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Abstract

:

In this work, a computationally efficient approach for the simulation of a DC-DC converter connected to a photovoltaic device is proposed. The methodology is based on a combination of a highly efficient formulation of the one-diode model for photovoltaic (PV) devices and a state-space formulation of the converter as well as an accurate steady-state detection methodology. The approach was experimentally validated to assess its accuracy. The model is accurate both in its dynamic response (tested in full linearity and with a simulated PV device as the input) and in its steady-state response (tested with an outdoor experimental measurement setup). The model detects automatically the reaching of a steady state, thus resulting in lowered computational costs. The approach is presented as a mathematical model that can be efficiently included in a large simulation system or statistical analysis.
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1. Introduction


Modeling the dynamic behavior of a photovoltaic power system is a challenging and actual topic due to its nonlinear nature and its dependence on environmental quantities [1]. The whole conversion system is, in general, composed of several photovoltaic devices, DC-DC conversion stages, energy storage units, and, usually, an inverter for grid connection. Considering the chain from the end, grid-connected inverters are usually well-understood, and considerable literature can be found on modeling both their AC and transient responses [2,3,4]. Most researches consider parasitic components that highly affect the converter operation, using both a linear equivalent circuit approach and state-space averaging methods [5,6,7,8,9,10,11,12,13]. On the other hand, energy storage is an open topic considering the wide options for storage technologies that are available or rising [14,15]. The DC stage is considerably simple to model when the input voltage can be considered an ideal source; however, a nonlinear device such as a photovoltaic (PV) panel can void several assumptions used for the simple steady-state modeling of the DC converter. Electrical modeling of a PV device involves an interaction with the environmental variables of irradiance (G) and temperature (T) to correctly represent the voltage-current relationship of the device. The assessment and forecasting of such quantities, especially irradiance, is an open problem in the literature [16,17,18,19]. Modeling the PV device connected to a DC converter can be difficult, computationally intensive, and might lead to numerical instability. A complete overview of the issues related can be found in [1,4,20], where the stability of the control process is discussed in an exhaustive way, including the problematics related to maximum power point tracking and small-signal modeling of the PV source. The reading of [4,20] is also important to better understand the differences raised when the PV source is considered equivalent to a voltage or current source. The purpose of this work is to address the difficulties in modeling the nonlinearity of the PV source characteristic by discussing a computationally efficient implementation of the model. Two key aspects are optimized. The first one involves the simulation of the PV device by means of the single-diode model (in the version of a five-parameters model) [21,22]. This circuit model is accurate on the majority of silicon devices, under variable environmental conditions [23]. This individual element of the framework was chosen with solid foundations in state-of-the-art approaches. The single-diode model is a preferred choice for the vast majority of PV literature, both for its computational speed and the wide options for model identification algorithms available. The model was implemented in the framework, with some recent optimizations to enhance the numerical stability. Through the application of the Lambert W function, two explicit relationships can be formulated [24]: the voltage can be written as a function of the current or the current can be written as a function of the voltage, i.e., the PV source becomes equivalent to a current-controlled voltage source (CCVS) or to a voltage-controlled current source (VCCS). However, for some operating conditions of the one-diode model, an exponential overflow can cause divergence in the Lambert function expressions. This shortcoming is addressed through an additional functional mapping [25,26]. The second optimization involves the transient simulation of the DC-DC converter connected to the PV device. A procedure to predict the steady-state value of the state variables is proposed. Using this knowledge, the transient simulation can be halted as soon as a steady state is reached. It should be underlined that this work aims to create an efficient framework for the simulation of a DC-DC converter in the presence of a PV input; thus, the steady-state detection approach is its core concept, since it is able to shorten drastically the computational times. This is particularly important since a time domain analysis is performed to remark the nonlinear and time-varying behaviors of the PV source.



The accuracy of the proposed modeling approach was validated experimentally on three workbenches. The first one to assess the dynamic model of the DC-DC converter without the nonlinearity introduced by the PV device. The second to assess the accuracy of the steady-state predicting procedure when a real PV device is connected to the DC-DC converter. The third one to assess the accuracy of the transient response for the full DC-DC converter plus PV device system, making use of a PV device electrical emulator and a programmable DC load.



An important contribution comes from the presentation of the proposed approach. The majority of the simulations involving DC-DC converters and PV devices found in the literature make use of circuit simulation software [27,28,29]. The further inclusion of these simulations in larger analyses (e.g., Monte Carlo or a grid simulation for machine-learning purposes [30,31,32]) is difficult and unpractical. The approach proposed in this work, on the other hand, is presented in the form of clear mathematical models that can be implemented in any programming language.



The paper is structured as follows. In Section 2, the proposed model is described as composed by the PV device model, the transient and steady-state model for the DC-DC converter, and the steady-state prediction procedure, along with a computational costs discussion. In Section 3, the sizing and hardware implementation of the DC-DC converter is described. The three experimental validation workbenches are described, and the results are presented in Section 4. Final considerations and conclusions close the manuscript.




2. The Proposed Model


The model presented in this work represents a photovoltaic device connected to a DC-DC converter with a resistive load. The nature of the real system to represent includes both the electrical behavior of the DC-DC converter and the nonlinear, environmental-dependent nature of the PV device. The model aims to represent the electrical behavior of the full system with a good accuracy, with reduced computational costs both in the transient and steady state operations. This is achieved through a lean reformulation of the current-voltage relationship for a single-diode model, a state-space formulation for the DC-DC converter, and, most importantly, an effective strategy for steady-state detection.



2.1. Single-Diode Model for Transient Simulations


The single-diode model is an equivalent circuit model that can be used to represent the electrical behavior of a PV device with arbitrary conditions of irradiance (G) and temperature (T). The circuital representation of the model is shown in Figure 1 It should be noted that the single-diode model is meant to represent a single PV cell. However, under the assumptions of uniform irradiance and temperature, it can be used to represent an arbitrary series and parallel of PV cells. Thus, it is suitable to represent PV panels, strings, and arrays.



Considering the only part of the circuit where the voltage (   v  p v    ) and current (   i  p v    ) are defined in an active sign convention, the voltage-current relationship of this model can be easily derived by applying the Kirchhoff Current Law. As can be seen, it is nonlinear, transcendent, and implicit.


   I  i r r   −  I o   [  exp  (     v  p v     +  R S       I  p v        n       V t     )  − 1  ]  −    v  p v     +  R S       i  p v        R  S H       −  i  p v     =   0  



(1)







The five parameters of the model are plainly apparent in the equation, where Iirr is the generated photocurrent, Io is the diode reverse saturation current, n is the ideality factor, RS is the series resistance, and RSH is the shunt resistance. Since (1) describes the voltage-current relationship of the device, the general application involves the determination of the current for a known device voltage or vice-versa. Unfortunately, since (1) is implicit and transcendent, the only way to solve it is by using iterative root-finding techniques, such as the Newton-Raphson method, fixing either the voltage or the current, and solving the equation for the missing variable. This approach is very common and is acceptably fast but, as will be shown below, lacks a proper explicit formulation.



Regardless of the difficulty in solving (1), the single-diode model must be identified prior to being able to represent a physical device. Identification of the model (over a physical device) consists in the determination of the five parameters that results in the best fit with the electrical characteristic of the device at the standard reference conditions, SRC (T = 25 °C and G = 1000 W/m2). Several methodologies exist in the literature that allow identification either from experimental measurements [25,33] or quantities from the constructor datasheet [22].



Since the circuit model of the device is identified at the SRC, the model must be completed by a set of equations [23] that express a dependence of the five circuit parameters from the environmental conditions of irradiance (G) and temperature (T).


   R S  =  R  S , r e f    



(2)






  n =  n  r e f    



(3)






   R  s h   =  R  s h , r e f    (   G   G  r e f      )   



(4)






   I  i r r   =  I  i r r , r e f    (     G  r e f    G   )   [  1 + α  (  T −  T  r e f    )   ]   



(5)






   I 0  =  I  0 , r e f      (   T   T  r e f      )   3  exp  [     E g   (   T  r e f    )    k  T  r e f     −    E g   ( T )    k T    ]   



(6)







Through this set of equations, it is possible to update the electrical characteristic of the model for a time-variable profile of irradiance and temperature, which is the classic scenario for a real PV device. The subscript ref is for the parameters when the model represents the device at the SRC. The other symbols are k for the Boltzmann constant, α for the temperature coefficient for the open-circuit current, and Eg (T) is the temperature-dependent bandgap energy of the semiconductor used for the device construction. If this current-voltage (I-V) relationship is to be included in a transient analysis, such as the one for a DC-DC converter, for each time step, a nonlinear root-finding problem should be solved, with an added computational burden. This is especially true if several PV devices are connected in a series or in parallel. A first reformulation of this relationship is found in the literature through the means of the Lambert W function, resulting in two expressions [24]:


   v  p v    (   i  p v    )  =  R  S H    (   I  i r r   +  I o   )  −  (   R S  +  R  S H    )   i  p v   − n  V t     W   [     I o   R  S H     n  V t    exp    R  S H    (   I  i r r   +  I o  −  i  p v    )    n  V t     ]   



(7)






    i  p v    (   v  p v    )  = −   n V t    R S    W  [     R S    n  V t      ∗    I 0   R  S H      R  S H   +  R S    ∗ exp  (     R  S H      R S  +  R  S H        v  p v   +  R S   (   I  i r r   +  I o   )    n  V t     )   ]     +    (   I  i r r   +  I o   )   R  S H   −  v  p v      R  S H   +  R S      



(8)







This reformulation moves the computational burden of the root-finding algorithm from the solution of a generic equation to the solution of the Lambert W function for a positive argument. Although the explicit current relationship (8) is, in general, without computational problems, the same cannot be said for the explicit voltage relationship [25,26]. When very large arguments appear in the exponential used in (7), which is limited to arguments below ~700 in a 64-bit double-precision float computation environment, the overflow may lead to divergence. A possible solution involves using a mapping function such as the one in (9) and (10).


  g  ( z )  = ln  [  W · exp  ( z )   ]   



(9)






  g  ( z )  + exp  [  g  ( z )   ]  = z  



(10)







From this mapping, the explicit voltage relationship is


    v  p v    (   i  p v    )  = −  i  p v   ·  R S  + n ·  V t     [  g  ( z )  − ln  (     I o   R  S H     n  V t     )   ]     z = ln  (     I o   R  S H     n  V t     )  +    R  S H    (   I  i r r   +  I o  −  i  p v    )    n  V t      



(11)




which can be used along with (8) to include the I-V relationship of a PV device in any Kirchhoff circuital equation resulting from a state-space analysis of a dynamic circuit.




2.2. Transient Model for the DC-DC Converter


The topology investigated in this work is a classic buck-boost converter. This topology is useful both for load-oriented applications (e.g., battery charging and equalization [34,35]) and source-oriented applications (e.g., maximum power point tracking [36]). The circuit model, featuring the main parasitic elements, is shown in Figure 2 where, CIN is a capacitor stabilizing the converter input voltage, Rds is the on resistance of the controlled switch (e.g. a power mosfet), RL is the inductor L equivalent series resistance, Vfwd is the diode threshold voltage, RD is the diode conduction resistance, C is the converter output capacitance and R is the converter load resistance; moreover, ipv is the panel output current, iL is the inductor current, vCIN is the voltage across the input capacitor and, vC is the voltage across the output. Since the purpose of this work is to create a model able to represent the full system both in the transient and steady states, the first step involves the identification of the state variables of the system and the derivation of the relative state equations. The system is commuted through a switch and a diode, and for this reason, two sets of state equations needs to be defined: one for the ON state and one for the OFF state. Through simple observations, the ON and OFF state equations of the circuit can be derived.


  O N :    {        x ˙  1  =  1 C   (  −    x 1   R   )          x ˙  2  =  1 L   [   x 3  − (  R  D S   +  R L  )  x 2   ]          x ˙  3  =  1   C  I N      [   i  p v    (   x 3   )  −  x 2   ]         



(12)






  O F F :    {        x ˙  1  =  1 C   (  −    x 1   R  −  x 2   )          x ˙  2  =  1 L   (  −  x 2   R L  +  x 1  −  V  f w d   −  R D   x 2   )          x ˙  3  =  1   C  I N      [   i  p v    (   x 3   )   ]         



(13)







The state variables appearing in (12) and (13) are the following: x1 is the voltage across the output capacitor, x2 is the current through the inductor, and x3 is the voltage across the input capacitor. As can be seen in the last state equation, the I-V relationship of the PV device affects the current of the input capacitor. This is the only nonlinearity present in the dynamic model of the system. The PV device is connected directly in parallel with the input capacitor, and since its voltage is known at each time step (being a state variable), the most convenient choice to express the PV electrical relationship is (8), and consequently, it acts as the VCCS. However, if a more complex converter was implemented, or if, for some reason, the input capacitor was to be removed, the series connection between the PV device and the main inductor L would result in a more practical choice of (11) as the relationship to represent the PV device.



The state equations can be integrated numerically to create a time response of the system. Assuming a variable profile for irradiance and temperature, the PV circuit parameters (and thus, the resulting state equations) can be updated by means of (2)–(6). As the system reaches a steady state, the integration can halt, and the simulation can proceed with a steady-state linearized model. Since the system is nonlinear, it is impossible to estimate the steady state from the time constants, and it must be manually detected by observing the state variables.




2.3. Steady-State Detection and Modeling


In a steady state, it is safe to assume that the large capacitor in parallel with the PV device has a stable and constant voltage across it. From a system point of view, this transforms the former state variable in a system input. Since the nonlinearity is hidden behind this input, it is possible to approach the DC-DC converter simulation with classic tools such as defining the transfer function via the state-space average (SSA) [37,38]. With reference to the first two equations of (12) and (13), the linearized and averaged system is shown in (14), where VIN is the constant voltage across the CIN input capacitor. This new system can be integrated analytically or numerically with a large time step for reduced computational costs.


    A ¯  =  [      −  1  R C         D − 1  C          1 − D  L        D  (   R D  −  R  D S    )  −  (   R L  +  R D   )   L       ]  ;    B ¯  =  [     0   0       D L        D − 1  L       ]  ;   u =  [       V  I N          V  f w d        ]  ;   x =  [       x 1         x 2       ]      x ˙  =  A ¯  x +  B ¯  u   



(14)







From the SSA system, by assuming a steady state, three transfer functions can be easily derived:


     V  O U T      V  I N     =   − D    (  D − 1  )  +   D  (   R D  −  R  D S    )  −  (   R L  +  R D   )    R  (  1 − D  )       



(15)






     I  O U T      I  I N     =   1 − D  D   



(16)






     R  O U T      R  I N     =   −  D 2     (  1 − D  )   [   (  D − 1  )  +   D  (   R D  −  R  D S    )  −  (   R L  +  R D   )    R  (  1 − D  )     ]     



(17)







Indeed, in (17), the R on the right-hand side of the equation is equal to ROUT. The transfer functions can be used as a method to detect the steady state through these simple steps:




	-

	
Using (17), find the equivalent input load seen by the PV panel across the DC-DC converter.




	-

	
Find the operating point of the PV panel through (11) or (8) and the steady-state input voltage VIN,SS.




	-

	
Using (15), determine the steady-state output voltage VOUT,SS.




	-

	
Calculate the output current with Ohm’s law, then use (16) to determine the input current IIN,SS.




	-

	
Calculate the average current through the inductor as IL,SS = IIN,SS/D.




	-

	
To determine the accuracy of the steady state, compare x1 with VOUT,SS, x2 with IIN,SS, and x3 with VIN,SS.









An example of this comparison is shown in Figure 3 for three different values of duty cycle D (0.4, 0.5, and 0.6). The transient reaches a steady-state value that is very close to the predicted steady-state value obtained through the (15)–(17) transfer functions. From an implementation point of view, since the electric quantities are averagely constant once a steady state is reached, the simulation can be halted or, if needed, can be performed with very large time steps using (14), which can hold for small perturbations as well. This results in an almost negligible computational cost. On the other hand, if a large perturbation (e.g., on the load or in the environmental conditions of the PV device) occurs, it is possible to restart the transient simulation using the steady-state quantities of    V  O U T , S S    ,    I  L , S S   ,   and    V  I N , S S     as the initial conditions for the three state variables:    x 1  ,  x 2  ,   and    x 3   .




2.4. Computational Costs


The model computational load is only relevant for the transient part and is composed by the short time-step integration of (12) and (13). Inside this computation, a large contribution to the computational cost comes from the solution of (8) by means of the Lambert W function at each time step. The model was profiled for performance on a Core i7 Windows 10 machine running Matlab2020a by The Mathworks, Inc., Natick, Massachusetts (MA)considering a variable number of time steps (from 6400 to 640,000) to account for the memory usage effects. The average computational time for a single time step is 4.213 × 10−5 s. The contribution from the solution of (8), considering the variable irradiance and temperature (thus, considering the use of (4)–(6) for parameter updates) is 1.731 × 10−5 s. In other words, more than 40% of the computational burden is related to the nonlinear nature of the problem and, in particular, to the solution of the Lambert W function found in (8) (or the g function found in (11), in case a voltage relation is needed).



The costs involved for the transient part of the model are considerable and would lead to long computational times for simulations. In this context, the ability to quickly switch into a simpler steady-state model after the transient is exhausted is a strong feature that makes this approach suitable for further integrations into more complex analysis protocols, such as Monte Carlo optimizations.





3. DC-DC Converter


To validate the proposed model, a DC-DC converter was built to interface the load with the photovoltaic panel. The converter constraints are summarized in Table 1.



The procedure given in [8,39] is used for the DC-DC converter design. The average output current is calculated as


   I o  =    I o  max   +  I o  min    2  = 23.34   A  



(18)







The inductor average current is expressed as


   I L  =    I o    1 − D    



(19)







Thus, the inductor average current IL depends on the duty cycle. If the system operates at D = Dmax = 0.6, the current is    I L  max     = 58.34 A, while if the converter operates at D = Dmax = 0.3, the current is    I L  min     = 33.34 A.



The minimum value of inductance needed to operate in continuous conduction mode (CCM) is


   L  min   =    R L  max      (  1 −  D  min    )   2    2 f   = 184    μ H   



(20)




while the minimum capacitance needed to operate at the desired output voltage ripple is


   C  min   =    I 0  max    D  min     f  [  Δ  V o  −  (     I 0  max     1 − D   +   Δ  I L   2   )  E S  R C   ]    = 578    μ F   



(21)







The input capacitance is used to hold up the input voltage during the time when the energy is decreasing in the inductor.



If the input voltage drop should not be bigger than the input voltage ripple   Δ  V  i n    , the minimum effective value for this capacitor    C  I N   min     is estimated with


   C  I N   min   =    I L   D  max     f  [  Δ  V  i n   − Δ  I L  E S  R   C  I N      ]    = 1.73    mF   



(22)







Equation (10) in [40] implies that higher equivalent series resistance of the capacitor (ESR) increases the input voltage drop. A SCT3022AL SiC power Mosfet driven by a 1EDC60H12AH isolated gate driver is used in the Buck-Boost converter.



The Mosfet has a breakdown voltage VDSS = 650 V and a nominal conduction resistance of rDS = 22 mΩ. A FFSP2065B SiC diode with a reverse voltage VRRM = 650 V and a continuous rectified forward current IF = 20 A is used. The final sizing for the dynamic components of the DC-DC converter used in the experimental validations is shown in Table 2. It should be noted that the ESRCIN and ESRC were reported in the table, but for simplicity, they were neglected in the circuit model.




4. Experimental Validation


The converter described in Section 3 was utilized in three different experimental workbenches (WB): WB1 involved the measurement of the dynamic response for the DC-DC converter at a constant voltage input. WB2 involved the steady-state response of the DC-DC converter with a real PV panel as an input and operated under outdoor variable environmental conditions. WB3 involved the dynamic response for the DC-DC converter with a hardware-simulated PV device as the input and a programmable load as an output. The experimental measurements of each WB are compared against the simulation based on the model described in Section 2.



4.1. WB1: Constant Voltage Input


The purpose of the first test is to assess the transient accuracy of the model for the DC-DC converter by itself, using as input a voltage source. As stated before, a PV source is drastically different from a voltage source, but we consider this first test important for the setup of the approach. By removing the main nonlinearity from the system (i.e., the PV device), this allows for an analysis that is focused only on the transient evolution of the fast-dynamic elements of the converter. The measurements and the simulations represent the turn-on transient of the DC-DC converter with a constant input voltage. The transient measurements were acquired using a dSPACE MicroLabBox (dSPACE Inc. Wixom, MI, USA), which is an integrated solution for measurement and hardware development. The system is based on an NXP (NXP Semiconductors Netherlands, Eindhoven) processor (dual core, 2 GHz), features eight analog input channels with independent ADC conversion (14-bit and 10 Msps) and a voltage range of ±10 V. The system features analog outputs as well, with 16 channels featuring independent DAC conversion (16-bit and 1 Msps). Moreover, the system features 48 digital I/O ports configurable to implement the most common digital interfaces (e.g., CAN, I2C, SPI, etc.). For the purpose of this setup, the digital output of the dSPACE was used to create the driving signal for the Pulse Width Modulation (PWM) of the DC-DC converter, and the analog inputs were used to sample the input and output voltage of the converter. The results of the output voltage at constant input voltages of 5 V and 7 V are shown in Figure 4.




4.2. WB2: Outdoor PV


The purpose of the second test is to assess the steady-state accuracy of the model when a real PV panel is utilized as a source. The steady-state value is strongly influenced by the environmental values of irradiance and temperature. For this reason, an outdoor setup was implemented featuring a 230-W PV Panel TW230P60-FA2 by Tianwei, Changhua, Taiwan(a datasheet extract showing the open circuit voltage    V  OC    , the short circuit current    I  SC    , the maximum power voltage    V  MP     and the maximum power current    I  MP     can be seen in Table 3) and an instrumental chain for the acquisition of instantaneous irradiance, panel backside temperature, DC-DC input voltage, and DC-DC output voltage. The measurements are performed using a dedicated instrument for PV panel testing, the Chauvin Arnoux Green Test FTV100 by Chauvin Arnoux, Paris, France. This instrument features input ports for both AC and DC voltage and the current measurements, along with a set of input ports for the temperature and irradiance probes. For the purpose of this test, the DC ports for voltage (up to 1000 V) and current (up to 200 A) were used. The temperature was measured through a PT100 temperature probe by Chauvin Arnoux, Paris, France (−30 to 80 °C range with 1% accuracy), and the solar irradiance was measured through a pyranometer by Chauvin Arnoux, Paris, France (up to a 2000 W/m2 range with 2% accuracy). For this measurement, a constant load resistance 11 Ω and three different duty cycles (40%, 50%, and 60%) were used; the choice was done to test the system in a mid-working condition. Measurements were performed in January 2020 at 43.799° N. The measurement chain is schematized in Figure 5, along with the electrical characteristics of the panel in Figure 6. The field implementation is shown in Figure 7. The irradiance values and temperature (Figure 8) recorded by the FTV100 were used to simulate the PV device under variable conditions. The Chauvin Arnoux was configured to average the temperature and irradiance measurements over 10 s. Thus, 300 points is a measurement spanning over 50 min. The small irradiance values are a consequence of the local weather during the tests. It is worth noticing that obtaining a good steady-state accuracy at low irradiances is much more difficult than at quasi-SRC, due to the behavior of the    R  S H     parameter of the one-diode model for low values of G. The steady-state input and output voltages, simulated and measured, are shown in Figure 9.




4.3. WB3: Variable Output Load


The purpose of the third test is to assess the transient accuracy of the model when a PV source is present. Since changes in the irradiance and temperature are, in general, very slow if compared to the time constants of the system, there is no real interest in simulating the transient involved in them. On the other hand, the output load can change abruptly if a sudden energy sink is present. For the purpose of the experimental validation, this scenario was created by using a step-variable load. The measurement chain, schematized in Figure 10 and shown in Figure 11, is composed by a four-channel oscilloscope (Tektronix TDS3014b by Tektronix, Inc. Beaverton, OR, USA), a 700-W PV Device programmable simulator (TerraSAS ETS60), and a programmable AC-DC load (Itech IT 8615). A summary of the instrument’s relevant characteristics is shown in Table 4. In particular, the PV simulator was programmed to simulate the panel reported in Table 5. The programmable load was programmed to switch between the values of 7.5 Ω and 17.5 Ω. The choice for these values was made considering that the PV device would work at the SRC, and for this I-V relationship, the panel would switch from a quasi-SC (Short Circuit) condition (at 7.5 Ω) to a quasi-OC (Open Circuit) condition (at 17.5 Ω), achieving a large transient. The duty cycle of the DC-DC converter was kept at D = 0.5. The results of the two tests are shown in Figure 12 and Figure 13. In the first one, the load resistance initially is 17.5 Ω and is commuted to 7.5 Ω once a steady state is reached. In the second one, the initial load resistance is 7.5 Ω and is commuted to 17.5 Ω before the steady state is reached. All the performed experimental tests confirm that the model correctly simulates both the transient and steady-state operations of the considered systems.



The results obtained from this last workbench confirm the accuracy of the dynamic model even in presence of the PV device nonlinearity. Although a small error can be seen in the steady-state parts (which can be accounted for considering the nonideal connections), the transient evolution timings match almost perfectly the simulation. This is particularly meaningful if this model is to be used for the study of the DC-DC converter control systems, such as an MPPT controller, where an incorrect estimate of the time required for the system response could result in a completely different behavior between the simulations and the real system.





5. Conclusions


In this paper, an efficient and accurate methodology to simulate a DC-DC converter in photovoltaic applications was proposed, with the aim of creating a framework suitable for further integration in larger simulation and analysis environments. The proposed model was formulated to represent both the physical-to-electrical behavior of a photovoltaic device (i.e., taking into account nonelectrical quantities such as temperature and irradiance) and the dynamic nature of the DC-DC converter. The accuracy of the proposed approach was validated against three different experimental workbenches (two for the transient response and one for the steady-state response) to assess the reliability of the approach. The model in the steady state can be integrated with state-of-the-art measurements and the forecasting of irradiance [17,18,19] for power plant-produced energy estimations, and, in general, to assess the electrical quantities of the system over a large timespan. The dynamic model is crucial for innovative photovoltaic applications, such as automotive [41], where sudden changes in the environmental quantities often perturb the steady state, or PV systems, with highly variable power absorptions.



The possibility of integration for such a model in larger structures, which is the main aim of this research, is related to its computational efficiency and the wide adaptability that comes from its constituent parts. The single-diode model might not be the most accurate model for PV devices in the literature (more accurate, yet slower, is the double-diode model [42]), but it is a standard de facto for the representation of silicon devices, has solid literature concerning the model identification, and is computationally light. Moreover, the state-space approach, and the explicit current-voltage characteristics introduced for the PV device, make the methodology described in this work applicable to many different DC-DC converter topologies.



The methodology has, indeed, possible evolution and open problems. The choice of the single-diode model was widely justified for silicon devices, yet for some new technologies such as organic PV, it would be interesting to implement and validate other, more complex, circuit models [43,44]. To make this inclusion viable from a computational point of view, it might require numerical optimization of the circuit relations describing the models [45,46].



A second interesting possibility is to further extend the model chain. On the PV side, the model could be coupled with forecasting or measurement methodologies for the environmental quantities of irradiance and temperature [17,18,19]. On the load side, grid connection could be considered along with a load profile. This later quantity, analogously to the environmental quantities of irradiance and temperature, has a large literature field concerning measurement and forecasting [47,48,49].
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Figure 1. Single-diode equivalent circuit model for a photovoltaic (PV) device. 
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Figure 2. Circuit model for the PV device connected to the DC-DC converter, highlighting the parasitic components. 
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Figure 3. Comparison between the transient solution of the circuit (full-colored lines) and the estimated steady-state value of the three state variables (dashed black lines). The blue curve is relative to D = 0.4, magenta to D = 0.5, and red to D = 0.6. 
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Figure 4. Turn-on transient response of the converter with constant input voltages: 5 V (a) and 7 V (b). 
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Figure 5. Measurement chain for the steady-state response over a variable irradiance and temperature. 
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Figure 6. Electrical characteristics of the TW230P60-FA2 panel at the standard reference conditions (SRC). 
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Figure 7. Experimental workbench for the outdoor PV test. 
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Figure 8. Irradiance (a) and temperature (b) conditions recorded during the measurement. 






Figure 8. Irradiance (a) and temperature (b) conditions recorded during the measurement.



[image: Energies 13 05100 g008]







[image: Energies 13 05100 g009 550] 





Figure 9. Simulated and measured steady-state input (a) and output (b) voltages. 
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Figure 10. Measurement chain for the transient response over a step-variable load change. 
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Figure 11. Experimental workbench depicting the TerraSAS ETS60 (a), the TDS3014b (b), the DC-DC converter (c), and the IT8615 (d). 
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Figure 12. Transient evolution of the input voltage (a) and output voltage (b) for an output load change from 7.5 Ω to 17.5 Ω. 






Figure 12. Transient evolution of the input voltage (a) and output voltage (b) for an output load change from 7.5 Ω to 17.5 Ω.



[image: Energies 13 05100 g012]







[image: Energies 13 05100 g013 550] 





Figure 13. Transient evolution of the input voltage (a) and output voltage (b) for an output load change from 17.5 Ω to 7.5 Ω. 
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Table 1. System parameters.
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	Parameter
	Value
	Description





	f0
	20 kHz
	Switching Frequency



	D
	0.3–0.6
	Duty Cycle Range



	Vi,max
	33.3 V
	Maximum Input Voltage



	Io
	6.67–40 A
	Output Current



	RL
	0-20 Ω
	Load Resistance



	ΔVo
	0.3 V
	Maximum Output Ripple



	Po
	100–295 W
	Output Power










[image: Table] 





Table 2. Dynamic component values.
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	Component
	Measured





	Inductance L
	224.62 µH/ESRL = 0.023 Ω



	Capacitance C
	662.32 µF/ESRC = 0.016 Ω



	Input Capacitance CIN
	2937.2µF/ESRCIN = 0.016 Ω
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Table 3. TW230P60 electrical characteristics.
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	VOC (V)
	ISC (A)
	VMP (V)
	IMP (A)





	37.3
	8.22
	29.4
	7.82
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Table 4. Instrumental chain of the workbench 3 (WB3) summary.
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	Instrument
	Characteristics





	Tektronix TDS3014b Oscilloscope
	Four channels, up to 100 MHz

1 mV/div to 10 V/div vert. sensitivity

4 ns/div minimal time base

GPIB and LAN connectivity



	Itech IT 8615 Electronic Load
	Up to 420 Vrms range and 1800 VA

45-Hz to 450-Hz frequency range

GPIB, LAN, and USB connectivity



	TerraSAS ETS60 Solar Simulator
	Output up to 66 V (OC) and 14 A (SC)

Maximum output power 714 W

I-V curve resolution of 1024 points

LAN connectivity
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Table 5. Parameters for the PV simulator.
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	VOC (V)
	ISC (A)
	VMP (V)
	IMP (A)





	20
	1.10
	17.22
	1.04











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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