

equations to exclude the need for various test points at 

different environmental conditions [34]. 

The modeled PV circuit can be used to simulate the 

PV behavior at actual environment along with normal 

and faulty conditions thus predicting cell behavior and 

providing appropriate precautions. 
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ABSTRACT Electrical energy demands gradually increasing in the world in each year, and 

numerous power plants continue to be installed to supply required energy. Most of these are      

small-scale power plants established at different terrains. The power produced by the power 

plants is transmitted to the existing transmission and distribution lines in the Black Sea region of 

Turkey. So, the electrical network is becoming increasingly complex. Distributed generations 

affect the electrical system in many ways. The goal of this study is to determine the effects of 

distributed generation on Trabzon city’s Araklı-II feeder such as voltage profile and short-circuit 

currents of bus bars. The system modeled and simulated by using the DIgSILENT Power Factory 

software with real parameters. It was found that distributed generation sources have positively 

affected the voltage level of bus bars yet  highly single-phase and three-phase short-circuit currents 

was observed.  
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1. INTRODUCTION 

Both demand and supply of electricity is continuously 

increasing in the world due to population growth and 

industrial development [1]. As a result, several 

distributed generators (DGs) have been are built to be 

used in electric power plants recent years in Turkey [2]. 

These power plants are usually located close to the 

energy source and the existing distribution network [3]. 

DGs are connected to radial network and change the 

voltage profile and short circuit current [4]. The electrical 

devices work efficiently if the voltage profile and 

stability is in the range of nominal values. In addition, 

relay protection and coordination are very important for 

power stability [5].Coordination of electrical systems 

mostly depends on the voltage level and short-circuit 

currents value. Nowadays, these parameters are 

calculated using by software instead of conventional 

methods [6].  Arsin substation center contains industrial 

feeder, household feeders and two DGs which are 

connected to the different points of busbar. This 

connecting situation of DGs on busbar is the reason for 

choosing this substation as study of interest. This study 

aims to report the changes in voltage profile, single 

phase-ground and three phase short- circuit currents on 

busbar and terminals according to electric generation 

parameters of DGs. 

2.  ANALYSES OF FEEDERS 

Single line diagram of the Arsin substation is shown in 

Figure 1. Arsin substation has two power transformers (TR). 

TR-A’s is 25 MVA power transformers while TR-B’s power 

is 50 MVA. When higher electrical power is demanded from 

substation, both of two transformers are activated, otherwise 

only TR-B is activated. The vector group of these transformers 

designed as YNyn0. The neutral point of the primer side of 

power transformers grounded directly and neutral point of 

secondary side is grounded over 20 ohm resistance, separately. 

Line diagram of Araklı-II feeder is shown in Figure 2.  DG-I 

and DG-II are 14 km and 19 km away from the transformer 

center, respectively.   

 
Fig. 1. Single-line diagram of Arsin substation [7] 
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Fig. 2.  Single-line diagram of Araklı-II feeder 

 

       The substation center and all feeders which were modeled 

using DIgSILENT Power Factory software are seen in Figure 

3. This established model was based on data provided from 

Çoruh Electricity Distribution Company (Çoruh EDAS Corp.) 

and which is one of the 14 district offices of Turkey Electricity 

Transmission Company (TEIAS). The network model was 

examined with four cases according to the situation of DGs. 

These cases are, both DGs deactivated (Case-I), only DG-I 

activated (Case-II), only DG-II activated (Case-III), and both 

DGs activated (Case-IV). The delivery power which is used for 

load flow analysis are selected as the lowest and highest powers 

recorded on distribution grid system in January 2015. Also, 

load flow estimation analyses were performed for the years of 

2020 and 2025. In addition, short-circuit current for single-

phase to ground and three-phase were calculated in selected bus 

bar. 

 
Fig. 3.  Çoruh EDAS Corp. Arsin substation loading 

estimation model for year 2025 without DGs 

        

Short relative circuit voltage value (Uk %) of TR-A and TR-

B are reported as 9.1 % and 12.3 % respectively. Maximum 

three-phase short-circuit current value of Arsin substation 

center is 8.9 kA and short-circuit cutting power value is 2374 

MVA [7]. Two different DGs are connected to substation from 

two different points of feeders.  Each power plant has two 

generator units which are running in parallel mode. The 

characteristics of these generators are given in Table 1. 

Generator stator windings are grouped in star type. Output 

voltage values of stator windings for DG-I and DG-II are 6.3 

kV. On the other hand, neutral resistance values of stator 

windings are 365 ohm and 364 ohm respectively. Vector 

groups of voltage step-up transformers is Dyn11 (delta- 

grounded wyes) type and their nominal powers are 5.5 MVA, 

3.375 MVA, respectively. The relative short circuit voltage 

Uk % value of these transformers is 7% and neutral resistance 

values are 20 ohm. 

Table 1. Technical information of DG 

D
G

-I
 

Xd 1.409 Xq 1.394 

X'd 0.259 X'q 1.394 

X''d 0.186 X''q 0.237 

P(MW) 4.5  Cosφ 0.90 

D
G

-I
I 

Xd 1.123 Xq 0.620 

X'd 0.211 X'q 0.620 

 X''d 0.157 X''q 0.185 

P(MW) 3 Cosφ 0.85 

         

The length of the Araklı -II line is 50 km long and radial 

type. DG-I is connected to this line. On the other hand,   DG-II 

is connected to the substation with a separate 477 MCM line. 

Araklı-II feeder has 99 distribution transformers. Total nominal 

power for each of these transformers is about 10 MVA as 

shown in Table 2. These transformers have a different 

connection groups according to their rated power. Yzn11 

connection group which have a nominal power value of 

160kVA and below is used in transformers while Dyn11 

connection group is used in transformers which have a nominal 

power value above 160 kVA. 

 

Table 2. Technical information and quantity of transformer on 

Arakli-II feeder 

Power (kVA) 50 100 160 250 400 

Quantity 37 49 7 3 3 

Uk % 4.5 4.5 4.5 4.5 4.5 

 

2.1. Voltage Profile  

DG can change the feeder voltages, and voltage drop 

is caused by the line impedance and current. The 

allowable voltage limits are defined in regulation [8]. 

According to IEC 1547 standards DGs are not expected 

to support the voltage control, actively. Nevertheless, 

voltage of the feeder can be changed by the DG type and 

operation region (grid sub excited or overexcited) [9]. 

Many values such as network power losses, amplitude of 

the busbar voltage, angle and power values are calculated 

using basic variables such as; Q: Reactive Power,  P: 

Active Power, V: Busbar Voltage and δ: Phase Angle.  

 
Fig. 4.  Representation of basic load flow 

 

Basic load flow   scheme is shown in Figure 4.  The 

generator transmits active power to the grid. However, the 

reactive power exchange is bidirectional. Particularly 

distributed generation sources use the reactive power of the 

network at night. However, this amount of use reactive 

power is limited. The basic equation for power-flow 

analysis is derived from the nodal analysis equations for 

the power system: For example, for a 3-bus system, 
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(2) 

where Yij are the elements of the bus admittance matrix Vi 

are the terminal voltages, and Ii are the currents supplied at 

each terminal. The node equation at bus i can be written as; 

1

n

i ij j

j

I Y V


  (3) 

 

relevance  between per-unit real and reactive power 

injected to the system at bus i and the per-unit current 

injected into the system at that bus: 

 
*

i i i iP +jQ =VI  (4) 

 

where Vi is the per-unit voltage at the bus; Ii* - complex 

conjugate of the per-unit current injected at the bus; Pi and 

Qi are per-unit real and reactive powers of power system. 

 
n n

i i
i i ij ij j*

j=0 j=1i

P -jQ
 I  = =V y - y V      1

V
j    (5) 

 

Inductive and capacitive operations of DG were 

examined to reveal the effects the voltage of feeders. 

During the simulation, power factor was assumed as 0.98 

and fixed for Araklı-II feeder which is shown in Figure 5.  

 
Fig. 5.  Modeling of Araklı-II feeder using DIgSILENT 

power factory software 

2.1. Voltage Profile During Night Time 

Electric power demand from substation is minimum 

during at night. In the simulation, active power 

consumption is calculated as 24.5 MW at 13 January 

2015 at 00:30. Consumption load values of distribution 

transformers are shared in proportion to the own nominal 

power values at feeders in the simulation. DG-I produced 

6.7 MW real power and took 0.1 MVAr from network. 

DG-II produced 3.7 MW real power and take 0.3 MVAr 

from network. DGs are operated in sub-excited region at 

night to prevent increase of line voltage. All power values 

of DGs at night are shown in Table 3. 
 

Table 3.  Power values of DGs at night 

DG Type P(MW) Q(MVAr) 

DG-I 6.7 0.1 

DG-II 3.7 0.3 

 

The simulation results obtained according to this 

scenario are shown in Figure 6. The voltage increased at 

the terminal points connected to both DGs. For example, 

voltage of busbar rises by maximum 3% near the DG-I 

such as Fındıklı or Atayurt terminal.  

 
Fig. 6.  Voltage profile for Araklı-II feeder at night    

 

2.2. Voltage Profile During Peak Time    

The peak power demand time of network was 

recorded on 29th of January 2015 at 17:30.  The active 

power consumption is noted about 43 MW. The DGs are 

operated in over-excited region at peak time to prevent 

decrease of line voltage.  
 

Table 4.    Power values of DGs in peak time 

DG P(MW) Q(MVAr) 

DG-I 9.6 -0.4 

DG-II 4.2 -0.7 

 

2.3. Voltage Profile Estimation for Future 

The average power consumption increase per year is 

about 5% for last decade in Turkey [10].  The peak power 

demand were calculated as 55 MW for the year 2020 and 

70 MW for the year 2025 by using this rate. DGs are 

operated in over-excited region with same values in 

section 2.1. Terminals voltage level increased between 

5% and 0.3%, approximately.  

The line voltage decreases when the consumer loads 

increase. Adding a power transformer to the grid is a 

solution for this problem. However, DGs support the 

voltage profile and delivery power of the line in a positive 

way. For this reason, DGs may delay the investment to 

be made in this region. The voltage profile according to 

load estimates of 2020 and 2025 is given in Figure 7.   
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Fig. 7. Voltage profiles   of Arakli-II feeder for 2015 

and beyond 

 

3.  SHORT-CIRCUIT ANALYSIS 

Short circuit current was occurred when two or more 

electrical point at different voltages contact over low 

impedance [11]. If it is assumed that the impedance does 

not change in the networks, the current value is found 

with the Equation 6 and 7 where; 
L  : Network inductance 

R  : Network resistance 

E  : Maximum value of induced voltage 

Va: Fault voltage  

Ia   : Fault current   

Zf  : Fault impedance 

θ, ϕ: Phase  angle  

a   : Operator 

Imax: Maximum current value 

I0, 1, 2: Current symmetrical components 

Z0, 1, 2: Impedance symmetrical components 

 

m

di
L +Ri=E sin(ωt+θ)

dt
    (6) 

-Rt/L

m mi=I sin(ωt+θ- )-I sin(θ- )e       (7) 

 

The short circuit current consists of AC and DC 

components. While the AC component is a continuous 

signal that varies according to the frequency, the dc 

component t '= L / R is a current that goes out according 

to the time constant. 

 
-Rt/L

m dci=I sinωt+I e   (8) 

 

In the phase-to-earth short circuit, the current value 

can be found with the help of the following equations 

with the help of symmetrical components. 

 

0 a a

2

1 a

2

2 a

I 1 1 1 I I
1 1

I = 1 a a 0 = I
3 3

I 1 a a 0 I

 
   (9) 

 

The total phase a current for a line-to-ground fault 

equals three times the phase a positive sequence current. 

0 1 2 a

1
I =I =I = I

3
  (10) 

If the phase-to-ground short-circuit current is over 

the ZF resistance, the short-circuit current value is; 

0 f 0 1 2 0 0 a 1 1 2 23I Z =V +V +V =-I Z +(V -I Z )-I Z   (11) 

 
a

a 0

1 2 0 f

3V
I =3I =

Z +Z +Z +3Z
  (12) 

In this simulation, single phase ground and three 

phase steady-state short circuit currents (Ik") were 

calculated per IEC60909 standard. Short-circuit faults 

were performed on high and medium voltage (MV) 

busbar of substation, and on some important connecting 

nodes at Araklı-II feeder. 

 

3.1 Phase-to-Ground Short Circuit Analysis 

Most of the short-circuit failures in medium voltage 

network is phase-to-ground [12]. The most important 

factor on the short-circuit current is the short-circuit 

power of grid and short-circuit impedance [13]. Although 

short circuit impedance is high in single-phase short-

circuit and it is low in three-phase short-circuit. Short 

relative circuit voltage value (Uk %) of power 

transformers is shown in Table 5.  Single-phase short-

circuit current and effects of DGs on this current shown 

in Table 6. These currents values were investigated for 

all operation conditions when generator was producing 

maximum power. 

DGs caused very little current rise at substation cabin. 

But they highly affected busbar and cabins which are 

close to them. It is observed that phase-to-ground short 

circuit fault current increased 13.5% at busbar which is 

close to DG-I and increased 1.21% at MV busbar on 

substation. 

 

Table 5. Information of distribution transformers 

Power  

(KVA) 

Short-circuit 

Voltage (%) 

X/R  Vector 

Group  

Earth 

Resistance(Ω) 

TR-A 9.12 20 YNyn0 20 

TR-B 12.3 50 YNyn0 50 

2500 6 6.17 Dyn11      -/0 

2000 6 5.62 Dyn11 -/0 

1600 6 5.55 Dyn11 -/0 

1250 6 5.68 Dyn11 -/0 

1000 6 5.63 Dyn11 -/0 

800 6 5.42 Dyn11 -/0 

630 4.5 4.14 Dyn11 -/0 

400 4.5 3.53 Dyn11 -/0 

250 4.5 3.05 Dyn11 -/0 

160 4.5 2.64 Yzn11 -/0 

100 4.5 2.08 Yzn11 -/0 

50 4.5 1.49 Yzn11 -/0 

 

3.2 Three-Phase Short Circuit Analysis 

 In electrical systems, three-phase short circuit 

current occurs maximum 5% of all    short circuit failure 

[14]. This fault current is symmetrical and its value is 

very high [15]. It was observed that the three phase short-

circuit currents of the bus bars decreases with the 

distance from substation. The effect of DGs on the three-

phase short-circuit current is relatively low at the 

terminals near the substation. However, this fault current 

increase is very high in the terminals where the DGs are 

connected. At the end of analyses, it was determined that 

three-phase fault current increased 28.2% at terminal  

which is close to DG-I and 10.7% at substation terminals. 

Three-phase short circuit currents of Araklı- II feeder and 

effects of DGs shown in Table 7. 
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Table 6. Phase-to-Ground short circuit currents (kA) 

Feeder DG (No) DG- I Change (%) DG-II Change (%) DG I-II Change (%) 

TM-HV 8.94 9.02 0.92 9.00 0.70 9.08 1.57 

TM-MV 3.73 3.76 0.67 3.75 0.56 3.78 1.21 

Araklı 2.89 2.99 3.18 2.91 0.52 3.00 3.59 

Fındıklı 1.94 2.14 10.58 1.94 0.36 2.15 10.79 

DG-I 1.78 2.02 13.29 1.79 0.34 2.02 13.46 

Atayurt 1.04 1.12 6.99 1.05 0.19 1.12 7.18 

TSH-7 0.36 0.37 2.23 0.36 0.00 0.37 2.23 

 

Table 7. Three phase short circuit currents (kA) 

Feeder DG (No) DG I Change (%) DG-II Change (%) DG I-II Change (%) 

TM-HV 8.90 9.03 1.44 9.00 1.09 9.12 2.44 

TM-MV 10.59 11.24 6.13 11.08 4.62 11.73 10.75 

Araklı 6.13 6.80 10.90 6.28 2.40 6.94 13.27 

Fındıklı 2.85 3.52 23.56 2.88 0.95 3.55 24.44 

DG-I 2.47 3.15 27.51 2.49 0.81 3.17 28.24 

Atayurt 1.55 1.81 17.04 1.56 0.45 1.82 17.30 

TSH-7 0.48 0.50 5.05 0.48 0.00 0.50 5.05 

4. CONCLUSION 

The effect of distributed generations on voltage 

profile, single-phase to ground and three-phase short 

circuit currents were investigated in this study. The 

following conclusions can be summary as; 

_ When distributed generations is operated in sub-

excited region, voltage profile increase 3% at 

busbar which close to distributed generation -I but 

voltage decrease 0.1% at substation centers. 

_ When distributed generations is operated in over-

excited region, voltage profile increase 5% at 

busbar which is close to distributed generation -I 

and 0.3% at substation centers.  

_ Voltage levels increase from 0.935 p.u. to 0.973 p.u. 

at end of Araklı-II feeder when distributed 

generations are operated in over-excited region 

voltage. 

_ By providing active power from distributed 

generations to the grid, power transformer-A 

loading decreased from 119% to 96% and power 

transformer-B loading decreased from 88% to 71%.  

_ When distributed generations operated, Araklı-II 

distribution line loading was reduced by 33%.  

_ Phase-to-ground short circuit fault current increase 

is 13.46% and three phase short circuit current 

increase obtained as 28.2% at busbar which is close 

to distributed generation-I. So, distributed 

generations is more effective in three-phase short 

circuit fault current then phase-to-ground short 

circuit fault current. 

_ Phase-to-ground short circuit fault current increases 

1.2% and three phase short circuit fault current 

increases 10.7 % at substation centers.  
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