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Abstract

:

The production of large-scale photovoltaics (PVs) is becoming increasingly popular in the field of power generation; they require the construction of power plants of several hundred megawatts. Nevertheless, the construction of these PV power plants with conventional low-voltage (LV) conversion systems is not an appropriate technological path. Particularly, large cross-section cables, a high quantity of semiconductors, and the bulky layout of 50/60-Hz step-up transformers make the PV system less competitive in terms of energy efficiency and cost. To overcome these drawbacks, this paper introduces new PV plant topologies with an intermediate medium-voltage direct current (MVDC) collector that requires galvanic isolation for connecting the PV arrays. Then, the design of a power electronic transformer (PET) is proposed, implementing 1.7-kV and 3.3-kV silicium carbide (SiC) power modules. The study confirms that this converter allows the use of medium-frequency (MF) transformers with high power densities while maintaining high efficiency, which facilitates the implementation of isolated medium-voltage (MV) topologies for utility-scale PV power plants.
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1. Introduction


With the rapid depletion of traditional fossils and other natural resources, nations worldwide are turning to sustainable energy sources that generate carbon-free power. Renewable energy (e.g., solar and wind energy) is considered to be a potential alternative to electricity production by conventional methods. In recent years, investments made for photovoltaic (PV) energy generation have risen significantly [1,2]. Therefore, the construction of PV power plants of several hundred megawatts is under consideration [3]. However, the conventional low-voltage (LV) conversion systems, in which the voltage level is 1500 V for PV strings on the direct-current (DC) side and 690 V/800 V on the alternating-current (AC) side, are no longer being adapted to these power levels. In particular, high-power levels imply high currents and increase the cable cross-sections and number of semiconductors. In addition, the number of 50/60-Hz step-up transformers used to connect the LV power plants to medium-voltage AC (MVAC) grids will increase. This increase will make the PV system less competitive in terms of energy efficiency and cost [4,5]. To overcome these problems, an innovation is to shift toward medium-voltage (MV) levels on both the DC and AC sides [6,7]. Longer PV strings are used with the injection of power to the distribution grid without 50/60-Hz step-up transformers. Recently, scientific articles have reported on the PV technologies and suggested how the transition to MV PV plants could be accepted from a normative point of view [8]. The scope of this paper includes the power electronics part of these new generation power plants.



Now that silicium carbide (SiC) chips are available in the market, found packaged in 1.7 kV and 3.3 kV power modules, it is possible to realize a power electronic transformer (PET) [9,10]. This facilitates the implementation of isolated MV topologies for large-scale PV power plants without using bulky 50/60-Hz transformers. Based on this perspective, the outline of this paper is as follows. Section 2 gives an overview of the possible isolated MV topologies for PV power plants. Section 3 is devoted to the topologies of isolated DC/DC converters. The main conclusions of this research are stated in Section 4.




2. State-of-the-Art Isolated MV Topologies for PV Power Plants


In recent years, several topologies have been proposed. In general, as shown in Figure 1, multiple MVAC collectors are being used, in which three separate cascaded H-bridge inverters connect the PV power plant to the MVAC grid. Galvanic isolation between the PV arrays and the inverter inputs is achieved by isolated DC/DC converters. As shown in Figure 1a, researchers [11,12,13] have presented a topology in which the input of each isolated DC/DC converter is associated with a PV array. In contrast, a second approach, suggested by [14] and illustrated by Figure 1b, connects a single PV array to a group of converters.



These topologies induce a current imbalance between phases of the MVAC grid. To reduce its affects, control laws proposed by [11,12,13] can be implemented. Nevertheless, the duty cycle of semiconductors is limited; therefore, the control operating area may be narrow. In other words, power converters risk being oversized when achieving their full capability. Using additional storage devices, such as batteries, also help compensate for the current imbalance [15]. However, this evidently increases the mass of the PV system. Moreover, the single-phase converters require a large filtering of fluctuating power at the input. This fluctuating power also reduces the output power of PV arrays [16]. In the literature, researchers [17,18,19] have introduced a topology using a multi-winding transformer in order to resolve the current imbalance issue. Nonetheless, this topology is not feasible at high voltage and high-power levels since there are numerous dielectric constraints imposed on the multi-winding transformer.



To naturally cancel the current imbalance, this paper proposes two new topologies in which the connection of the PV power plants to the MVAC grid is performed by a centralized three-phase multilevel inverter. As shown in Figure 2, an intermediate medium-voltage DC (MVDC) collector is established by the series connection of isolated DC/DC converters. The nominal power of the plant can be extended by the parallel association of many groups. In practice, depending on the location of the PV plant, the MVAC grid will have different voltage levels. Thus, the topology of the centralized inverter must also have high modularity, and a modular multilevel converter (MMC) [20,21] will probably be most suitable. This topology is now industrially developed for medium-voltage applications, such as motor drives, static synchronous compensators (STATCOM), or frequency changers [22,23,24].



In Figure 2a, the outputs of the isolated DC/DC converters are connected in series. Therefore, these converters share the same current at their outputs. Power imbalance (due to shading) between PV arrays will affect the voltage sharing in a group. Thus, any converter that provides the lowest level of power will operate with a voltage lower than the nominal voltage. On the other hand, any converter that provides the highest level of power will operate with a voltage higher than the nominal voltage. This can be an issue for the reliability of the semiconductor devices, and then the mean time to failure (MTTF) of the converters. In Figure 1b, one group of converters is associated to a single PV array. Isolated DC/DC converters are associated in input-parallel output-series (IPOS) configuration, which guarantees natural voltage and current balance. Therefore, this topology is more suitable regarding the converter reliability. In the following sections, the paper will focus on studying the elementary isolated DC/DC converter of the topology presented in Figure 2b.




3. SiC-Based Isolated DC/DC Converter for MV PV Power Plants


As described in Section 2, an isolated step-up topology, based on the association of elementary converters, is required to connect the PV arrays to the intermediate MVDC collector. Hence, in this section, possible topologies for the elementary isolated DC/DC converter are analyzed. For high-power applications, the isolated dual active bridge (DAB) converter is most promising because it allows adaptation to every voltage level [25,26]. It was introduced for the first time in a thyristor-based converter and is currently known as PET [27,28]. The converter consists of an inverter cascaded to an active rectifier via a transformer. With a resonant circuit (e.g., series, parallel, or series–parallel), the DAB converter enables its semiconductors to naturally perform soft-switching operations, that is, zero-voltage switching (ZVS) or zero-current switching (ZCS); this significantly reduces switching losses [29]. The static and dynamic characteristics of semiconductors operating in ZVS and ZCS mode are shown in Figure 3. Consequently, MV power modules can operate at much higher switching frequencies than in the hard-switching mode [30]. Isolated DC/DC converters with high efficiency and power density can be achieved in combination with the outstanding properties of SiC devices and medium-frequency (MF) transformers [26].



To select an efficient topology for PV applications, the first area of concern is the switching mode of the semiconductors. On the one hand, MV SiC metal–oxide–semiconductor field-effect transistors (MOSFETs) usually have a turn-on energy (Eon) that is two times higher than the turn-off energy (Eoff) for a given condition. Therefore, the ZVS operation, in which devices have controlled turn-off and spontaneous turn-on capabilities, is preferred. On the other hand, the resonant circuit topology, which has a strong influence on the conduction losses of the semiconductors, needs to be selected. Qualitatively, the current in the semiconductors needs to be proportional to the load current to reach “high” efficiency [31]. In particular, when the input power of the converter increases, its conduction losses also need to increase. To achieve this, the parallel and series-parallel resonant DAB requires a switching frequency (fsw) lower than the resonant frequency (fo). Nonetheless, for these converters to operate in the ZVS mode, fsw must be greater than fo. Consequently, it is not possible to simultaneously obtain low switching and conduction losses. In contrast, the series resonant configuration offers high efficiency for PETs by providing both the ZVS mode and low conduction losses for switching devices. Thus, DAB converters using a series resonant circuit (Cr, Lr) (see Figure 4) are the most popular topology in high-power applications.



The SR-DAB allows bidirectional power flow that is, however, not necessary in PV power plants. Therefore, the active rectifier is replaced by a diode bridge rectifier, which establishes a resonant single active bridge (R-SAB) converter, as shown in Figure 5. Furthermore, the R-SAB offers an output characteristic of the voltage source type [32].



The R-SAB converter can operate in two modes:




	
Continuous conduction mode (CCM): here, fsw is higher than fo (fsw > fo). The currents of the windings are continuous. The MOSFETs are turned off for currents proportional to the input power. The commutations of the rectifier’s diodes depend completely on the AC currents of the transformer; therefore, power control is realized by either phase-shifted modulation of the inverter legs [33,34] or changing fsw [32]. The latter method is preferred in this case since the phase-shifted modulation will cause current distortion in the circuit [35]. Moreover, this modulation technique can change the commutation mode of the switches. Thus, one of the inverter legs may operate in ZCS mode, which increases the switching losses.



	
Discontinuous conduction mode (DCM): here, fsw is less than fo (fsw < fo), and the inverter legs are controlled in bipolar mode with a fixed duty cycle of 50%. The R-SAB converter is considered to be a passive device. The winding currents of the transformer reduce considerably at the end of each half of the switching period, and the MOSFETs are turned off at the magnetizing current of the transformer.








In the following subsections, these two operation modes are investigated to determine the most suitable mode for PV power generation.



3.1. R-SAB Converter with Intergrated Maximum Power Point Tracking (MPPT) Algorithm


To simplify the conversion energy system as much as possible, the isolated DC/DC converter needs to be able to realize the MPPT. Consequently, with the fixed output voltage (Vout), the R-SAB converter is directly connected to a PV array, and its input voltage (Vin) is controlled in such way that the PV array generates maximum power for a given condition. In CCM operation, the switching frequency (fsw) can be determined as a function of the input power (Pin). Referring to Figure 5, the output characteristic of the R-SAB converter is given as (1) [32]:


     [     V  out      V  in     sin  (   π 2     f o     f  sw      )   ]   2  +    [   (  1 +    I  out      V  in          L r     C r       )  cos  (   π 2     f o     f  sw      )   ]   2   = 1   



(1)




where    f o  =  1   2 π     L r   C r       —the resonant frequency of series resonant circuit.



Iout—the DC output current of the R-SAB converter.



Then, fsw is determined by (2):


   f  sw   =      π f   o     2 arcsin   {     [     1 -     (   1 +     P  in      V  in    V  out          L r     C r       )   2       (     V  out      V  in      )   2   -       (   1 +     P  in      V  in    V  out          L r     C r       )   2     ]     1 2     }     



(2)




where Pin = Vin.Iin = Vout.Iout—the input power of the R-SAB converter.



Iin—the DC input current of the R-SAB converter.



Figure 6 is plotted based on Equations (1) and (2); it shows the variations in the switching frequency (fsw) in the function of the input voltage and power (i.e., Vin and Pin) when the output voltage (Vout) is fixed at 1000 V. When Pin decreases, fsw increases. Nonetheless, this frequency range is limited by transformer losses. Moreover, high switching frequencies induce high switching losses to power semiconductors, decreasing the efficiency of the converter. Consequently, this operation mode is not suitable for PV applications wherein the maximum power point (MPP) changes intermittently.




3.2. PET with MPPT Boost Chopper


In this solution, the MPPT algorithm is performed using a boost chopper. Hence, in the topology presented in Figure 7, the galvanic isolation is realized by a PET that plays the role of a passive device. Thus, the PET can operate in DCM at a fixed frequency and quasi-constant voltage, which guarantees high-efficiency operations.



Thanks to the 3.3-kV SiC devices [9], open-circuit voltage (Voc) of PV strings can be increased to 2 kV. The input voltage (Vin) of the PET is then fixed at 2 kV. The topology of the complete DC/DC converter using all the 3.3-kV SiC devices is shown in Figure 8a. Nevertheless, because of the long delivery time and high cost of 3.3-kV MOSFET modules, this paper presents two other solutions using 1.7-kV SiC MOSFET and 3.3-kV SiC diode modules. For the first case, a neutral point clamp (NPC) R-SAB converter is used, as shown in Figure 8b. In this case, the clamping diodes are used only for fixing the blocking voltage of each MOSFET at 1 kV; these diodes do not conduct or commutate, except during the dead time. Consequently, their power losses are negligible, and silicium diodes are sufficient. The main drawback of this topology comes from the capacitive midpoint of its input. The voltages across the capacitors are not automatically balanced; therefore, a control loop is required. Furthermore, in the NPC topology, the length of the commutation loop cannot be reduced, and high overvoltages can appear on MOSFETs during their commutation, which reduces the reliability of the converter. To overcome these problems, a new topology is proposed, as shown in Figure 8c. It is based on the input-series–output-parallel configuration (ISOP) of two R-SAB converters, in which MF transformers with a turn ratio of two are used. The ISOP arrangement allows natural voltage balance at the midpoint [36]. In addition, the length of the commutation loop in each chopper leg can be significantly reduced. Because of these advantages, a detailed study of this new topology of the isolated DC/DC converter is undertaken in this paper. The continuation of this subsection is divided into two parts. The first part will focus on the ISOP PET, that is, sizing and loss calculation. The second part will calculate the efficiency of the three-level MPPT boost chopper and then the complete isolated DC/DC converter.



3.2.1. Detailed Study on ISOP PET


This paper uses MF transformers (CEFEM Boige & Vignal, France). The characteristics of these transformers are given in Table 1. To optimize the ISOP PET layout, the total leakage inductance of the MF transformers is used as the resonant inductance (Lr). As shown in Figure 8c, resonant capacitors (i.e., Cp and Cs) are placed on both sides of the transformers to balance the overvoltages (due to resonant effect) across the two windings. In this case, the equivalent resonant capacitor (Creq) of the series resonant circuit is determined by (3):


   1   C  req     =  1     4 C   s    +  1   C p     



(3)







The resonant frequency (fo) of the circuit is given by (4):


   f o  =  1   2 π     L r   C  req        



(4)







Knowing that fsw is the switching frequency of the MOSFETs Ti (   i =    1 .. 8  ¯   ), the sizing of the resonant capacitors (i.e., Cp and Cs) is then based on the frequency ratio (fsw/fo). This frequency ratio has a significant impact on the current magnitude in the semiconductors. As Vin is fixed at 2 kV, the input current of the ISOP PET (iin(t)) depends on the power provided by the PV array (Ppv), as well as the input power (Pin). Hence, its DC component (Iin) can be calculated by (5):


   I  in   =    P  pv      V  in     =    P  in      V  in      



(5)







The peak and average values of the current in the MOSFETs Ti (   i =    1 .. 8  ¯   ) are given by (6) and (7), respectively:


   I  Tpeak   =  π 2     f o     f  sw      I  in    



(6)






   I  Tavg   =    I  in    2   



(7)







The relation between the current Iin and the root-mean-square (RMS) value of the current in these MOSFETs depends on the waveform of current i1(t). As has been established in [36], the RMS value of i1(t) can be calculated by (8):


   I   1 rms    =  π  2  2         f o     f  sw        I  in    



(8)







Combining with (8), the RMS value of current in the MOSFETs Ti (   i =    1 .. 8  ¯   ) is determined by (9):


   I  Trms   =    1   T  sw       ∫  0   T  sw    / 2     i 1   ( t )  dt   =    1 2  .  (   1   T  sw       ∫  0   T  sw      i 1   ( t )  dt  )    =  1   2     I   1 rms    =  π 4       f o     f  sw        I  in    



(9)




where Tsw = 1/fsw—the switching period of the MOSFETs.



Assuming that the voltage Vin and Vout are identical and considering the paralleling operation of the two diode bridge rectifiers, the peak, average, and RMS value of the current in the diodes Dj (   j =    1 .. 8  ¯   ) is given by (10), (11), and (12), respectively:


   I  Dpeak   =  π 4     f o     f  sw      I  in    



(10)






   I  Davg   =    I  in    4   



(11)






   I  Drms   =  π 8       f o     f  sw        I  in    



(12)







The RMS value of the voltage across the resonant capacitors (i.e., Cp and Cs) is calculated by (13) and (14), respectively [36]:


   V  Cp   =    I   1 rms         2 π f   o   C p      2 .    f  sw      f o     - 1     



(13)






   V  Cs   =    I   2 rms         2 π f   o   C s      2 .    f  sw      f o     - 1     



(14)




where I2—the RMS value of the current i2(t) in the resonant capacitor Cs.



From (9) and (12), it can be seen that, when fsw/fo is low, the switching devices need to conduct high RMS currents; consequently, they quickly reach their thermal limits. Moreover, from (13) and (14), low fsw/fo induces a high voltage across the resonant capacitors and, hence, overvoltages to the transformer windings because of the resonant effect. In contrast, an fsw/fo close to unity does not allow ZVS operation for the SiC MOSFETs. Figure 9 illustrates the impact of different frequency ratios on the overvoltage at the transformer windings and on the conducting current of the semiconductors.



The voltage applied to the transformer windings depends on the voltage across the resonant capacitors. Considering that windings would withstand the same overvoltage, from (13) and (14), the resonant capacitance ratio is given by (15):


     C p     C s    =    I   1 rms       I   2 rms      .    V  Cs      V  Cp     =  1 2   



(15)







Combining (3), (4), and (15), the capacitance values for each transformer’s side can be determined by (16):


   {       C p  =  3 2   C  req          C s  =  3 4   C  req          



(16)







The sizing of the output capacitor (Cout) considers the maximum value of the voltage ripple across its terminals (     Δ V    Cout    ). By using Fourier analysis, the current in the capacitor Cout is given by (17):


   i  Cout    ( t )  =   ∑    n = 1    + ∞        2 I    in   cos  (     f  sw      f o     n π   )     1 -     (  2    f  sw      f o    n  )   2    cos  (     4 n π f    sw    t -     f  sw      f o     n π   )   



(17)







From (17), the voltage ripple      Δ V    Cout     is mainly due to the first harmonic of the current iCout(t). As a result, the maximum value of      Δ V    Cout     is determined by (18):


  Max  {  ∆  V  Cout    }   = Max   {   1   C  out       ∫      i  Cout    ( 1 )    dt  }  =   cos  (     f  sw      f o    π  )       2 π f    sw    C  out    [   1 -     (  2    f  sw      f o     )   2   ]     I  in    



(18)




where    i  Cout    ( 1 )     —the first harmonic of the current iCout(t).



On the other hand, the voltage ripples of the input capacitors (Cin) depend on the harmonic currents induced by the boost chopper, as well as the ISOP PET. Hence, detailed calculations are demonstrated later in Section 3.2.2.



For switching devices, low-inductance 1.7-kV/353-A SiC MOSFET half-bridge modules and 3.3-kV/90-A full-bridge SiC Schottky diode modules from Microsemi Corporation are implemented. Their characteristics are given in Table 2 and Table 3, respectively.



The efficiency calculation of the ISOP PET is now realized by simulations in the PLECS software [37]. The frequency ratio (fsw/fo) is then chosen to be 0.8 and the switching frequency (fsw) is chosen as 20 kHz. For semiconductor loss calculation, PLECS software allows building of a loss model for switching devices based on look-up tables, which are derived from its static and switching curves in the manufacturer’s datasheet. During on-state, PLECS software measures the device current and its junction temperature. By reading the look-up table, the on-state voltage is obtained, and the conduction loss is then calculated. For switching losses, PLECS software captures electrical quantities (v, i) of the semiconductor at the pre- and post-switching moments. Combining with the junction temperature, it uses these quantities to read the commutation energy corresponding to that defined in the look-up tables. The semiconductor losses are the sum of switching and conduction losses. Then, combining with the thermal model, the junction temperature is updated. Iterative computations are performed to reach the steady-state operation point. For losses of the MF transformers, an electrical model with constant parameters, as shown in Figure 10, is built in PLECS based on the specifications presented in Table 1.



Throughout the simulations, the case temperature Tcase of the power modules is supposed to be 85 °C. Then, the input power (Pin) is progressively increased. The nominal power of the ISOP PET is determined by the operation point where one of the semiconductors reaches its thermal limit (   T j  max    = 175   ° C   ) or the MF transformers reach their nominal power (Sn = 130 kVA). By considering the first harmonic of voltage waveform v1(t) (demonstrated by (19)), the apparent power (Stransfo) of each MF transformer for a given input power (Pin) can be estimated by (20). The ZVS operation was modeled by setting the turn-on energy of the MOSFETs Ti (   i =    1 .. 8  ¯   ) to zero in their loss model.



By Fourier analysis, the instantaneous value of v1(t) is rewritten by (19):


   v 1   ( t )  =   ∑    n = 1    + ∞        2 V    in      n π    sin  (     n π   2   )  cos  (     2 n π f    sw   t  )   



(19)







The apparent power of the MF transformers is approximately estimated by (20):


   S  transfo   ≈  V   1 rms     ( 1 )     I   1 rms    =  1 2   V  in    I  in        f o     f  sw       =  1 2   P  in        f o     f  sw        



(20)




where    V   1 rms     ( 1 )     —the RMS value of the first harmonic of the voltage v1(t).



The fixed parameters of the simulation are given in Table 4. The simulation results are shown in Figure 11.



It can be seen that the ISOP PET offers high efficiency (>99%) because of the ZVS and DCM operations. The 3.3-kV SiC diodes did not introduce any switching losses; there was only conduction loss in the rectifier part. On the inverter side, the switching losses of the MOSFETs remained constant because they were always turned off at the magnetizing current of the MF transformers, that is, relatively low. Their conduction losses increased with the input power. Note that, in these simulations, the turn-off energy of the MOSFETs is derived from the switching curves specified in their datasheets, which are obtained from double pulse tests (DPTs) for hard-switching applications. Consequently, the turn-off loss in the simulation could be higher than the loss in practice. To obtain more accurate results, the characterizations of these MOSFETs under the ZVS test bench will be realized in the future [38]. Finally, the core loss of the transformers is constant and depends only on the magnetizing current. Their copper loss is proportional to the input power. Since semiconductor losses are low, they will operate below their thermal limits. Therefore, the power rating of the PET ISOP will be limited by the losses in the MF transformers.




3.2.2. Sizing and Evaluation of MPPT Three-Level Boost Chopper


In addition to adapting the voltage level for 1.7-kV SiC MOSFETs, another advantage of using the three-level boost chopper is that the interleaved control of the two switching cells (T′1,T′2) and (T′3,T′4) increases the apparent frequency of the its input current (iL(t)). Moreover, the magnetic coupling of the two inductors limits their volume and increases the power density of the converter.



Knowing that the semiconductors T’k (   k =    1 .. 4  ¯   ) switch at the frequency fboost, the duty cycle (αboost), which allows regulation of the PV array voltage (Vpv), is given by (21):


   α  boost   =    V  pv      V  in      



(21)







The DC current Iin of the ISOP PET is determined by (22):


   I  in      = α    boost    I  pv    



(22)




where Ipv—the DC current provided by the PV array when imposing the voltage Vpv.



The average and RMS values of the currents in the semiconductors T′1 and T’4 are calculated as (23) and (24), respectively:


   I   T 1 ′     / T   4 ′  avg      = α    boost    I  pv    



(23)






   I   T 1 ′     / T   4 ′  rms      = I    pv      α  boost      



(24)







The average and RMS values of the current in the semiconductors T’2 and T’3 are calculated by (25) and (26), respectively:


   I   T 2 ′     / T   3 ′  avg      = ( 1 - α    boost      ) I    pv    



(25)






   I   T 2 ′     / T   3 ′  rms      = I    pv        1 - α    boost      



(26)







The sizing of input capacitors (Cin) is based on the analysis of current iCin(t). As shown in Figure 8c, this current depends on the operation of boost chopper and the ISOP PET, which is expressed by (27):


   i  Cin    ( t )     = i    boost    ( t )     - i    in    ( t )   



(27)




where iboost(t)—instantaneous value of the current outputted by the boost chopper.



By using Fourier analysis, the current iboost(t) can be calculated by (28):


   i  boost    ( t )     = I    in   +   ∑    n = 1    + ∞        2 I    pv   sin  (     n π α    boost    )     n π    cos  (     2 n π f    boost      t - α    boost    n π   )   



(28)







On the other hand, the current iin(t) is given by (29):


   i  in    ( t )     = I    in   +   ∑    n = 1    + ∞        2 I    in   cos  (     f  sw      f o     n π   )     1 -     (  2    f  sw      f o    n  )   2    cos  (     4 n π f    sw    t -     f  sw      f o     n π   )   



(29)







Combining (22), (27), (28), and (29), the voltage ripples of the capacitors Cin can be calculated by using (30):


  ∆  v  Cin    ( t )  =  1   C  in       ∫      i  Cin    ( t ) dt =    ∑    n = 1    + ∞      I  pv      2 n π     {     2 sin   (     n π α    boost    )       n π f    boost    C  in     sin  (     2 n π f    boost      t - α    boost    n π   )  -    α  boost   cos  (     f  sw      f o     n π   )     f  sw    C  in    [   1 -     (  2    f  sw      f o    n  )   2   ]    sin  (     4 n π f    sw    t -     f  sw      f o     n π   )   }   



(30)







The sizing of the capacitors (Cin) considers the maximum value of   ∆  v  Cin    ( t )    calculated according to (30). Despite this analytical method being feasible, it is complex and time-consuming. The more direct way is to use PLECS software to determine numerically the value   Max  {  ∆  v  Cin    ( t )   }   .



Now, the efficiency computation of the boost chopper is realized. The voltage Vin of the chopper was fixed at the level of the ISOP PET in the previous part (i.e., 2 kV). The voltage Vpv is varied according to the MPP voltage range of a 2-kV PV string that is from 1 kV to 1.8 kV, corresponding to the PV cell temperature from 85 °C to −20 °C. The thermal model of the MOSFETs (i.e., T′1, T′2, T′3, and T′4) allows simulation of the hard-switching operation. The study also considers the losses of the coupled inductor (CEFEM Boige & Vidal, France). The characteristics of the inductor and the simulation parameters are presented in Table 5 and Table 6, respectively.



The efficiency of the chopper is presented in Figure 12. Clearly, this converter offers high efficiency (>99.5%). In fact, the MOSFETs generate low losses, even if they operate in the hard-switching mode with a relatively high switching frequency. The additional losses are from the coupled inductor, in which the core losses are negligible.



The overall efficiency of the complete isolated DC/DC converter is also plotted in the same figure by combining with the results of the previous part. The efficiency of the converter was greater than 98.5% for over 80% of the operating range. The maximum efficiency of 99% could be achieved when the PV array was in favorable ambient conditions with high solar irradiance and low temperature.



The proposed converter clearly offers an isolated device that has high efficiency and power density. These factors help eliminate bulky low-frequency transformers, which make the layout of the utility-scale PV power plants more optimal.






4. Conclusions and Future Work


This paper first presents the motivation for implementing isolated MV PV power plants. Then, a survey of the MV topologies is mentioned. In addition to those presented in the literature, new topologies with an intermediate MVDC collector that naturally cancels the current imbalance problem encountered on multiple MVAC collectors are introduced. In the second part, detailed analyses on the topologies of an isolated DC/DC converter were performed. By taking advantage of the fast-switching property of MV SiC switching devices, ISOP PET with a three-level boost chopper provides high efficiency (>98.5%) and high power density.



To validate the simulation results, a prototype based on ISOP PET with three-level boost choppers is under construction. The selected power modules will be characterized (switching and conduction losses) in order to determine more precisely the thermal model. Finally, the operation and efficiency of the isolated DC–DC converter will be evaluated and compared to simulation results.
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Figure 1. Isolated topologies with multiple MVAC collectors: (a) one converter per PV array; (b) one group of converters per PV array. 
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Figure 2. Isolated topologies with an intermediate MVDC collector: (a) one converter per PV array; (b) one group of converters per PV array. 
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Figure 3. Semiconductor device operation: (a) zero-voltage switching (ZVS) and (b) zero-current switching (ZCS). 
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Figure 4. Series resonant dual active bridge (SR-DAB) converter. 
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Figure 5. Resonant single active bridge (R-SAB) converter. 
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Figure 6. R-SAB converter operating in CCM with MPPT function based on switching frequency control: switching frequency (fsw) versus input voltage and power (i.e., Vin and Pin). 
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Figure 7. PET with MPPT boost chopper. 
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Figure 8. Isolated DC/DC converter for 2-kV PV strings using (a) all 3.3-kV SiC devices; (b) a 1.7-kV/3.3-kV SiC-based NPC PET; and (c) a 1.7-kV/3.3-kV SiC-based ISOP PET. 
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Figure 9. Isolated DC/DC converter of Figure 8c. Simulation waveforms with different frequency ratio (Vin = 2 kV, Iin = 100 A, fsw = 20 kHz): (a) fsw/fo = 0.6; (b) fsw/fo = 0.8; (c) fsw/fo = 0.95. 
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Figure 10. The electrical model of MF transformers used in PLECS software for their loss computation. 
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Figure 11. Simulation results: efficiency and power-loss repartition of ISOP PET. 
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Figure 12. Simulation results: efficiency of the three-level boost chopper and complete isolated DC/DC converter for different voltage Vpv. 
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Table 1. Specifications of the MF transformers designed by CEFEM Boige & Vidal, France.
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	Nominal apparent power (Sn)
	130 kVA



	Turn ratio
	1:2



	Operation frequency
	20–30 kHz



	Nominal primary voltage
	1000 V



	Nominal secondary voltage
	2000 V



	Primary winding resistance (Rcu1)
	3 mΩ



	Secondary winding resistance (Rcu2)
	16 mΩ



	Core resistance referred to primary side (Rfe)
	5.5 kΩ @ 20 kHz

9.5 kΩ @ 30 kHz



	Leakage inductance referred to primary side (Lleak)
	15 μH



	Magnetizing inductance referred to primary side (Lm)
	1 mH ± 30%



	Magnetic material
	Ferrite



	Dimension
	350 mm × 450 mm × 400 mm



	Weight
	30 kg
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Table 2. Characteristics of the 1.7-kV/353-A half-bridge SiC MOSFET module from Microsemi.
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SiC MOSFET

	
SiC Schottky Diode






	
Electrical

characteristics

	
Static characteristics

(Tj = 175 °C)

	
Rds = 11.1 mΩ

	
Rd = 7.5 mΩ




	
Switching

Characteristics 1

(Vds = 0.9 kV, Tj = 175 °C)

	
aon = 2 × 10−8, bon =14 × 10−5

con = 1 × 10−3

	
Eon = 0 J




	
aoff =3 × 10−8, boff = −0.15 × 10−5

coff = 1.031.0 × 10−3

	
Eoff = 0 J




	
Thermal

characteristics

	
Junction-to-Case

Thermal resistance

	
Rth(j-c)T = 0.09 K/W

	
Rth(j-c)D = 0.1 K/W




	
Maximum

junction temperature

	
    T j  max    = 175   ° C    








1     E   on / off       = a     on / off     (   V  ds      , T   j   )     . i     on / off   2     + b     on / off     (   V  ds      , T   j   )     . i     on / off       + c     on / off     (   V  ds      , T   j   )    Where ion/off—turn-on/turn-off current of the MOSFETs.
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Table 3. Characteristics of 3.3-kV/90-A full-bridge SiC diode module from Microsemi.
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SiC Schottky Diode






	
Electrical

characteristics

	
Static characteristics

(Tj = 175 °C)

	
Rd = 3.8 mΩ




	
Switching

characteristics

	
Esw = 0 J




	
Thermal

characteristics

	
Junction-to-Case

Thermal resistance

	
Rth(j-c)D = 0.1 K/W




	
Maximum

junction temperature

	
    T j  max    = 175   ° C    
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Table 4. Simulation parameters for ISOP PET simulations.
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	DC input voltage (Vin)
	2000 V



	DC output voltage (Vout)
	2000 V



	Switching frequency (fsw)
	20 kHz



	Frequency Ratio (fsw/fo)
	0.8



	Resonant inductance (Lr)
	15 μH



	Resonant capacitance on primary side (Cp)
	3.8 μF



	Resonant capacitance on secondary side (Cs)
	1.9 μF



	Case temperature of MOSFET module (Tcase)
	85 °C
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Table 5. Coupled inductor designed by CEFEM Boige & Vidal, France.
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	Coupled inductor leakage inductance (L)
	350 μH ± 10%



	Rated DC current
	180A



	Current ripple
	18 A @ 20 kHz



	DC+AC winding resistance
	3.7 mΩ



	Core losses at 20 kHz
	50 W



	Magnetic material
	Amorphous



	Dimension
	250 mm × 220 mm × 400 mm



	Weight
	40 kg
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Table 6. Simulation parameters of the three-level boost chopper.






Table 6. Simulation parameters of the three-level boost chopper.





	DC PV voltage (Vpv)
	1000–1800 V



	DC output voltage (Vin)
	2000 V



	Switching frequency (fboost)
	10 kHz



	Case temperature of power module (Tcase)
	85 °C
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