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ABSTRACT 

This paper proposes simple and efficient modeling approaches that are suitable for long-term and large 

Photovoltaic (PV) analysis system analyses. Generally it results in slow and inefficient simulations, especially for 

long-term analyses when transcendental nonlinear equations describing the PV generator, which are coupled with 

the detailed switching models of the power electronic converters are used. Overcoming this, A classical two-stage 

power processing system with intermediate dc link used as a string inverter, as well as a single-stage conversion 

unit using fly back based Micro convertor(MIC) are designed in this paper. This study provides a simplified PV-cell 

model and its parameterization, Evaluation of maximum power point tracking, Interfacing of photovoltaic (PV) 

system with Grid. The generalized modeling approach is thoroughly evaluated by the simulation results. 

 

Index Terms—Equivalent circuit, modeling, parameterization, photovoltaic (PV) power system, solar cell. 

 

1. INTRODUCTION 

Nowadays the worldwide installed Photovoltaic power capacity shows a nearly exponential increase, despite of 

their still relatively high cost. This, along with the research for lower cost and higher efficiency devices, motivates 

the research also in the control of PV inverters, to achieve higher efficiency and reliability. Photovoltaic (PV) power 

systems are becoming increasingly important with wide acceptance and integration of solar energy in modern 

electric grids. In recent years, PV power systems have drawn significant research attention, wherein modeling and 

computer simulation are necessary to analyze the system operation and interaction with utility grids. Over the past 

decade, various simulation methods have been proposed in the literature works [1]–[9], with significant effort 

focused on PV modeling and parameterization. However, the proposed parameterization is complex, and the derived 

PV model requires an iterative solver for simulation implementation. This results in high computational density, 

which is impractical to simulate large-scale PV power systems using low-cost computer platforms. Besides the study 

on simulating PV modules and arrays [1]–[9], others focus on either specific PV power systems or certain 

simulation platforms. For example, in [10], the study focuses on the PV simulation techniques using the RTDS, 

which is an electromagnetic transients program (EMTP)-based simulation tool. A PV-array model is developed to 

investigate the side effect of partial shading and module mismatch [11]. One modeling approach is based on the 

PSIM simulation circuit [12]. In [13], a modeling guideline is developed to simulate three-phase-single-stage PV 

power systems. Tremendous efforts focus on MATLAB–SIMULINK-based simulation platforms [14]–[17]. These 

are generally based on specific applications and platforms; therefore, a generalized approach is needed for the 

efficient modeling and simulation, which is applicable to simulate long-term operation of various PV power 

systems.  
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Fig -1: Typical PV power systems. (a) Utility interface is achieved using two converters and IDCL. (b) Utility 

interface is achieved using single converter without dc link. 

Fig. 1 illustrates two typical structures of utility-interactive PV systems, where Ee and ΔT represent the solar 

irradiance and change in cell temperature, respectively. A system model takes the inputs from the environmental 

variables, simulates the grid-injection power level, and demonstrates the control and system dynamics. The dc/ac 

unit can be either single phase or three phase depending on the point of common coupling. Fig. 1(a) shows the two-

stage interfacing topology that has an intermediate dc link (IDCL). Because of the high capacitance of the dc link, 

the dynamic interaction of the dc/dc and dc/ac can be decoupled. Therefore, the control of the dc/dc converter 

focuses on maximum power injection. The dc/ac inverter performs the dc-link voltage regulation and the grid-tied 

functions, such as power quality assurance, anti-islanding protection, etc. Fig. 1(b) demonstrates the single-stage 

interfacing topology that does not have the IDCL. In the single-stage operation, the dc/ac inverter conducts MPPT 

and other required grid-tied features. The advantage of the single-stage operation lies in the circuit simplicity and 

higher conversion efficiency than the two-stage solution [18]. However, the dc-link configuration distributes the 

control into two individual tasks and provides flexibility to implement modular dc/dc MPPT units to achieve better 

energy harvest [19]. Simulation of such systems requires significant computational power due to the nonlinearity of 

the PV array and the high-frequency switching of the power interfaces. It is even difficult to simulate hundreds or 

thousands of inverter based PV systems that are interconnected with a large power network. Following the 

aforementioned literature review and analysis, a general modeling approach is needed to provide flexibility for any 

implementation method and efficiency for PV power system simulation. In Section II, a simplified single-diode 

modeling approach is introduced to parameterize PV-cell models. The model implementation is also provided, 

including power interface topologies with the IDCL used as string inverters, and single-stage dc/ac conversion, 

proposed as MICs, which shows advantages in terms of “plug and play” flexibility and solar energy harvest [20]. 

2.  SIMULATION MODELS 
Modeling and simulating PV power systems are investigated in this section. By default, all symbols that are 

used in equations refer to the definition table shown in the Nomenclature. 

2.1.  Modeling Photovoltaic Cells 

 

Fig -2: Equivalent circuit for the ideal single-diode PV-cell model. 

The ideal single-diode model (ISDM) which is shown in Fig. 2 was proposed to represent PV outputs for 

crystalline-based solar cells [21], [22]. The simplified model shows computational efficiency but provides fewer 
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tuning parameters in comparison with the standard single-diode model that was presented in [1]–[3]. The model 

parameters should be properly identified, and the modeling accuracy should be evaluated carefully before it is 

integrated into system simulation. The I–V characteristic for an ISDM is expressed as 

   (1) 

The definition of variables and constants in (1) refers to the nomenclature table. A is an unknown parameter 

that needs to be identified.  

2.2. Photovoltaic Model Parameterization 

PV manufacturers provide the values of open-circuit voltage (VOCS), short-circuit current (ISCS), and the 

maximum power point (VMPP, IMPP) at STC. According to the equivalent circuit of ISDM, the value of the photon 

current iph is equal to that of the short-circuit current ISCS at STC. When the solar cell is open-circuited, the output 

current of a PVcell is zero. Therefore, the I–V characteristics at STC can be expressed as 

      (2) 

At the MPP of STC, the I–V characteristic equation can be expressed as 

    (3) 

Therefore, the ideality factor A can be derived from (4), shown below, by the substitution of (2) into (3): 

     (4) 

The diode saturation current ISS can be found by applying A back to (2). Thus, the I–V characteristics at STC can be 

expressed as (5), shown below, where the photon current and saturation current are constant: 

    (5) 

2.3.  Photovoltaic Model Construction for Simulation 

Both the photon current and saturation current change with the solar radiation and cell temperature. For the 

irradiance deviated from STC, the expression of iph can be written as 

   (6) 

where the definitions of Ee and ESTC refer to the nomenclature table.ΔT is the temperature difference between the 

cell temperature TC and the STC temperature TCS, and αT is the current temperature coefficient that is given by the 

product datasheet. The expression in (6) shows that the photon current varies with both solar irradiance and cell 

temperature. The open-circuit voltage can be derived as 

  (7) 

where the definitions of βT and γE , and Ee and ESTC refer to the nomenclature. ΔEe is the irradiance difference 

from the STC, and βT is given by the product datasheet. The irradiance coefficient on voltage γE can be determined 

from the evaluation of the I–V curves for various insolation levels. For example, the open-circuit voltage is given as 

VOC 0.8 , when the irradiance is 0.8 kW/m2 , and the cell temperature is 25 ◦C. The value of γE can be estimated as 

    (8) 

Therefore, the diode saturation current can be updated by following the environmental variation, which is shown as 
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    (9) 

The I–V characteristic equation can be written as (10), shown below, corresponding to the variation of the solar 

irradiance and cell temperature 

 (10) 

2.4.  Terminal Output Implementation 

The single-cell model can be aggregated to any size of a PV array, as shown in Fig. 3.  

 
Fig -2: Block diagram of the PV array aggregation and the interconnection interface applicable for commercial 

simulation software. 

Where, Ns and Np are the numbers of cells that are connected in series and parallel, respectively. When the 

mathematical representation is combined with a controllable current resource, the model gives terminal outputs 

regarding to voltage and current Vpv and Ipv which are compatible with the majority of off-the-shelf circuit-based 

simulation tools, such as the SimPowerSystems for Simulink, PSIM, PSPICE, PSCAD, etc. The equation, i.e., ipv = 

f(vpv, Ee , ΔT), is updated every simulation step following (10) and operating variation. A generalized simulation 

flowchart is illustrated in Fig. 4. 

 

Fig- 4: Flowchart of the PV model simulation. 

Unlike the proposed PV model in [1]–[3], the simplified model ignores the coupled terms between ipv and 

vpv . Ee and ΔT are the environmental variables. The value of vpv is determined by the power equilibrium between 

the PV generation and load, which is regulated by the interconnected power interface. Therefore, a more efficient 

simulation can be expected since no iterative solver is needed. 
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2.5.  Interfacing With Intermediate DC Link  

For two-stage conversion topologies, as shown in Fig. 1(a), the non isolated dc/dc boost topology is 

commonly used as the PV front-end power converter (PVFEC) because of the voltage step-up requirement and its 

simplicity. The control of the PVFEC is the MPPT. One study indicates that the boost topology is superior over the 

buck in terms of cheaper implementation and better dynamics. 

 

Fig- 5: Circuit schematics showing the combination of the PV array and the dc/dc power interface. 

 The circuit diagram can be depicted as Fig. 5, where the PV-array model refers to the diagram in Fig. 2, 

and the IDCL capacitor Cdc is the joint connection todc/ac inverter. Averaged models show advantages of fast 

simulation if the system switching harmonics are not concerned. This feature is important to simulate a large power 

system with multiple inverter-based generators. Assuming that the dc/dc converter works in continuous conduction 

mode (CCM), the averaged model can be derived as 

   (11) 

 

 
Fig- 6: Implementation of the averaged model in CCM combining the PV array and the boost converter power 

interface. 
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Following the expression in (11), the averaged model can be constructed as shown in Fig. 6, where the 

input variable is the injection current to the grid inverter iINV, the control variable is the duty cycle d, and the state 

variables include Vdc, VPV, and iL . The environmental inputs that comprise Ee , and ΔT affect the PV-array model 

output. For the presented two-stage power conversion with IDCL, the values of d and iINV are determined by the 

MPPT function and Vdc regulation, respectively. The output power of dc/ac grid inverters Pac can be estimated as 

(12), shown below, where the conversion efficiency η can be determined by (13), shown below, applying the peak 

conversion efficiency ηmax and the self-power consumption Pself 

     (12) 

     (13) 

Pself is accumulated power loss that results from microcontrollers, drive circuits, human machine interfaces, 

other accessories, etc. Since the grid-side voltage is known and steady, the RMS value of the ac injection current can 

be calculated. 

2.6.  Interfacing With Grid Without IDCL 

 

Fig- 7: Topology of the interleaved flyback MIC for solar grid-tied systems. 

String inverters show significant generation degradation that results from PV module mismatch and partial 

shading. The emerging solution is the MIC, which is also called the micro-inverter, to eliminate the power loss that 

results from inconsistent impacts. A specific MIC, which is shown in Fig. 7 and adopting the interleaved flyback 

topology, is considered in this study. The topology offers the advantages of high efficiency, reliability, power 

sharing, galvanic isolation, and reduced PVvoltage ripple. Therein, all the details about the converter operation can 

be found. The simulation model of the MIC is developed by the averaging technique. The model diagram is shown 

in Fig. 8, where D represents the duty cycle, and D1 is defined as 1-D. The fourth-order dynamic system includes 

four state variables, vpv, vCf , iLf , and iLm, which result from the input and output storage units and illustrated in 

the shadowed boxes. In Fig. 8, the boxes with broken lines represent the system inputs, and the duty cycle D is the 

control variable. The variables Vpv and Ipv are associated with the PV-panel model. 

2.7. Dynamic Model of Maximum Power Point Tracking 

The voltage of the optimal operating point (VOOP) is the index that represents the MPP. In this study, it is 

estimated as 

 (14) 

where the definitions of βT and γE refer to the nomenclature table. ΔEe is the irradiance difference from the STC. 
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Fig- 8: Averaged simulation model of the flyback-based MIC with current unfolding circuit. 

The temperature coefficient can be directly obtained from the product datasheet. The irradiance coefficient on 

voltage can be determined the evaluation of I–V curves that are based on various insolation levels. One of the 

commonly used MPPT algorithms is the perturbation and observation (P&O) method [27], which applies two 

parameters, the perturbation time interval ΔTMPPT and perturbation amplitude ΔV. Thus, the MPP tracking 

dynamics are implemented by a slew-rate limiter, as expressed in (15), shown below, which defines the maximum 

rate of the set-point change. 

      (15) 

As a result, the MPPT operation can be simplified as the diagram shown in Fig. 9, where the optimal operating 

point is calculated by (14), and the slew-rate limiter mimics the MPP tracking dynamics. 

 

Fig- 9: Proposed simulation implementation of MPPT dynamics using a slew rate limiter. 

3. SIMULATION RESULTS AND DISCUSSION  

In this section, the evaluation criterion is defined at the beginning. This is followed by simulation evaluation. 

The simulation platform is the software package of MATLAB/SIMULINK. 

3.1.  Evaluation Criteria 

In this study, the root-mean-square deviation (RMSD) of the current is used to evaluate the modeling accuracy 

of PV cells. The current RMSD is a measure of the differences between values that are predicted by a model and the 

values that are actually measured from real systems. For this specific study, the RMSD of the model-generated PV-



Vol-1 Issue-5 2015   IJARIIE-ISSN(O)-2395-4396 
 

1478      www.ijariie.com 552 

current array ˜I with respect to the measured values I is defined as the square root of the mean square error and can 

be expressed as follows: 

    (16) 

Where  

The normalized RMSD (NRMSD) of the PV current is the RMSD divided by the range of PV current values which 

can be expressed as 

      (17) 

where Isc is the short-circuit current at STC and represents the upper bound of the PV current. The PV current 

ranges from zero to the short-circuit current. In this study, the NRMSD is expected to be lower than 3%. 

3.2. Photovoltaic Model Evaluation 

The evaluation is based on a practical multi-crystalline solar cell which is manufactured by Q-Cells. The model 

number is Q6LPT3-G2, of which the parameters are given in Table I. 

 TABLE- I: Data of a Q6LPT3-G2 Multi crystalline  Solar cell 

 

 Following the parameterization procedure, the ideality factor is derived as A = 1.43.  

TABLE- II: Modeling Accuracy Following Various Insolation Levels  

 

Table II lists the values of NRMSD following the solar radiation levels. The ISDM shows that the averaged 

NRMSD is 1.6%, which meets the expectation. 

3.3. Evaluation of Maximum Power Point Tracking 

In this study, a simplified simulation model is constructed to evaluate the dynamic model of MPPT. The 

conventional P&O operation is used as the bench mark in comparison with the proposed estimation. The voltage of 

the optimal operating point VOOP is affected by the solar irradiance changing from 0.2 to 1.0 kW/m2 . In a typical 

grid-tied PV system, the array voltage is usually rated from 200 to 1000 V. therefore, the VOOP estimation is based 

on the configuration that 1080 Q6LPT3-G2 solar cells are in series connection. The simulation shows that both the 
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P&O algorithm and the proposed estimation can follow the thermal change and indicate the variation of optimal 

operating points.  

3.4. Interfacing With Grid Without IDCL 

The MIC model is rated as 300W for the simulation purpose. It is connected to a solar panel, which is 

constructed by 72 Q6LPT3-G2 cells in series connection. Thus, the peak power of the PV module is rated as 288.2 

W, and the optimum terminal voltage is 36.81 V to represent the MPP. The system parameters are listed in Table III, 

of which the symbols refer to the diagram shown in Figs. 7 and 8. 

Table- III: Interleaved fly back MIC circuit parameters 

 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Fig-12: Simulated waveforms generated by the proposed MIC model (a) PV current, (b) ac output current (c) PV 

power and (d) Solar Irradiance. 

Fig. 12 illustrates the reference signal in comparison with the waveforms that are generated by the proposed 

average model, which is formulated to simulate the detailed switching operation using Simulink and Sim Power- 

Systems. It covers all the details of switching operation including the sine-triangle modulation. Due to the high-

switching frequency, i.e., 172 kHz, the simulation configuration applies a variable step engine with the maximum 

step size of 1 × 10−7 s. The simulation platform is a personal computer (PC) with one Intel i7-2600 CPU and 16-

GB RAM. It takes 1.5102×105 s, which is approximately 42 h, to simulate a 100-ms operation of the MIC grid-tied 

system. This implies that the integration of the physical modeling approach and single-PC platform is impossible to 

simulate a large power system imagining that hundreds or thousands MICs are interconnected with the grid. Under 

the same simulation condition, the proposed averaged model uses 47.45 s to fulfill the 100-ms operation including 

the maximum power tracking, dc/ac conversion, and power quality control. The proposed approach demonstrates the 

simulation speed advantage in comparison with the conventional physical model. Fig. 12 illustrates the waveforms 

of PV current ipv , ac current iLf , and PV power Ppv , which are simulated by the presented MIC model. 

4.  CONCLUSION 

This paper has presented a general approach to modeling and simulating PV power systems with regard to 

electrical engineering perspectives. A simplified PV model is developed showing the detailed parameterization, 

which is based on the given information of the datasheet. Since the majority of PV power system is grid-tied, the 

modeling process focuses on two common power interfaces that include the two stage power conversion with IDCL 

and single-stage conversion without IDCL. The MIC that is called “micro-inverter” is also included for the 

simulation study. Due to the high-frequency switching nature of the MIC, the proposed averaged modeling approach 

demonstrates a simulation speed advantage, which is significantly faster than the conventional physical model. The 

simplified PV model is thoroughly evaluated by the MATLAB/SIMULINK.  
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