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ABSTRACT 

 

 New residential scale photovoltaic (PV) arrays are commonly connected to the grid 

by a single dc–ac inverter connected to a series string of PV panels, or many small dc–ac 

inverters which connect one or two panels directly to the ac grid. This paper proposes an 

alternative topology of nonisolated per-panel dc–dc converters connected in series to 

create a high voltage string connected to a simplified dc–ac inverter. This offers the 

advantages of a “converter-per-panel” approach without the cost or efficiency penalties of 

individual dc–ac grid connected inverters. The simulations are carried out in PSIM®, with 

open-loop current regulation and large signal.  
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INTRODUCTION 

 

With an increasing worldwide interest in sustainable energy production and use, 

there is renewed focus on the power electronic converter interface for dc energy sources. 

Three specific examples of such dc energy sources that will have a role in distributed 

generation and sustainable energy systems are the photovoltaic (PV) panel, the fuel cell 

stack, and batteries of various chemistries. These dc energy sources are all series and 

parallel connections of a basic “cell.” These cells all operate at a low dc voltage, ranging 

from less than 1 V (PV cell) to 3 or 4 V (Li–Ion cell). These low voltages do not interface 

well to existing higher power systems, so the cells are series connected to create a battery, 

a fuel cell stack, or a PV module or panel with a higher terminal voltage. [7] 

For example “12-V” PV panels have 36 solar cells with a maximum power point 

(MPP) of approximately 16–17 V under standard test conditions. These system voltages 

are appropriate for lower power systems, but beyond powers of a few hundred Watts (W), 

these panels themselves are placed in series strings to maintain lower currents and higher 

efficiencies. These long strings of panels (and hence cells) bring with them many 

complications. 

PV panels in a string are never exactly identical. Because PV panels in a series 

string are constrained to all conduct the same current, the least efficient panel, and indeed 

cell, sets this string current. The overall efficiency of the array is reduced to the efficiency 
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of this cell. This also means that PV panels in a string must be given the same orientation 

and be of identical size. 

A more profound problem occurs when even a single cell in the array is shaded. The 

photocurrent generated in a shaded cell may drop to perhaps 20% of the other cells. The 

shaded cell will be reverse biased by the remaining cells in the series string, but current 

will continue to flow through it causing large localized power dissipation. A diode around 

a group of 18 cells (half a 12-V panel) limits the reverse bias and hence the power 

dissipation in the shaded cell. However, all the power from that sub string is lost while 

current flows in the bypass diode. [7] 

Placing a dc–dc converter on each half-panel or panel substring, and then connecting 

these converters in series strings avoid many of these problems. In this paper, the design of 

a PV-connected DC-DC converter is discussed, simulation results is also evaluated.  

 

PV-CONNECTED DC-DC CONVERTER 

 

The DC-DC converter is depicted in Fig. 1 as part of the power circuit of a 

photovoltaic inverter.  

The converter is made up around an input capacitor CPV, four MOSFETs with 

freewheeling diodes SPV1 – SPV4, a high frequency transformer with turns ratio 1:N, four 

diodes embedded in a full-wave rectifier DRECT1 – DRECT4, the DC-link inductance and 

capacitance, LDC and CDC, respectively. 

 
Fig. 1: Power circuit of the photovoltaic inverter. 

 

MODE OF OPERATION 

 

The principle is as follows, cf. Fig. 2: Both converter branches are operated with a 

duty cycle slightly less than 50% in order to avoid a shoot-through in the legs [1]. Varying 

the overlap between the two branches then controls the output voltage. The duty cycle 
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seen by the load (transformer), Dload, is computed as twice the phase-difference between 

the legs (maximum 180º) divided with 360º. 

 
Fig. 2: Typical operation for the full bridge DC/DC converter. From the top to bottom: 

voltage across transistor SPV2; voltage across transistor SPV4; voltage across the 

transformer primary side; current through DC-link inductor and primary transformer 

current (assumed unity turns ratio) [2], [3]. 

 

Another reason not to use a strictly 50% duty cycle is that the transformer current is 

used to commutate the transistors during the blanking time. The output capacitors included 

in the MOSFETs are charged/discharged automatically during the blanking time period, 

thus the converter is operated in Zero Voltage Switching (ZVS) mode, which gives low 

losses. However, measures must be taken in order to assure ZVS down to no-load. 

The input to output voltage relationship should be rather simple for this DC/DC 

converter, due to its similarity with the buck converter. Thus, the relationship between 

input- and output-voltages should be: UDC / UPV = Dload×N. 

Unfortunately, the leakage inductance included in the transformer, Llk, changes this 

correlation into a somewhat more complicated expression. The fraction of the switching 

period, Г, where the current through the leakage inductance is changing from positive to 

negative (or vice versa), cf. Fig. 2, is denoted the slew interval, and given by [2], [3]: 
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 (1) 

 

where UDC‟ is the normalized DC-link voltage (making a unity transformer turns ratio), 

LDC‟ is the normalized filter inductance in the DC-link, Rload‟ is the normalized 

equivalent load, and TSW is the switching period. The normalization is given by: 

     

 

      (2) 

Another definition of Г is [2], [3]: 

     (3) 

Combining (1) and (3) yields the maximum switching frequency and amount of 

inductance, at which the power PDC can be transferred from the PV module to the DC-link: 

    (4) 

The limit where the converter enters Discontinuous Conduction Mode (DCM) is 

given as [2], [3]: 
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      (5) 

where PDCM is the power level into the DC-link at which the converter enters DCM 

operation. 

 

MAIN CIRCUIT 

 

The steady state voltage gain is computed as (assuming no leakage inductance in the 

transformer  Г=0): 

         
 (6) 

The initial transformer turns ratio is computed as (assuming unity duty cycle): 

                                                                     
(7) 

which is evaluated to 400 V / 23 V = 17.4, and rounded up to 18. The initial duty cycle, 

Dload, is then defined in the span from 0.37 to 0.97. 

The switching frequency is set to 110 kHz, with a turns-ratio of 18 and a DCM 

power level, PDCM, of 5% of full power (8.2 W at 28.6 V). The total amount of inductance 

needed is then given by (5): 

                
(8) 

The leakage inductance is later on determined to maximum 80 nH, thus the required 

DC-link inductance becomes equal to: LDC‟ = 67 μH  LDC = 22 mH. 

Simulations in PSIM
®
 show that the designed circuit can generate around 368 V in 

the DC-link, when the voltage from the PV module is 23.0 V and the load in the DC-link 

is 160 W (assuming unity efficiency). Hence, the design is fulfilling the demands. 

 

TRANSFORMER 

 

The applied volt-second during the positive portion of the voltage (the maximum 

value for one switching period) is for Continuous Conduction Mode (CCM): 

      
(9) 

and is evaluated to 400 V / (2×18×110 kHz) = 100×10
-6

 V∙s. As seen, the applied volt-

second is independent of the PV operating point, assuming CCM.  
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 The RMS value of the primary transformer current is equal to (assuming infinite 

magnetizing and DC-link inductances): 

 (10) 

where IPV is the average PV current. The primary current is evaluated to 90 W × √(18 / 

(31.0 V × 350 V)) = 3.7 A at 50% generation, and 6.8 A at full generation. This 

corresponds to a total current, Itot in (11), of 7.4 A and 13.6 A, respectively. 

Next, a proper core size and material is to be selected. The core geometrical constant 

for this application is computed as: 

        
 (11) 

where Ptot is the total power loss in the transformer. The maximum difference between 

ambient and the core temperature is not allowed to exceed 40°C. 

The EFD20 core made from 3F3 ferrite is evaluated to be too small, so the EFD25 

core is now evaluated. The maximum allowable loss for the EFD25 core is 1.19 W, thus 

the required core geometrical constant for the EFD25 is 0.0029 cm
x
, according to (11). 

The real core geometrical constant for the EFD25 is 0.0033 cm
x
, so this core is for the 

moment being accepted as large enough. 

The optimum peak flux density is computed as: 

 (12) 

The operating point to be optimized is at 50% generation, in order to optimize the 

European efficiency (the highest weight for the EU efficiency is at 50%). 
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 (13) 

A peak flux density of 0.09 T seems small, when known that ferrites can be operated 

up to approximate 0.3 T without saturating. However, the computed flux density assures 

minimum core- and winding-losses in the transformer, and is therefore adopted in the 

further design. 

The number of turns on the primary side is computed as: 

    
 (14) 

and is rounded down to 9, which involves a peak flux density of 96 mT. The saturation 

flux density for the 3F3 material is higher than 300 mT, so the selected core is so far 

suitable. 

Next is the core- and winding-loss evaluated at full power generation: 

 
 

         
 (15) 

and 
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 (16) 

The total losses inside the core are summed to 1.24 W, and the thermal resistance for 

the EFD25 core is 34 K/W. The temperature difference is computed to 42 °C, which is 

above the specification of 40 °C. 

The transformer design is back to square one (if the maximum allowable 

temperature rise is equal to 40 °C) and a new core size is therefore selected. The core is 

selected to the EFD30, which can withstand a power loss of 1.55 W, and has a core 

geometrical constant of 0.0041 cm
x
. Unfortunately, the EFD30 3F3 core was not available 

at the component vendor, for which reason the transformer core is upgraded to the ETD29. 

 

    Table 1: Evaluation of the three core sizes at full power generation. 

 
 

 
Fig. 3: Physical dimensions for the ETD29 core. 

A sketch of the ETD29 core is depicted in Fig. 3. The results from the iterations are 

given in Table 1. 

The number of turns on the primary side is computed to 10, and on the secondary 

side to 180. The area allocation for each side is fifty-fifty. The cross-sectional area and 

diameter for the secondary side wire is computed to 0.106 mm
2
 and 0.367 mm. The 

maximum allowable wire diameter at 110 kHz and 100 °C is: 
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(17) 

Thus, the secondary windings do not need to be of the Litz-wire type, and the 

diameter is selected to 0.35 mm. The wire resistance is computed to 1.71 W at 25 °C and 

2.28 W at 100 °C. The cross-sectional area and the diameter for the primary side wire are 

computed to 1.90 mm
2
 and 1.56 mm. The diameter for the primary windings is also 

selected to 0.35 mm, which involves an area of 0.096 mm
2
. Thus, 20 strands must be 

placed in parallel, in order to reach the designed area. The wire resistance is computed to 

4.7 mW at 25 °C and 6.4 mW at 100 °C. The copper fill factor is evaluated to: 

   
 (18) 

Finally, the magnetizing inductance is computed to (2200 nH ± 25%)∙10
2
 = 165 μH 

~ 275 μH, and the leakage inductance is computed to: 

 (19) 

where P is the number of interfaces between winding sections, see Fig. 4 for definitions. 

The number of interfaces is selected to 3, as illustrated right most in Fig. 4. This leakage 

inductance is then computed to 80 nH. 

 
Fig. 4: Definitions of P, bw = 6 mm, and hw = 19 mm. 

 

   DC-LINK INDUCTOR 

 

 The size of the DC-link inductor was found to be 22 mH in section 2.2, and a 

suitable core is selected next. The maximum RMS value of the current through the 

inductor is 160 W / 300 V = 0.53 A, and the maximum peak current is 0.53 A (assuming 

no ripple and unity efficiency). The L∙I∙Î value is evaluated to 2.98∙10
-3

 H∙A
2
, and the 

selected core must be able to withstand this. The EFD25 made from 3C90 material is good 

for 3.29∙10
-3 

H∙A
2
 at 25 °C and 2.85∙10

-3 
H∙A

2
 at 100 °C and is therefore selected. 

The length of the air-gap is computed to: 0.74 mm, but should be adjusted to reach 

the designed value, due to fringing flux. The number of turns is computed to 335. The 

cross-sectional area and diameter for the wire is computed to 0.072 mm
2
 and 0.30 mm. 

The wire resistance is calculated to 3.78 W at 25 °C and 5.06 at 100 °C.  
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Another solution is to use a Kool Mμ ring core. The core is calculated by the CAD 

software from Magnetics, Inc., [4] with the following inputs: DC-current: 0.43 A, ripple-

current: 40 mA peak-to-peak, frequency: 220 kHz, full load inductance: 11 mH, current 

density: 500 A/cm
2
. The resulting core is: part number 77310-7, permeability: 125, 

physical dimensions: 0.9” × 0.3” (outer diameter and height), cost without header: 7.14 

DKK (from Avnet, 2002). 

The CAD software computes the following parameters: inductance at full load: 11 

mH, inductance at no load: 30 mH, number of turns: 590, wire size: AWG#28 (bare area: 

0.080 mm
2
), copper fill factor: 0.45, DC resistance of winding: 4.47 W at 25 °C, and total 

losses: 0.94 W. 

 

  DC-LINK FILM CAPACITOR 

 

A film capacitor is placed in the DC-link. The purpose of this capacitor is to create a 

low impedance path for the HF ripple current, since the power-decoupling electrolytic 

capacitor is good only up to some kHz. The peak to peak current ripple through the 

inductor, and hence the capacitor, is approximated to (note that the inductor sees twice the 

switching frequency because of the full-wave rectification, for which reason it is 2∙fSW in 

the denominator): 

 (20) 

which can be evaluated to 17 mA for 23 V at the input of the inverter. The voltage ripple, 

peak to peak is computed as the delta charge divided with the amount of capacitance 

(partly from [1]): 

   
 (21) 

The HF ripple is merely selected to 10 mV peak to peak. A film capacitor of 820 nF 

is therefore adopted. 

 

  RECTIFIER DIODES 

 

The diodes in the rectifier has to withstand the reflected voltage from the PV-side, 

that is 18×45 V = 810 V (turn ratio multiplied with maximum operational PV voltage), 

which calls for 1000 V diodes (when applying a de-rate factor of 0.80). The average 

current through each rectifier-diode is equal to the average current in the DC-link inductor 

divided with the number of legs in the rectifier which is 2: 

      
 (22) 

and can in the worst case be evaluated to ½(160 W / 300 V) = 0.27 A. The power loss in 

the rectifier can be broken down to conduction and reverse recovery losses: 
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 (23) 

where UF is the forward voltage drop of the diode, Irr and trr are the reverse recovery 

current and time, respectively, and s is the „snappiness‟ factor. 

Unfortunately, the junction-capacitance of the diodes and the transformer leakage 

inductor makes an un-damped second order system. Hence, a 100% overshoot in the 

voltage across the diodes is expected. This means that the diodes must be rated to 2 kV, or 

that the system must include some damping. This results in three solutions as illustrated in 

Fig. 5: 

 

1. One 2 kV device is used for each rectifier-diode, 

2. One 1 kV device, with some damping is used for each rectifier-diode (the RC    

    damping circuit can also be placed in parallel with the secondary winding), 

3. Two 1 kV devices, connected in series and perhaps with some balancing circuit, 

are 

    used for each rectifier-diode. 

 

 
Fig. 5: Rectifier circuit with parasitic components, and three possible arrangements of the 

diodes. 

Table 2: Evaluation of the three different rectifier solutions. The power loss is estimated 

for  100% irradiation. Transformer leakage inductance, referring to the secondary side = 

25.9 μH     Resonant frequency = 1/√(2∙Llk∙Cj). 
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The three solutions are evaluated in Table 2. The damping in Fig. 5-2) is achieved by 

connecting a damping-circuit in parallel with the secondary windings of the transformer. 

The size of the capacitor is selected to be 20 times the junction capacitance of one diode. 

The size of the damping resistor is found by trial and error, to obtain a maximum over 

voltage of maximum 0.8 × 1600 V = 1280 V (de-rate factor multiplied with break down 

voltage). The size of the balancing resistors is found as ½UDC divided with ten times the 

reverse current = 175 V / (3 μA × 10) = 6 MΩ. The cheapest, and most efficient, solution 

is the rectifier with 2 kV diodes. 

The power loss per diode at full load is (conduction and reverse recovery from (23)): 

0.39 W + 0.74 W > 1.1 W. The thermal resistances for the RGP02-20E diode are found in 

the datasheet to be 30 K/W and 65 K/W, for junction-to-lead and junction-to-ambient, 

respectively (mounted on a PCB, with 9.5 mm lead length). 

 The temperature difference between the junction and ambient is: 1.1 W ∙ 65 K/W = 

73 °C. This results in a junction temperature of 133 °C, at an ambient temperature of 60 

°C. Hence, some kind of heat sink must be applied, with a total thermal resistance of no 

more than: (100 °C – 60 °C) / 1.1 W = 36 K/W, since the maximum junction temperature 

is specified to 100 °C. 

A fourth solution, which is not investigated here, is to use an active clamp circuit in 

the DC-link [5]. The active clamp circuit is made up around a film capacitor, in series with 

a MOSFET, in parallel with the output of the rectifier. This can effectively clamp the 

voltage across the diodes to approx. 850 V, and remove unwanted ringing. A fifth solution 

is to use avalanche rated diodes. Avalanche is the mode of operation where the voltage 

across the device exceeds the nominal breakdown value, and thus the device starts to 

conduct. This is normally equal to destruction of the device, but an avalanche rated device 

can withstand it. 

 

   MOSFETS 

 

The MOSFETs must withstand the open-circuit PV module voltage, which is 45 V. 

Thus, the break down voltage should be, when accounting for the de-rating: 45 V / 0.75 = 

60 V. The RMS value of the current, ISPV, through each MOSFET is found from (10) to 

be: 

 
 (24)  
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The current must be de-rated with a factor of: 

 (25) 

The current de-rating is computed assuming that the case temperature is maximum 

90 °C, and that the junction temperature is maximum 100 °C. 

 The selected MOSFET must be able to carry a RMS current of 4.84 A / 0.31 = 15.6 

A. The chosen MOSFET is the ST Microelectronics STP 16NF06L, which is rated to a 

breakdown voltage of 60 V, an on-resistance of 70 mW, and a continuous current of 16 A 

(at case and junction temperatures of 25 °C and 175 °C, respectively). This particular 

MOSFET shows low internal capacitances and low gate charges, thus it is assumed being 

very fast. 

The conduction loss in a MOSFET amounts to 0.07 Ω∙(4.84 A)
2
 = 1.64 W at full 

generation, and 6.6 W in total for all four MOSFETs. The temperature difference between 

junction and ambient is not allowed to exceed 40 °C, according to the specifications, and 

the temperature drop from junction to case is equal to 1.64 W × 3.33 K/W = 5.5 °C, the 

thermal resistance is given in the data sheet. The maximum allowable thermal resistance 

for the heat sink and mounting pads is computed to (40 °C – 5.5 °C) / 6.6 W = 5.3 K/W. 

 

  INPUT CAPACITOR 

 

The purpose of the input capacitor is to decouple the HF current ripple, generated by 

the DC-DC converter, from the PV module. 

Fourier analysis is used to compute the spectral content of a pulse train with duty 

cycle D and unity amplitude, as: 

                             
(26) 

where N is the order of the harmonics. The peak value (amplitude) of the pulse train is 

given as its mean value divided with the duty cycle: 

           
(27) 

By combining (27) with (26), the real spectral content appears: 

    
 (28) 

which has a theoretical maximum value 2∙IPV, for D∙N∙π = 0. The spectral content of a 

pulse train, given by (28) is depicted in Fig. 6. The required impedance to damp the HF 

voltage ripple is given as: 

      
 (29) 
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where Ulimit is the limit given in the specifications, and Î is the peak current given in (28). 

The required filter-capacitance to suppress the switching-harmonics is: 

  
 (30) 

  The required damping and capacitances for different harmonics is shown in Table 3. 

 

 
Fig. 6: Spectral content of a unity pulse train. The stars indicate the worst-case 

amplitude, when the duty cycle is defined between 0.35 and 0.97. 

 

A 15 μF film capacitor is a large capacitor. The design of the capacitor should 

therefore be subject to an optimization process, where the radiated HF noise from the 

inverter should be measured. 

 

   Table 3: Computation of required damping, for different harmonics. 

 
  CONTROLLER 

 

The control circuit is based on the UCC3895 IC from UNITRODE / TEXAS 

INSTRUMENTS. Quotation from the datasheet: 

“The UCC3895 is a phase shift PWM controller that implements control of a full-

bridge power stage by phase shifting the switching of one half-bridge with respect to the 
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other. It allows constant frequency switching pulse-width modulation in conjunction with 

resonant zero-voltage switching to provide high efficiency at high frequencies. The part 

can be used either as a voltage mode or a current mode controller.” 

 
Fig. 7: Block diagram of the DC-DC converter with the proposed controllers. 

The input voltage from the PV module is given in the range from 23 V to 45 V, and 

the output voltage across the DC-link is defined from 300 V to 400 V. Besides this, the 

DC-AC inverter controls the magnitude of the output voltage, so the task for the controller 

is to regulate the input current of the PV-module. 

A block diagram of the PV module, with DC-DC converter, measuring circuit and 

controller is illustrated in Fig. 7. It consists of an Error Amplifier (EA), a PWM block 

together with the oscillator (OSC) and blanking time circuit (DEL). The proposed control 

structure is depicted in Fig. 9. 

The aim of the PI controller is to regulate the PV-module current, even that the DC-

link and the PV-module voltages are non-constant in order to operate the module at the 

desired working point. A small signal model is needed of the DC-DC converter in order to 

design a feasible controller. 

The influence of the slew-rate, discussed in section 2.2, is omitted to keep the 

following derivation simple. This is convenient since the real transfer function for the DC-

DC converter is rather complicated, due to the presence of the leakage inductance in the 

transformer [2], [3]. The impedance of the DC-link is given as (by inspection of Fig. 7, L 

= DC-link inductor, C = DC-link capacitor, R = equivalent load resistance, and assuming 

no other components): 

      
 (31) 

The relationship between input and output voltages and current is then: 

    

                                                                
(32) 
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When the input capacitor, CPV, is included the following transfer function appears 

(the parallel connection of a capacitor and the impedance in (32)): 

       
 (33) 

Rearranging and expanding (33) into its large- and small-signal components yields: 

    
 (34) 

where uppercase letters denoted steady-state DC values and lowercase letters with a tilde 

denotes small-signal values. The brackets are removed and terms containing two or more 

small-signal quantities are neglected: 

 
 (35) 

Thus, the large- and small-signal models are: 

   

    
 (36) 

The transfer function searched for is:  

       
 (37) 

which describes the perturbations in the input current as a function of the perturbations in 

the duty cycle. Assuming that the input voltage does not have any small-signal content, i.e. 

ũin= 0, the transfer function can be derived from (36): 

   
 (38) 

The UCC3895 controller includes an Error Amplifier (EA) that can be programmed 

into many types of controllers, e.g. lead, lag, lead-lag, P, PI, PD, PID, etc, by a few 

external components. It is decided to use a classical PI controller, as it is known to remove 

any steady state errors. A part of the internal structure of the UCC3895 is sketched in Fig. 

8, together with the external components needed for the PI controller (without anti-windup 

circuit). 
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Fig. 8: PWM comparator and error amplifier block diagram for the UCC3895. 

The transfer function for the EA circuit is given by: 

  

      
 (39) 

The transfer function for the PWM comparator is determined by the oscillator 

frequency and min/max input/output signals [1] and [6]: 

      
 (40) 

     
 (41) 

where TOSC is the period for the oscillator (assuming TOSC = TSW), and GM is the gain 

included in the circuit. The low pass filter is included to model the inherent delay, of half a 

switching period, in the comparator. This part can however be excluded, since the 

developed transfer function only is valid up one-tenth of the switching frequency. The 

maximum and minimum obtainable values are 0.99 and 0.00 for the duty cycle, and 2.35 

V and 0.20 V for the oscillator signal. The gain is thereby computed to 0.46. 

The control structure is depicted in Fig. 9, and the open-loop transfer function is 

computed as: 

 

 

        
(42) 
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Fig. 9: Small signal representation for the DC-DC converter with feedback. 

The characteristic equation for the closed loop transfer function is: 

 (43) 

The PI controller is tuned in MATLAB
® 

and tested in PSIM
®.

 A set of parameters 

that works fine is: TI = 220∙10
-6,

 and KP = 0.15 (C1 = 100 nF, R1 = 2.2 kW and R2 = 14.7 

kW), cf. Fig. 10 to Fig. 12. 

 

Fig. 10: Open-loop Bode plot for the current controller, at 5% and 100% generation, 

from 10 Hz to ½fSW = 55 kHz. The peak in  

    
the transfer function occurs at the resonant-frequency for the output filter: 1/√(LDC∙CDC) = 

1/√(11 mH∙820 nF) = 10.5 krad/s (is lowered to 1.6 krad/s when the electrolytic capacitor 

is included). 
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Fig. 11: Closed loop root locus for the current controller at 8, 18, 36, 55, 90, and 160 W. 

The open-loop bode plot in Fig. 10 reveals that the gain margin is infinite and that 

the phase margin is equal to 67°, which yields a stable system. This is also seen in the 

root-locus in Fig. 11, where all poles and zeros are located in left half plane. The 

calculated results in MATLAB
®
 and the simulated results in PSIM

®
 agree very well, as 

seen in Fig. 12. Besides this, the PV current contains some high frequency currents, due to 

the switching of the inverter. This is, of course not, included in the linearized and averaged 

transfer function in (42). 

 
Fig 12: Calculated and Simulated results. The calculated time-domain response is 

equal to the simulated response, except to the absence of the HF ripple. 

Another important issue is the „audio susceptibility‟, which is the same as immunity 

to voltage variations in the DC-link. This is important, since a large voltage ripple is present 
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in the DC-link, during part and full generation. The maximum amplitude of the ripple is 

computed to 21 V at 100 Hz. The transfer function in (35) is expanded, and terms 

containing uin∙D are substituted with uout: 

 (44) 

The small-signal transfer function, neglecting the input capacitor due to its small 

value, equals: 

      
 (45) 

The small signal representation in Fig. 9 can be redrawn, as in Fig. 13. 

 
Fig. 13: Small signal representation for the DC/DC converter with feedback. a) with 

perturbation of DC-link voltage, b) redrawn into standard layout with iin,ref = 0. 

 
Fig. 14: Bode plot of the audio susceptibility: ĩin(s) / ũout(s). 

The closed loop transfer function of ĩin(s) / ũout(s).is found by inspection (excluding 

the input capacitor): 
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 (46) 

The magnitude of (46) is depicted in Fig. 14. The plot shows that the amplitude of 

the small-signal current is equal to -30 dB at 100 Hz. This corresponds to an amplitude of 

0.04 A when a ripple voltage with an amplitude of 21 V, is present in the DC-link. The 

impedance of the PV module is found to be UMPP/IMPP (only valid around the Maximum 

Power Point). Thus, the 100 Hz voltage ripple seen by the PV module is approximately 

equal to: 0.04 A * (28.1 V / 5.70 A) = 0.2 V at full generation, and neglecting the small 

input capacitor of 820 nF since it does not have any influence on a 100 Hz signal (XC @ 

100 Hz = 1940 W). This is much lower than the specification of 4.1 V. 

 

   GATE-DRIVER 

 

The selected gate driver IC is the L6385 from ST Microelectronics, which includes 

two control inputs, one for each of the MOSFETs in a converter leg. The L6385 also 

includes an internal bootstrap circuit, like the L6384 used for the DC-AC inverter. The 

design of the gate-drive circuit is also similar to that of the L6384, used in the DC-AC 

inverter. 

 

 
Fig. 15: Gate driver circuit with bootstrap supply, and two control inputs. 
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The bootstrap capacitor is designed according to: 

                           
 (47) 

to make sure that the high side driver does not go into UVLO (Under Voltage Lock Out). 

The UVLO protection is disabled at maximum 10.5 V, and enables again at maximum 9.2 

V. The voltage drop across the boost-strap diode circuit is computed by: 

  
 (48)  where Rg(off),1 is omitted and the charge time is equal to the low side turn on 

time ( i.e. 4.5 μs).  The bootstrap charge is computed by: 

    
 (49) 

 The time ton is the high side on duration (i.e. 4.5 μs). The size of the bootstrap 

capacitor is then computed by: 

       
 (50) 

The total charge transferred through the bootstrap circuit is mostly determined by 

the total gate charge of the MOSFET, which equals 12 nC. The total charge is calculated 

by (49) to 16 nQ. The voltage drop across the diode equals 16 Nc ∙ 125 W / 4.5 μs = 0.44 

V according to (48). Hence, a supply voltage of no less than 10.5 V must be present at all 

times, in order to operate the bootstrap circuit. The size of the bootstrap capacitor is given 

by (50) to 16 nQ / 0.1 V ≈ 160 nF.  

The turn-on gate resistors are merely selected to 11 V / 400 mA = 27.4 W and the 

turn-off resistors are not used. This results in a „slow‟ turn-on process and a „fast‟ turn-off 

sequence. The resistors are further adjusted in the laboratory, to reach lowest power loss. 

 

   SIMULATED RESULTS 

 

The converter is simulated at the six operation points, in order to verify the design. 

The DC-AC inverter is substituted with an equivalent load resistance. The simulations are 

carried out in PSIM
®
, with open-loop current regulation and large signal [1]. This means 

that the controllers are omitted, and that the duty cycle is changed manually, to reach the 

specified operating point. A clamp circuit, 50 pF in series with 8 kW, is placed in parallel 

with the secondary transformer winding, to lower the ringing from the transformer leakage 

inductance and diode junction capacitance. 

The results are given in Table 4. The efficiency is calculated to 91.6% for the 

DC/DC converter, when the most dominant losses are included (conductions losses in 

MOSFETs, transformer, rectifier diodes, DC-link inductor, switching losses in MOSFETs 

and diodes, and iron losses in the transformer). 
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    Table 4: Summary of simulated results for the DC/DC converter. 

 

The simulations show that the designed circuit fulfills the demands given in the 

introduction to this paper, and is therefore accepted. 
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