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Abstract

:

This paper focuses on the control design of a differential boost inverter when used in single-stage grid-tied PV systems. The inverter performs both Maximum Power Point Tracking (MPPT) at the DC side and Power Factor Correction at the AC side. At first, the state-space time-domain averaged model of the inverter is derived and the small signal frequency domain model is obtained using a quasi-static approximation in which the inverter is treated as a DC–DC converter with a slowly varying output voltage. Then, the controllers are designed using a three-loop strategy in which the inverter inductor currents loop is used for suitable compensation, the DC Photovoltaic (PV) voltage loop is used for MPPT and the output grid current loop is used for Power Factor Correction (PFC) and active power control. The selection of the control parameters is based on a compromise among suitable system performances such as settling time of the input PV voltage, the sampling period of the MPPT, total harmonic distortion of the output grid current, power factor as well as suppression of subharmonic oscillation for all the range of the operating duty cycle. The resulting design ensures that the oscillations of the voltage, current and power at the DC side and the grid current at the AC side are effectively controlled. The validity of the proposed control design is verified by numerical simulations performed on the switched model of the system demonstrating its robustness and fast response under irradiance variations and MPPT perturbations despite the nonlinearity and complexity of the system.
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1. Introduction


The increasing demand for the use of electrical energy, taking place in the recent years, has led to serious concerns about sustainability and the related environmental issues. Consequently, a great attention is being given to the production of electrical energy using renewable energy resources such as photovoltaic (PV) generators and wind turbines due to their abundance and almost zero environmental impacts [1]. Therefore, distributed renewable generation of electricity both in small-scale and large-scale power systems is gaining much interest in the recent years. In particular, PV energy has been wide spread during the last ten years due to the reduction in the cost of PV modules, increase of their efficiency and easy maintenance [2,3]. Although the basic PV system principles and elements remain the same, three main types of of PV systems can be distinguished: stand-alone, grid-connected, and hybrid. Grid-connected PV systems account for more than 99% of the PV-installed capacity compared to stand-alone systems [4]. Grid connection of PV systems requires a highly efficient inverter which is considered the main element in PV installations.



Grid-connected PV systems can be built by using either two-stage or single-stage approaches. In the two-stage approach an intermediate DC–DC power stage is inserted between the PV module and the DC–AC grid-tied inverter [5,6,7]. This intermediate stage is responsible for decoupling the PV system operating point from the PV inverter grid control by enabling a suitable average voltage at the inverter DC side. In two-stage grid-connected PV systems, each stage has its independent task and the control design is relatively simple for each stage. The single-stage grid-connected PV system consists of a PV generator, a DC-link capacitor and DC–AC inverter used both to extract the maximum power from the PV generator and to inject a sinusoidal current into the grid with near unity power factor [8,9].



In conventional PV systems, a single inverter, called a central inverter, is connected with several PV panels and if a partial shading takes place, the efficiency of the entire PV field is degraded. This main disadvantage of central inverters is overcome by using microinverters that are suitable for small-scale residential uses where each PV module is connected to an inverter separately forming an AC module with its own Maximum Power Point Tracking MPPT control. Therefore, the total harvested power increases under a partial shadowing condition since the power of each PV panel is controlled independently and separately from the others. Moreover, single-stage microinverters are connected to the AC side directly, hence eliminating the DC cable losses and therefore improving further the system efficiency.



Voltage step-down DC–AC inverters based on H-bridge topology are conventionally used to connect a PV system to the grid generating a sinusoidal output voltage for supplying an AC load. These kinds of inverters are conventionally preferred because they have inherent control-to-output linearity in large-signal sense. Nevertheless, in these kinds of inverters, the maximum output voltage at the AC side must be always smaller than the DC voltage. Therefore, in single-stage cases based on voltage source H-bridge topology, many strings of PV panels are connected in series to increase the output voltage [10].



The efficiency of the two-stage system is negatively affected by using increased component count and switching devices. Moreover, the size and the cost are higher compared to single-stage grid-connected PV systems. The low reliability is another shortcoming of the two-stage approach. To reduce the overall cost and complexity, single-stage structures can be used.



Single-stage grid-connected DC–AC conversion systems with boosting voltage capability has recently attracted the attention of many researchers. Single-stage structures of microinverters not only perform DC–AC conversion but also perform voltage boosting. Moreover, differential inverter topologies seem to prevail in price and size due to the utilization of small passive elements of DC–DC converters hence improving the efficiency [11].



Some inverter topologies with voltage boosting capability such as the Z-source inverter [12] and the quasi-Z-source inverters [13,14] have been also developed. Another topology with voltage boosting capability is the DC–AC differential boost inverter that has been presented in [15]. This topology was obtained by connecting the load differentially across two identical DC–DC boost converters sharing the same input. The same concept can be applied to any DC–DC converter to form a differential inverter. A study of boost, buck, buck-boost and Ćuk differential inverters has been presented in [16]. The differential boost inverter has been used for power processing stage fuel-cell energy system [17,18]. It has been also used for high quality sine wave generation with a high oscillation frequency [19] where a dynamic modulator has been adopted to control the capacitor voltage of the boost inverter.



Since its introduction in [15], many control strategies have been applied to the differential boost inverter. The nonlinear control-to-output behavior in large-signal dynamic sense and the non-minimum phase nature in the small-signal sense of the boost inverter make the direct tracking of the sinusoidal voltage reference in this kind of topologies a difficult task [20]. Sliding mode control was first applied in which a switching surface composed by weighted errors in the output capacitor voltages and the inductor currents is used [15]. The inverter model with a constant voltage source and a resistive load system and its controller design has been addressed in [21] using a sliding mode control of the inner current loop and a PI controller for the AC output voltage. Adaptive control for the boost inverter has been designed in [22] where by using energy shaping methodology with a suitable Hamiltonian function an autonomous oscillator is generated without an external reference signal hence being the approach suitable for resistive loads.



Other Pulse Width Modulation (PWM) techniques, mostly based on two-loop linear control scheme, have been used with a slow outer loop for the capacitor voltages and a fast inner loop for inductor currents. Two separate control loops are usually used for each converter. Examples of this control strategy can be found in [17,20]. Most of the previous studies reported on the differential boost inverters have been tested by a resistive load. Grid-connected boost inverter was also considered in [23,24] for integrating energy storage devices such as a battery, fuel cell or supercapacitor to a single-phase AC grid. A load-adaptation mechanism for the boost inverter has been carried out to design a state observer for some of the converter variables in order to estimate the load [22] leading to a fast system response and successful adaptation of the load parameter as confirmed by numerical simulations in the same paper. A current control strategy with zero steady-state tracking error has been applied to a differential grid-connected boost inverter supplied from an ideal input voltage source [25]. In that work, based on the internal model principle, Proportional-Resonant (PR) controllers instead of Proportional-Integral (PI) controllers were used to achieve zero phase and amplitude tracking error demonstrating experimentally that the proposed control meet grid-connection harmonics standards. The grid-connection of the differential boost inverter and the use of PR controller for the grid current loop was also addressed in [26] where a sliding mode control for the inner inductor current loop and a PI controller was used.



In most of the published works, a decoupling between the two branches of the differential inverter is performed with the aim to simplify the control design. Using such an approach, the inverter is not taken as a whole system but two identical decoupled converters and the output of each branch is controlled individually and separately from the other branch. The control of the inverter is performed by controlling each DC–DC boost converter separately. In this approach, each boost converter is controlled to generate a DC biased sinusoidal voltage with a phase shift of 180 °  such that the difference between both output voltages is an AC sine wave signal that is used to supply the AC load. The DC–DC boost converter cannot generate a voltage lower than its DC input voltage, the DC component of the voltage generated by each DC–DC boost converter must be larger than the DC input voltage. For that, two controllers for each loop and two modulators are used for the entire system. Hence increasing the number of components in the control system. Moreover, the two branches of the inverter are coupled both at the input and the output sides. In particular, in PV application, the input side is no more a constant voltage but a state variable that is coupled to both branches of the inverter. Model predictive control was applied to the differential boost inverter in [27] used for PV grid-connected system applications where it was demonstrated by numerical simulations that a simple control comparable to classical control techniques can be used.



Most of the previous works have converted the problem of controlling the boost inverter to the problem of controlling two identical DC–DC boost converters. An exception where the inverter was controlled as an individual system is [28] where a strategy for generating a sinusoidal voltage at the output of the inverter with resistive load directly from the difference between the capacitor voltages of both converters. The approach was finally implemented by a fixed frequency PWM approach based on a sliding mode control theory leading to a robust system under load and input voltage variations with simple implementation. One advantage of controlling the system as whole is a decrease in the number of required sensors and simplicity of the control scheme to be implemented. Sliding mode control has many advantages for nonlinear systems. Nevertheless, the main drawback of the sliding mode control in power electronics field is that it is ultimately implemented by using hysteretic comparators leading to variable switching frequency.



PR controllers have been used to overcome the issues related to the use of PI control in single-phase inverters [11,29]. Nevertheless, since the AC signals are much slower than the switching frequency, conventional controllers can still be used as will be shown in this paper. However, PI controllers can lead to steady-state errors and phase shifts when used to control sinusoidal signals. The bandwidth must be enough large but high bandwidth could lead to either instability due to the phase lag introduced by the PI controller. Therefore, a phase boosting is needed near the desired crossover frequency and this can be accomplished by using type III controllers widely adopted in the control of DC–DC converters [30]. In most of the published works, resistive passive loads and constant input voltage were considered. Except [21], real nonlinear real PV sources and grid connection have not been fully addressed for the differential boost inverter due particularly to its complexity when it is used in PV systems such as in grid-connected microinverter applications where the cost and the simplicity are to be taken into account.



When the system is supplied by a constant input voltage and loaded by a resistive load, its design can be roughly divided in the design of two identical boost converters resulting eventually to order reduction of the overall dynamics. In the case of a PV-fed grid connected inverter and due to the coupling between the two converters at the DC side by dynamics of the PV generator voltage and at the AC side by the dynamics of the grid current, such an approach cannot be applied and the differential inverter must be treated a whole system.



The main contributions of this work are the derivation of a control-oriented model and the design of a three control loop strategy for a PV-fed grid-tied boost inverter as whole system without any decoupling between the two inverters hence dealing with its full-order model. The strategy is based on peak current mode control for the fast inner loop, a type III compensator for the grid current loop and a PI regulator with a pre-filter for the DC PV voltage loop. The main concern is the design of the three control loops for the inverter supplied from a series strings of PV panels and connected to the AC grid performing both Maximum Power Point Tracking (MPPT) at the DC side and Power Factor Correction (PFC) control at the AC side. For that, the study starts with a suitable mathematical modeling of the inverter. The design of its different control loops is carried out using simple approaches widely adopted for DC–DC converters while resulting in excellent system performances. At first, the state-space time-domain averaged model of the inverter is derived and the small signal frequency domain model is obtained using a quasi-static approximation in which the inverter is treated as a DC–DC converter with a slowly varying output voltage. Then, the controller is designed using a three-loop control strategy in which the boost inductor currents loop is used for suitable compensation by means of a single driving signal and its logic negation.



The rest of this paper is organized as follows. Section 2 presents the system description consisting of a grid-connected PV system based on a differential boost inverter. Details about the operating principle of the system are provided in the same section. The mathematical model and the controller design are presented in Section 3. AC steady-state analysis is addressed in Section 4. Numerical simulations for the PV system grid-connected are presented in Section 5 validating the theoretical predictions. Conclusions of this work are summarized in the last section.




2. System Description and Its Mathematical Modeling


2.1. Operation Principle


Like in two parallel connected DC–DC converters, a differential inverter is constituted of two identical DC–DC converters sharing the same input [11]. However, in contrast to parallel connected converters that share also the output, in the inverter the outputs of the two converters are connected in a differential way. Figure 1 shows the concept of building a differential inverter using two DC–DC converters [15,16].



The system under study in this work consists of a differential boost inverter which is obtained by connecting two identical DC–DC boost converters in parallel supplied from common source and feeding a floating voltage load. The current drawn by the input is shared properly between the two boost converters by the action of a Current Mode Control (CMC) scheme using the difference between the two inductor currents of the two converters as will be detailed later. The schematic diagram of a grid-connected DC–AC differential boost inverter fed by a PV generator is shown in Figure 2. The input PV voltage is regulated to the desired MPP voltage which depends on the solar irradiation S and the temperature  Θ .



In contrast to the case with resistive load in which a sine wave AC voltage must be generated at the output of the inverter, for grid connected inverter, it is the grid current that must be controlled to be in phase to the grid voltage. Because of their non minimum phase nature, boost converters can be better controlled using multiple loop CMC using inductor currents. Denoting the two connected converters as Converter 1, whose inductor is   L 1   and inductor current   i 1  , and Converter 2, whose inductor is   L 2   and inductor current   i 2   (Figure 2), the operation of the system can be described as follows. Both converters are controlled in a complementary way via a single pulse-width modulation (PWM) scheme so that Converter 2 is phase shifted   2 π D   with respect to Converter 1 at the switching time scale, D being the operating duty cycle. This implies that when the current   i 1   reaches its peak value, the current   i 2   reaches its valley value and vice versa.




2.2. Differential Peak Current Mode Control


The difference between   i 1   and   i 2   (scaled by a sensing resistance   R  s L   ) is controlled using a conventional peak CMC by comparing the signal    R  s L    (  i 1  −  i 2  )    to the signal    R  s g    i ref   . A ramp compensator is added to the current signal to avoid subharmonic oscillation for all the operating range of duty cycle. The comparison of the signals    R  s L    (  i 1  −  i 2  )  +  v ramp    with the signal    R  s g    i ref    by using a comparator and a S-R flip-flop generate the high and low values of the pulses driving the switches as shown in Figure 3 which represents the block diagram of the inner current control together with the outer voltage control. The reference current for the difference between the two inductor currents is provided by an external grid loop controlling the AC grid current. The activation of the switches Q   1  , Q   2  , Q   3   and Q   4   is carried out as follows: the signal    R  s L    (  i 1  −  i 2  )  +  v ramp    is connected to the inverting pin of the comparator whereas a sawtooth signal   v ramp   is applied to the non inverting pin. The output of the comparator is applied to the reset input of a set–reset (SR) latch and a periodic clock signal is connected to its set input as shown in Figure 2 in such a way that the switches Q   2   and Q   4   are on at the beginning of each switching cycle and are turned off whenever    R  s L    (  i 1  −  i 2  )  +  v ramp  =  R  s L    i ref   . The state of the switches Q   1   and Q   3   are complementary to the switches Q   2   and Q   4   respectively.



The voltage reference   V MPP   is to be provided by an MPPT algorithm. The error voltage    v pv  −  V MPP    is the input signal to a voltage controller.



The DC–AC inverter stage is responsible for injecting a sinusoidal grid current   i g   in phase with the grid voltage    v g  =  V g  sin  ( 2 π  f g  t )   . For this, another control loop strategy is used where the input DC-link voltage controller provides the reference grid current amplitude   I gref   for the inner current controller. This amplitude is multiplied by a sinusoidal signal synchronized with the grid voltage   v g  , using a phase-locked loop (PLL), to obtain the time varying current reference    i  gref   =  I gref  sin  ( 2 π  f g  t )   . The current controller is conventionally a PI regulator that aims to make the grid current   i g   to accurately track   i  gref    hence making the reactive power close to zero. This loop is responsible for DC-link voltage regulation by adjusting the amplitude of the sinusoidal current reference. A low-pass filter with a cut-off frequency at the grid frequency is also usually added to the voltage controller with the aim to reduce the harmonic distortion introduced by second harmonic of the grid frequency. The error between the grid current and its desired reference is processed by the grid current controller.



As shown in Figure 3, the grid current loop is mainly constituted by the grid current, its reference, which is obtained from the PLL, and the grid voltage and the type-III current regulator whose output is connected to one of the inputs of the PWM. Namely, the input to this controller is the grid current error    i gref  −  i g    scaled by the grid current sensor   R  s g   . The PV DC voltage loop is mainly formed by the PV voltage, its desired value given by the MPPT controller, a low pass filter and the PI voltage regulator. The MPPT input is constituted by the PV current and the PV voltage from which the PV power is calculated and sampled at the MPPT sampling period.




2.3. Control-Oriented Model of the PV Generator


The nonlinear   v − i   characteristic equation of a PV module can be found in many references in the literature. The PV generators have a nonlinear characteristic changing with the temperature  Θ  and irradiation S. For constant or slowly varying temperature and irradiance levels, the   v − i   equation of the PV model can be approximated by the following linear Norton equivalent model [31]:


   i  p v   ≈  I mpp  −    I mpp   V mpp     (  v pv  −  V mpp  )  = 2  I mpp  +    I mpp   V mpp     v mpp  .  



(1)







Under nominal conditions, the used PV generator is composed by four series connected TRINA PV modules each one with open circuit voltage around 46.5 V according to the data provided in [32] with a maximum power of 350 W [32]. The resulting PV generator has a nominal power of about 1.4 kW with a nominal MPP value of about 154 V and a nominal MPP current of   9.53   A at nominal conditions of irradiance and temperature. Figure 4 shows its   i − v   curve for different values of irradiance   S ∈   (200,1000) W/m   2   and temperature   Θ ∈ ( 20 , 60 )    °  C. More details about the parameter values used will be provided in Section 5.




2.4. Maximum Power Point Tracking


In the MPPT control based on the inverter, the MPPT algorithm can be implemented in two different ways. In the first one, the MPPT controller provides the reference current directly and this has to be tracked by the grid current. The MPPT controller provides a current reference amplitude which is multiplied by a sinusoidal template synchronized to the grid voltage provided by a Phase Locked Loop (PLL). Then, an error between the grid current and its reference is finally processed by a current controller. Another way to implement the MPPT control is that its output is considered a reference voltage for the PV voltage and the grid current reference amplitude is provided by PV voltage controller. This is modulated by the sinusoidal template synchronized to the grid voltage provided by a PLL and then the grid current error is processed by the controller. In both schemes, the PWM control signal is an input to the pulse width modulator



When designing the controller for a single-stage PV system with different loops, it must be taken into account the fact that the settling time of the PV voltage must be shorter than the sampling period of the MPPT control in order to ensure stability of the tracking algorithm. Many MPPT control algorithms can be used such as Perturb-and-Observe (P&O) algorithm and Incremental Conductance (INC) technique. All of them can be implemented by a fixed or a varying or adaptive sampling period. With fixed sampling period algorithms, this period determines the MPP tracking speed. The larger the sampling period, the faster the tracking and vice versa. In order to obtain both speed and accuracy, variable and adaptive sampling period algorithm can be used. When the PV voltage is far away from the MPP voltage, a large sampling period is used. Close to the MPP, a small sampling period is used to guarantee the tracking accuracy. Another important parameter for the MPPT is the perturbation amplitude which must be selected much lower than the DC value of the parameter to be perturbed.




2.5. Control-Oriented Open Loop Average Model of the DC–AC Boost Inverter


The average model of the inverter at the switching period scale can be obtained by substituting the binary signal u by its duty cycle d and the instantaneous state variables by their averaged quantities. Therefore the averaged model can be expressed as follows


      d   i ¯  1    d t     =     1  L 1    (   v ¯  dc  −   v ¯   o 1    ( 1 − d )  )  ,     



(2)






      d   i ¯  2    d t     =     1  L 2    (   v ¯  dc  −   v ¯   o 2   d )      



(3)






      d   v ¯   o 1     d t     =     1  C 1    (  ( 1 − d )    i ¯  1  −   i ¯  g  )  ,     



(4)






      d   v ¯   o 2     d t     =     1  C 2    ( d   i ¯  2  +   i ¯  g  )  ,     



(5)






      d   v ¯  dc    d t     =     1  C dc    ( 2  I MPP  −      v ¯  dc   I mpp    V mpp    −   i ¯  1  −   i ¯  2  )  ,     



(6)






      d   i ¯  g    d t     =     1  L g    (   v ¯   o 1   −   v ¯   o 2   −  v g  )  ,     



(7)




where the overbars stand for averaging with respect to the switching period and   L 1   and   L 2   are the inductance values of the boost inductors, and   C 1   and   C 2   are the capacitance values of the boost capacitors and   C dc   is the capacitance of the DC-link capacitor placed at the output of the PV generator. All other parameters and variables that appear in (2)–(7) are shown in Figure 2.




2.6. Quasi Steady-State Analysis


Let    I 1   ( t )   ,    I 2   ( t )   ,    V  o 1    ( t )   ,    V  o 2    ( t )    and    I g   ( t )    be the quasi stationary values of the averaged state variables. The coordinates of the quasi-equilibrium point can be obtained by equaling to zero all the time derivatives in (2)–(7). In doing so, it is obtained that the quasi steady-state values of the state variables are related to the quasi steady-state duty cycle   D ( t )   by the following expressions


      I 1   ( t )     =       I g   ( t )    1 − D ( t )       



(8)






      I 2   ( t )     =    −     I g   ( t )    D ( t )        



(9)






      V  o 1    ( t )     =      V dc   1 − D ( t )       



(10)






      V  o 2    ( t )     =      V dc   D ( t )       



(11)






      V dc   ( t )     =       v g   ( t )  D  ( t )   ( 1 − D  ( t )  )    2 D ( t ) − 1       



(12)






      I g   ( t )     =     I mpp     D  ( t )   ( D  ( t )  − 1 )  ( 2  V dc   ( 1 − 2 D  ( t )  )  +  v g  D  ( t )   ( 1 − D  ( t )  )  )    V dc    ( 2 D  ( t )  − 1 )  2         



(13)







Since    v g  =  V  o 1   −  V  o 2    , using (10) and (11), the voltage gain of the inverter can be expressed as follows


  M  ( D )  : =    v g   V dc    =    2 D − 1   D ( 1 − D )     



(14)







The conversion gain   M ( D )   is a continuous odd function of D. At   D ≈ 0.28   and   D ≈ 0.72  ,   | M ( D ) |   is approximately equal to 2.2 which is the maximum gain that will be used in this paper corresponding to peak value of the grid voltage. In the case considered in this study, the grid voltage peak is    V ref  = 230  2    and the MPP voltage changes between 152 V and 160 V and therefore the maximum inverter gain will vary between 2 and 2.2 approximately at the maximum grid voltage. According to (14), the quasi steady-state   D ( t )   is given by the following equation:


  D  ( t )  =         1 2   −    V mpp    v g   ( t )     +   1 2     1 +    4  V  mpp  2     v g 2   ( t )           if   v g   ( t )  > 0 ,         1 2   −    V mpp    v g   ( t )     −   1 2     1 +    4  V  mpp  2     v g 2   ( t )           if   v g   ( t )  < 0 .        



(15)







Clearly, the duty cycle is a continuous function in terms of   v g   and that regardless of the value of the input voltage   V mpp   one has


   lim   v g  → 0   D  ( t )  =   1 2    



(16)







Figure 5 shows the steady-state waveforms of averaged inductor currents    i ¯  1   and    i ¯  2   and the capacitor voltages    v ¯   o 1    and    v ¯   o 2    by assuming a unity power factor. The inductor currents and capacitor voltage are well balanced and are phase shifted by 180  °   as depicted in Figure 5a,b for both values of power. In the figure, the used grid voltage peak value is    V ref  = 230  2    V, the DC input voltage is    V dc  = 152   V and the amplitude of the grid current was adjusted for each used value of power.





3. Small-Signal Model of the Inverter under the Differential Peak CMC and Grid Current Controller Design


3.1. Small-Signal Model of the Inverter under the Differential Peak Current Mode Control


The control of a power converter is generally undertaken in the frequency domain. Examination of a system loop gain in this domain easily allows the determination of stability margins. The design methodology requires that a transfer function be available. For the boost inverter, this is generally complicated since it is a six dimensional system. Since the grid frequency is much smaller than the switching frequency, a simplified analysis will be performed by considering the inverter like a DC–DC converter in which the grid voltage is considered constant at the switching time scale. The averaged model under CMC can finally be expressed as follows


      x ¯  ˙    =    f (  x ¯  , d )     



(17)






    d   =        R s   (  i ref   ( t )  −  (   i ¯  1  −   i ¯  2  )  )    (  m a  +  R  s L       v ¯   o 2    2 L    ) T    ,     



(18)




where    x ¯  =   (   i ¯  1  ,    i ¯  2  ,    v ¯   o 1   ,    v ¯   o 2   ,    i ¯  g  )  ⊺    and function  f  is as follows


  f  (  x ¯  )  =        d   i ¯  1    d t           d   i ¯  2    d t           d   v ¯   o 1     d t           d   v ¯   o 2     d t           d   i ¯  g    d t         



(19)







The coordinates of the quasi-equilibrium point can be derived by substituting D by its expression in (8)–(13). For a practically constant input voltage (PV voltage    V dc  ≈  V mpp  ≈ 154   V) and sinusoidally time varying output voltage with RMS value    V  g , rms   =   230 V, according to (15), the duty cycle varies in the range (0.28,0.72). Therefore the system will be studied in this range of duty cycle. To make the system operate in this range with outer loop open, the reference current is fixed according to the following equation which is obtained by solving in steady-state (18) for   i ref  


   i ref  =     m a  D T   R  s L     −    D  ( 1 − D )  T  v g    2 L ( 1 − D )    +    3  I mpp    2 D − 1     



(20)







Because the duty cycle could be larger than 0.5, the system may exhibit subhamronic oscillation if the slope of the compensating signal is not appropriately selected. The slope of the compensating ramp is selected in such a way to guarantee a system free from subharmonic oscillation for the entire range of   D ∈ ( 0.28 , 0.72 )  .



The design of the controller is conventionally based on a small-signal averaged model which can be obtained from (17) and (18) after performing a conventional perturbation and linearization close to the operation point which is supposed to be the MPP. Let     v ^  1  =   v ¯   o 1   −  V  o 1    ,     v ^  2  =   v ¯   o 2   −  V  o 2    ,     i ^  1  =   i ¯  1  −  I 1   ,     i ^  2  =   i ¯  2  −  I 2    and    d ^  = d − D   the small deviations of the average state variables    v ¯   o 1   ,    v ¯   o 2   ,    i ¯  1  ,    i ¯  2  , and the average duty cycle d with respect to their steady-state values   V  o 1   ,   V  o 2   ,   I 1  ,   I 2   and D respectively. Therefore, the small-signal model of the system under CMC with current reference can be written as follows


    d  x ^    d t   = A  x ^  + B   i ^  ref   



(21)




where  A  and  B  can be computed from the following expression


  A =      ∂ f   ∂  x ¯       d = D   +      ∂ f   ∂ d      x = X     ×    ∂ d   ∂  x ¯       x = X   ,  B =      ∂ f   ∂ d      d = D   ×      ∂ d   ∂   i ¯  ref       x = X    



(22)




where  X  is the quasi-steady-state value of  x  which represents the vector of the state variables of the inverter power stage. Let    C 1  =  C 2  = C   and    L 1  =  L 2  = L  . Therefore, different partial derivative in (22) point are given by


       ∂ f   ∂  x ¯       =        0   0    −    1 − d  L      0     1 L     0     0   0   0    −   d L        1 L     0        1 − d  L     0   0   0   0    −   1 C        0     d C     0   0   0     1 C        −   1  C p        −   1  C p       0   0    −    I mpp    C p   V dc        0     0   0     1  L g       −   1  L g       0   0     ,     ∂ f   ∂ d    =        v  o 1   L        −    v  o 2   L         −    i 1  C           i 2  C       0     0         



(23)






       ∂ d   ∂  x ¯       =         −    R  s L    T (  m a  +  R  s L      v  o 2   L   )          R  s L    T (  m a  +  R  s L      v  o 2   L   )      0       R  s L    (  i 1  −  i 2  −  i ref  )    L T   (  m a  +  R  s L      v  o 2   L   )  2       0   0     ,     



(24)






       ∂ d   ∂   i ¯  ref       =      R  s L    T (  m a  +  R  s L      v  o 2   L   )       



(25)







Let us first start by the design of the grid current controller which is slower than the inductor current loop and faster than the PV voltage loop. The linear averaged small-signal model of the boost inverter under CMC can be expressed in the state-space form     x ^  ˙  = A  x ^  + B     i ^  ref  , where the over-hat stands for small signal variation. Selecting the small-signal output represented by the small-signal current    i ^  g   and using the Laplace transform, the small-signal transfer functions can be obtained using the formula     i ^  g   ( s )  =   C  ⊺    ( s I − A )   − 1   B   i ^  ref   , where     C  ⊺  =  ( 0   0   0   0   0   1 )    and  I  is a   6 × 6   identity matrix. Hence, the   i ref  -to-  i g   transfer function can be expressed as follows:


  H  ( s )  =   C  ⊺    ( s I − A )   − 1   B  



(26)







The zeros can be obtained by solving for s the equation     C  ⊺    ( s I − A )   − 1   B = 0  . However, this results in fourth order polynomial equation that cannot be solved in closed form. On the other hand, the poles can be obtained by solving for s the equation   det ( s I − A ) = 0   which leads to a 6-th order polynomial equation that hold too much space and is not reported here. Here, the location of the zeros when parameters are varied can be obtained by numerical simulations using the function pzmap of Matlab© software. The values of the power stage parameters used for performing the numerical simulations are depicted in Table 1.



Figure 6 shows the poles and zeros loci of the small-signal model from (26) when the duty cycle is varied and for irradiance value   S = 1000     W /  m 2    and temperature   Θ = 25     °  C. Similar pole-zero loci have been obtained for other values of irradiance and temperature. The arrows in the right panel of the figure show the direction of the evolution of poles when the operating duty cycle D increases. It can be observed that the system presents a zero at the origin, an unstable zero at high frequencies which is invariant under the duty cycle variation and two unstable complex conjugate zeros. Furthermore, Figure 6 illustrates the conditional stability of the inverter with   i ref   given without a feedback loop. This stability is lost when the operating duty cycle increases and becomes larger than   0.5  . Namely, the system presents six poles and when duty cycle approaches   0.5   from the left side, the real part of two complex conjugate poles and a real pole become null.



Figure 7a shows the simulated inverter frequency response obtained from the derived model. The figure shows that the magnitude and phase profiles remain the same while the duty cycle varies although they slightly change their curvatures. Therefore the design for a specific value of the duty cycle could be valid for all the range of duty cycle values. Figure 7b shows the simulated inverter frequency response for the extreme operating values of duty cycle   D = 0.28   and   D = 0.72   obtained using a straightforward cycle-by-cycle simulation of the switching circuit implemented in PSIM   ©   [33] version 12.0.3.0.264. This was carried out by modulating the reference current by a sine wave signal with frequency going from 100 Hz to 25 kHz (half switching frequency) and obtaining the resulting small signal at the output grid current while fixing the system parameters as depicted in Table 1 and the value of reference current to   i ref   according to (20). The running time was few orders of magnitudes longer than the simulation obtained by the derived small signal model. The comparison between the results reveals from one hand that the derived linear model is valid for the entire considered range of the duty cycle because the frequency response profile do not significantly change within the entire considered range of the duty cycle. The comparison with the results obtained from PSIM   ©   software demonstrates the validity and accuracy of the proposed average model of the differential boost inverter with peak differential CMC when used in a grid-tied PV system.




3.2. Grid Current Controller Design


According to the obtained transfer function, it can be concluded that even with practically constant grid current and voltage, a PI controller for the grid current will not be enough for getting acceptable dynamic performances in terms of phase margin and damping of the system response. In fact, in order to get a good tracking of the slowly varying grid current reference   I gref  , the bandwidth of the loop gain must be sufficiently high. Nevertheless with a PI controller, a high bandwidth will lead to a low phase margin and eventually to a poorly damped oscillatory response. To mitigate this problem proportional-resonant controllers with infinite gain at the grid frequency is usually used [26,29]. Nevertheless, the PR controller improves the steady-state error and the phase shifting between the controlled variable and its desired time varying reference but slows down the speed response. Here we use a type-III controller with two zeros and three poles widely used in the power electronics community and many design rules are available for this type of controllers [30]. From the bode plot obtained in the previous subsection, it can be observed that phase boosting at high frequency is necessary to avoid instability. This phase boosting can be accomplished by using a controller with two zeros at high frequencies hence boosting the phase by 180  °  . For getting a zero steady-state error the controller must also have a pole a the origin. Therefore, a type-III controller can be used. The gain of the controller can be selected according to the desired crossover frequency of the system. The transfer function of a type-III controller can be expressed as follows:


      H c   ( s )  =  K  p , c      ω  z 1   s       ( s /  ω  z 1   + 1 )   ( s /  ω  z 2   + 1 )     ( s /  ω  p 1   + 1 )   ( s /  ω  p 2   + 1 )     .     



(27)




where   K  p , c    is the proportional gain of the grid current controller,   ω  z 1    and   ω  z 2    are two zeros and   ω  p 1    and   ω  p 2    are two poles to be placed appropriately according to the rules detailed in [30]. Namely, the zeros are placed close to but smaller than the resonant frequency of the inverter power stage, the poles are placed at higher frequencies to suppress the noise induced by the switching action.



Using the previously obtained small-signal model and the type-III controller model, the resulting loop gain can be plotted. The grid current controller design can be performed by appropriately selecting the required performances in terms of settling time, crossover frequency and stability phase margin in the quasi-stationary sense. Figure 8 shows the bode plot of the loop gain of the system.



The phase margin   φ m   of the loop gain corresponding to the differential boost inverter with the type-III controller for the grid current is shown in Figure 9 when the operating duty cycle is varied in the range (0.28, 0.72) for irradiance   S = 1000  W /  m 2    and temperature   Θ = 25     °  C. It can be observed that the loop gain remains above 40  °   for most values of the duty cycle with a crossover frequency between 2 kHz and 4 kHz which are enough for accurately tracking the low frequency grid current reference. Similar frequency responses have been obtained for different values of irradiance S and temperature  Θ . It was observed that for values of D close to 0.5, pole-zero cancellation take place and an order reduction has been applied. In particular a state variable corresponding to pole and a zero in the origin and a pair of complex conjugate poles and zeros are removed. According to the small-signal averaged model, the system is stable and exhibits a sufficient phase margin above 40  °   for the whole range of the varied parameter.




3.3. Controller Design for the DC PV Voltage


Once the grid current control is designed with the specified settling time, the DC PV voltage controller can be designed by assuming a perfect average grid current tracking and synchronization to the grid voltage. Under this condition, the grid current   i g   can be substituted by its reference   i  g , ref    and the   v dc  -to-  i  g , ref    transfer function can be obtained from the following reduced-order model


    d   v ¯  dc    d t   =  1  C dc    2  I MPP  −    I mpp   V mpp      v ¯  dc  −  i  g , ref      2 D − 1   ( 1 − D ) D      



(28)




Assuming a slowly varying irradiance S and temperature  Θ , one has     I ^  MPP  = 0   and     V ^  mpp  = 0   and therefore by performing Laplace transformation, the following small-signal model in the s-domain is obtained


       V ^  dc   ( s )      I ^   g , ref    ( s )     = −      2 D − 1    C dc   ( 1 − D )  D     s +   1  C dc       I mpp   V mpp        



(29)







Therefore, being a first order, without an excessive phase lag, a PI controller with a transfer function    H pi   ( s )  =  K  p , v    ( τ s + 1 )  /  ( s τ )    is enough for controlling the PV voltage. For a simplified design, the cut-off frequency    ω  z , pi   = 1 / τ   of the PI compensator zero is selected to approximately cancel the pole of the transfer function (29). This cancellation cannot be exact for many reasons. First, the MPP voltage   V mpp   and current   I mpp   vary with weather conditions. Second, even with invariant weather conditions, the tolerance in the components will make the cancellation not perfect. By ignoring tolerances in the components and assuming that the MPP voltage   V mpp   does not significantly change with the weather conditions, an adaptive approach depending on the MPP extracted power and the resulting MPP current can be used for selecting the zero   ω  z , pi    of the PI controller to accurately cancel the pole of (29). Therefore, taking into account this approximate pole-zero cancellation, the loop gain corresponding to the DC PV voltage control can be approximated by the transfer function of an integrator as follows


       V ^  dc   ( s )      I ^   g , ref    ( s )      H pi   ( s )  = −     K  p , v    ( 2 D − 1 )    ( 1 − D ) D      1   C dc  s     



(30)







In reality, the DC averaged PV voltage is not constant and has an AC component at the double frequency (  2  ω g   ) of the grid as will be explained in the next section. Therefore, a low pass filter with a cut-off frequency smaller than   2  ω g    must be added either after the voltage sensor or at the output of the PI controller. Taking into account this filter, the resulting expression of the small-signal loop gain corresponding to the DC PV voltage control can be expressed as follows


       V ^  dc   ( s )      I ^   g , ref    ( s )      H pi   ( s )     2  ω g    s ( s + 2  ω g  )    = −     K  p , v    ( 2 D − 1 )    ( 1 − D ) D       2  ω g     C dc  s  ( s + 2  ω g  )      



(31)







The gain   K  p , v    can be adjusted for a suitable system response at a constant value of D corresponding to the maximum and minimum conversion gain. The system settling time corresponding to the DC PV voltage can be selected in the order of magnitude of some grid periods. For effective tracking of the maximum power, the MPPT perturbation period must be selected enough larger than the selected settling time.





4. AC Steady-State Analysis


Let   P =  v pv   i pv    be the DC power generated by the PV generator and   p ac   the instantaneous power injected to the grid by the inverter. By neglecting the losses, one has


      p ac   ( t )  =  V  g , rms    I  g , rms    ( 1 − cos  ( 2  ω g  t )  )  = P  ( 1 − cos  ( 2  ω g  t )  )      



(32)







The instantaneous power of the capacitor at the output of the PV generator is the difference between the produced power P and the one absorbed by the inverter. Therefore, it can be expressed as follows


   p C  = P − P  ( 1 − cos  ( 2  ω g  t )  )  = P cos  ( 2  ω g  t )   



(33)







This capacitor power oscillates at the double of the grid frequency. It is positive during one half period and therefore the capacitor is charged and it is negative during the other half period and therefore the capacitor is discharged. During the charging period, the energy supplied to the capacitor when    p C  > 0   is


  Δ  E C  =  ∫  −  π  4  ω g      π  4  ω g     P cos  ( 2  ω g  t )  d t =   P  ω g     



(34)







In steady state, this energy is equal to the energy stored in the capacitor when its voltage changes from its minimum value   v  d c , min    to its maximum value   v  d c , max   


  Δ  E C  =   1 2    C dc    v ¯   dc , max  2  −   1 2    C dc    v ¯   dc , min  2  ≈  C dc   V mpp  Δ   v ¯  dc   



(35)




where   Δ   v ¯  pv  =   v ¯   dc , max   −   v ¯   dc , min     is the peak-to-peak AC ripple of the PV capacitor voltage in steady-state operation. Using (34) and (35),   Δ  v pv    can be expressed as follows


  Δ   v ¯  dc  =   P   C p   V mpp   ω g      



(36)







This AC PV voltage ripple of the averaged variable    v ¯  dc   should not be confused by the switching ripple of the state variable   v dc   which is much smaller and can be neglected. Therefore, in steady-state operation, the time varying averaged input PV voltage    v dc   ( t )    is composed by a DC component   V mpp   imposed by the MPPT controller and an AC ripple that can be approximated by   Δ  v dc    given in (36) and finally    v dc   ( t )    can be accurately described by the following expression in steady-state operation


    v ¯  dc   ( t )  ≈  V mpp  +   1 2   Δ   v ¯  dc  sin  ( 2  ω g  t )   



(37)







For a well designed inverter, the amplitude of the AC component of the PV voltage must be selected much smaller than its DC component, i.e,   Δ  v dc  ≪  V mpp   . Let   Δ  v  dc , max     be the maximum value of the allowed ripple in the DC PV voltage, then the value of capacitor must be selected such that


   C dc  ≥   P  Δ   v ¯   dc , max    V mpp   ω g      



(38)







These theoretical predictions will be validated below by using the full-order switched model of the differential boost inverter implemented in PSIM   ©   software.




5. Numerical Simulation


The values of the control parameters are depicted in Table 2. First, the different controller design is performed according to the theoretical analysis provided in the previous section. In particular, using the bode plot shown in Figure 9, a crossover frequency    f c  = 1.8   kHz at   D = 0.28   was selected with a corresponding phase margin   φ m   above   40 °   within the entire range of the operating duty cycle. For achieving these values, the gain, the poles and zeros of the type-III controller are selected at the values depicted in Table 2. The value of the amplitude of the ramp compensator is selected in such a way to avoid subharmonic oscillation within the entire range of the considered duty cycle values.



The used PV generator consists of a string of four series-connected modules each one with a maximum power point voltage    V mpp  = 38.4   V, a maximum power current    I mpp  = 9.13   A and a maximum power 350 (4 × 350 W = 1.4 kW) at standard test conditions. The manufacturer specifications for one single module are detailed in [32] and summarized in Table 3.



A PV generator from the Renewable Energies library of PSIM   ©   software was used as an input to the inverter. The PV generator block has two inputs one corresponds to irradiance S in W/m   2   and another to temperature  Θ  in   °  C. The temperature was maintained constant and the irradiance profile was defined by a piecewise linear signal generator which is connected to its corresponding PV generator input. The PV source is connected to a 50 Hz grid via the DC–AC differential boost inverter which converts the 154 V DC link PV voltage to 230 V RMS AC with power factor control. The MPPT was implemented in the inverter by means of a C block model using the P&O algorithm which provides the reference for the PV DC voltage. A PI regulator is used to control the PV voltage to its desired reference value. The design of the PV DC-link voltage controller was performed analytically based on the reduced-order model (31). Using this expression, the parameters of this controller have been selected to provide a settling time of one grid voltage cycle. The sampling period of the MPPT controller has been chosen to be equal to five times this settling time. The sampling period is    T mppt  = 0.1   s and the perturbation amplitude applied to   V mpp   is   Δ  V mpp  = 4   V.



According to (36), with value of the extracted power and the grid frequency and the value of the DC-link capacitance   C dc  , the AC-ripple of the PV voltage amplitude is about   7.5 %   of its nominal value 154 V at irradiance   S = 1000   W/m   2   and temperature   Θ = 25    °  C with a maximum power 1.4 kW.



The inverter control system uses three control loops: a first loop which regulates DC link PV voltage to 154 V, a second loop which regulates the grid current to its desired reference which synchronized to the grid voltage. The reference for the grid current is the output of the PV DC voltage external controller. The output of the grid current controller (a type-III controller) is first limited to an upper bound of about    I lim  = 50   A to avoid inrush current during startup. A ramp compensator is added to the sensed voltage    R  s L    (  i 1  −  i 2  )    and the result is used as one of the inputs to the comparator. The calculated minimum value needed for avoiding subharmonic oscillation is    V M  = 3.5   V. Here, to play it safe, a larger value of    V M  = 5   V is used. The other input is the grid current reference converted to voltage by multiplying it by the current sensor gain   R  s L   . The output of the comparator is connected to the Reset of a flip-flop and a 50 kHz periodic clock signal is connected to its Set input. The driving signal u for the switches Q   2   and Q   4   and   1 − u   for Q   1   and Q   3   are the outputs Q and   Q ¯   of the flip-flop. The inverter control system uses three control loops: a first loop which regulates DC link PV voltage to 154 V, a second loop which regulates the grid current to its desired reference which synchronized to the grid voltage. The reference for the grid current is the output of the PV DC voltage external controller. The output of the grid current controller (a type-III controller) is first limited to an upper bound of about    I lim  = 50   A to avoid inrush current during startup. A ramp compensator with amplitude    V M  = 5   V is added to the sensed voltage    R  s L    (  i 1  −  i 2  )    and the result is used as one of the input to the comparator. The calculated minimum value needed for avoiding subharmonic oscillation is    V M  = 3.5   V. Here, to pay it safe, a larger value of   V M   was used. The other input is the grid current reference is converted to voltage by multiplying it by the current sensor gain   R  s L   . The output of the comparator is connected to the Reset pin of a flip-flop and a 50 kHz periodic clock signal is connected to its Set input. The driving signals u for the switches Q   2   and Q   4   and   1 − u   for Q   1   and Q   3   are the outputs Q and   Q ¯   of the flip-flop.



The simulation starts with temperature   Θ = 25     °  C and irradiance   S =   1000 W/m   2  . The time-domain response of the complete system starting from zero initial conditions is depicted in Figure 10. From   t = 0   s to   t = 1   s, the inverter is operated with constant reference voltage 100 V and the MPPT control is blocked. The irradiance level is started at   S = 500   W/m   2   and the corresponding maximum power is 670 W. It can be observed that during this period, the voltage is well regulated to its reference value 100 V and since MPPT control is not used, the extracted power is less than what the PV generator can deliver.



At   t = 1   s, the MPPT is enabled and the irradiance starts increasing. It can be observed that after a short transient, the DC link PV voltage is regulated at   V dc   = 154 V and the extracted power is very close to the maximum power corresponding to the irradiance level profile. At   t = 2   s, the MPPT is still enabled and the irradiance is maintained at 1000 W/m   2  . The PV array output power is about 1.4 kW (see   p pv   plot on the left panel in Figure 10) whereas specified maximum power with a 1000 W/m   2   irradiance is 1.4 kW. Maximum power (1.4 kW) is obtained when the voltage reference provided by the MPPT controller is 154 V.



At   t = 3   s, the irradiance is ramped down from 1000 W/m   2   to 500 W/m   2   and consequently the maximum power decreases. The PV voltage is still regulated and the power extracted by the inverter follows the maximum power delivered by the PV generator during all the time. PV array average voltage is still very close to 154 V in a good agreement with the value expected from PV module specifications. From   t = 4.5   s to   t = 5   s, sun irradiance is maintained at 500 W/m   2   and MPPT continues to track the maximum power.



On the other hand, under irradiance changes, the DC-link PV voltage   V dc  , undergoes a very small change and remains very close to the MPP voltage and the PI controller is capable of maintaining the voltage   V dc   at the desired value after short transient period (0.02 s) due MPPT perturbations. The results clearly demonstrate the capability of the designed system to operate at the MPP regardless of the value of the irradiance and the MPPT control is capable of tracking the MPP when irradiance vary.



Figure 11 shows the steady-state waveforms of the PV voltage and its reference, the extracted power, the power P from the PV source and its maximum power   P max  , the inductor currents   i 1   and   i 2   and the capacitor voltages   v  o 1    and   v  o 2    for irradiance level   S =   500   W /  m 2    (   P max  ≈ 670  W  ) and 1000   W /  m 2    (   P max  ≈ 1.4    kW). It can be observed that in the vicinity of the MPP, the reference voltage   V mpp   dictated by the MPPT controller oscillates according to the values of the MPPT sampling period    T mppt  = 0.1   s and the perturbation amplitude   Δ  V mpp  = 4   V as shown in Figure 11a,b for the two different values of the sun irradiance. The inductor currents and capacitor voltage are well balanced and are phase shifted by 180  °   as depicted in Figure 11c,d for the same values of the sun irradiance level. Moreover, the steady-state averaged values of the capacitor voltages and the inductor current are in a close agreement with the theoretical predictions given in (8)–(11) and depicted in Figure 5. Note also that, the DC PV voltage is regulated to the MPP voltage and that it is practically a sinusoidal signal as predicted by (37) with DC component equal to    V mpp  ± Δ  V mpp    dictated by the MPPT controller during the MPPT sampling period    T mppt  = 0.1   s and peak-to-peak AC ripple   Δ   v ¯  dc  ≈ 14.65   V for    P max  = 1.4   kW and it is   Δ   v ¯  dc  ≈ 7.02   V for    P max  = 670   W in a remarkable agreement with (36).



Figure 12 shows the steady-state waveforms of the grid current   i g   together with the grid voltage   v g   for irradiance level   S = 500  W /  m 2    (   P max  ≈ 670   W) and 1000   W /  m 2    (   P max  ≈ 1.4    kW). Observe that grid voltage and current are in phase and have practically the same sinusoidal shape demonstrating a close to unity power factor. Moreover, the steady-state averaged values of the grid current is in a close agreement with the theoretical predictions. Namely, for irradiance level   S = 500  W /  m 2    (   P max  ≈ 670   W), the RMS value of the grid current   i g   is about 2.91 A and for   S =   1000   W /  m 2    (   P max  ≈ 1.4    kW), the RMS value of   i g   is about 6.1 A. To check the power quality, the THD of the grid current   i g   in steady-state was calculated for both values of the irradiance. Namely, for irradiance level   S = 500  W /  m 2    (   P max  ≈ 670   W), the THD value of the grid current   i g   is about 1% and for   S =   1000   W /  m 2    (   P max  ≈ 1.4    kW), the THD value of   i g   is about 1.2%. Therefore, it can be observed that the grid current   i g   exhibits a low THD of about   1 %   as calculated by PSIM   ©   software for both values of sun irradiance level. The values are comparable to the ones obtained experimentally in [26] where it was shown that the grid current spectrum comply with the IEEE standard 1547.




6. Conclusions


In contrast to the conventional H-bridge inverter, the differential boost inverter is a flexible DC–AC inverter topology providing voltage step-up capability and could be a potential candidate for many DC–AC electrical energy conversion applications. In this work, the modeling procedures and the multiple control design of a single-stage grid-connected DC–AC differential boost inverter has been addressed. By applying the same reasoning and procedures used for DC–DC converters and based on the frequency response of the inverter in the quasi-steady sense, average models of the inverter under a differential current mode control has been developed. This large-signal model has been used to derive the small-signal model in the frequency domain and based on the obtained frequency response, the controller design has been addressed. Steady-state analysis including the derivation of the AC ripple PV voltage has been performed and a design procedure of the system power stage parameters and controllers has been presented. It has been shown that the differential boost inverter can exhibit interesting features when used in single stage PV systems with the conventional hill climbing MPPT scheme based on P&O algorithm by which the operating voltage of the PV generator can be controlled by perturbing its desired reference and observing the resulting effect on the extracted power. This includes a reduced number of components, low THD and optimal power tracking with standard design procedures for the multiple loop controller. These features have been verified using computer simulations performed on the switched model of the converter under several weather conditions. The entire simulation was performed in the PSIM   ©   software. The results have shown robustness in the grid-connected solar system based on the differential boost inverter. Therefore, the differential boost inverter topology could be suitable for solving challenges in renewable energy such as plug-and-play type AC modules or providing power supply for rural region among others. Future works will deal with the experimental implementation of the inverter with the considered multiple-loop controller when used in a microgrid including storage batteries and other power converters and loads.
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The following abbreviations are used in this manuscript:



	CMC
	Current Mode Control



	MPP
	Maximum Power Point



	MPPT
	Maximum Power Point Tracking



	PFC
	Power Factor Correction



	PLL
	Phase Locked Loop



	P&O
	Perturb-and-Observe



	PV
	Photovoltaic



	PWM
	Pulse Width Modulation
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Figure 1. The concept of building a differential inverter using two DC–DC converters. 
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Figure 2. Single-stage grid-connected PV-fed differential boost inverter. 
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Figure 3. Block diagram of the control system for the single-stage grid-connected PV-fed boost inverter. 
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Figure 4. PV curves for different values of irradiance S in the range (200,1000) W/m   2   and temperature   Θ = 25     °  C and for different values of temperature in the range (20,60)   °  C and for irradiance   S = 1000   W/m   2  . 
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Figure 5. Steady-state waveforms of the average inductor currents and capacitor voltages of the differential boost inverter from the quasi-steady-state analytical expressions (8)–(11) for two different values of power   P = 670   W and   P = 1.4   kW by assuming a unity power factor. 
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Figure 6. Pole-zero plot of the differential boost inverter showing likely pole-zero pair cancellation when duty cycle D varies in the range (0.28, 0.72) for   S =   1000   W /  m 2    and   Θ = 25     °  C. The zero at high frequency is invariant under the duty cycle variation. (a) Overall view when D is varied, (b) Close view in the vicinity of the imaginary axis. 






Figure 6. Pole-zero plot of the differential boost inverter showing likely pole-zero pair cancellation when duty cycle D varies in the range (0.28, 0.72) for   S =   1000   W /  m 2    and   Θ = 25     °  C. The zero at high frequency is invariant under the duty cycle variation. (a) Overall view when D is varied, (b) Close view in the vicinity of the imaginary axis.



[image: Applsci 10 04808 g006]







[image: Applsci 10 04808 g007 550] 





Figure 7. Frequency response of the differential boost inverter when duty cycle varies in the range (0.28, 0.72) for   S =   1000   W /  m 2    and   Θ = 25     °  C. 
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Figure 8. Loop gain frequency response for the differential boost inverter for   S =   1000   W /  m 2    (   P max  ≈ 1.4   kW) and   Θ = 25     °  C when the duty cycle is varied in the range   ( 0.28 , 0.72 )  . 
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Figure 9. Phase margin and crossover frequency of the loop gain frequency response for the differential boost inverter for   S =   1000   W /  m 2    (   P max  ≈ 1.4   kW) and   Θ = 25     °  C when the duty cycle is varied in the range   ( 0.28 , 0.72 )  . 
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Figure 10. Startup and steady-state behavior and response to changes in the irradiance level of the boost inverter between 500   W /  m 2    (   P max  ≈ 670  W  ) and 1000   W /  m 2    (   P max  ≈ 1.4   kW).   Θ = 25     °  C. 
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Figure 11. Steady-state response of boost inverter with the multiple-loop control for two different values of the irradiance S between 500   W /  m 2    (    P max  ≈ 670   W) and 1000   W /  m 2    (   P max  ≈ 1.4   kW).   Θ = 25     °  C. 
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Figure 12. Steady-state waveforms of the grid voltage and the grid current delivered by the differential boost inverter for S = 500   W /  m 2    (   P max  ≈ 670   W) and   S =   1000   W /  m 2    (   P max  ≈ 1.4   kW).   Θ = 25     °  C. 
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Table 1. The used parameters for the DC–AC differential boost inverter power stage.
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	Parameter
	Value





	Inductance    L 1  =  L 2  = L   and   L g  
	100  μ H and 5 mH



	Capacitance    C 1  =  C 2  = C  
	22  μ F



	PV DC-link capacitance   C dc  
	2 mF



	PWM switching frequency   f s  
	50 kHz
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Table 2. The used parameters for the different loop controllers of the DC–AC differential boost inverter.
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	Parameter
	Value





	Current sensors gains   R  s L    and   R  s g   
	0.1  Ω  and 1  Ω 



	Time constant  τ  of the PV voltage PI controller
	0.0247 s



	Proportional gain   K  p , v    of the PV voltage PI controller
	0.2



	Cut-off frequency of the PV voltage filter    ω c  /  ( 2 π )   
	50 Hz



	Zeros    ω z  /  ( 2 π )    and poles    ω p  /  ( 2 π )    of the type-III controller    ω z  /  ( 2 π )   
	500 Hz and 50 kHz



	Proportional gain   K  p , c    of the grid current type-III controller
	2
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Table 3. The parameters of one single module forming the used PV panel.
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	Parameter
	Value





	Number of series-connected cells in a module
	72



	Open-circuit voltage of a module   V  o c   
	46.5 V



	Short-circuit current   I  s c   
	9.60 A



	PV voltage at maximum power   V mpp  
	  38.4   V



	PV current at maximum power   I mpp  
	  9.13   A











© 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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