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Abstract

A medium voltage rectifier, relying on series connection of SiC Schottky diodes, is designed and tested
within a unidirectional isolated DC-DC converter. The design is realized considering efficiency, static
and dynamic balancing and failure mode considerations. The model of the rectifier circuit is improved
compared to the previous literature enabling to precisely represent the voltage oscillations due to
switching, facilitating the design of the snubbers. Experimental results are presented to validate the
design. The developed model results show good fit with the measurements.

Introduction

Medium voltage direct current (MVdc) networks are considered in numerous works for the integration
of renewable energy sources [1]-[4]. In particular, the photovoltaic (PV) application is discussed in [3],
[4]. Step-up DC-DC converters are required to interface low voltage PV clusters to an MVdc collection
network. The MVdc collection network is expected to be in the order of £10 kV, the actual value
depending on various design parameters, specific to particular application [3].
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Fig. 1: a) Unidirectional isolated DC-DC converter in MVdc PV application, b) PSFB with a medium
voltage rectifier using series connected diodes.

Unidirectional power flow is considered in PV application, as the power is only exported towards the
network. Multiple maximum power point tracking (MPPT) boost DC-DC converters are used to
interface PV strings with a Phase Shifted Full Bridge (PSFB) converter, selected as the unidirectional
isolated step-up DC-DC converter [5] (this later converter having significantly higher power ratings than
individual MPPT boosts). The PSFB circuit (Fig. 1b) uses a diode rectifier on the MV side (as compared
to transistors for, e.g. the dual active bridge), making it an attractive solution from the control and cost
point of view. The rectifier bridge components have a current rating of a few tens of amperes [5]. Diodes
of such rating are most commonly found in discrete component packages with voltage ratings up to 3.3
kV [6]. A series connection of diodes is addressed in this paper, and presented in details below, focusing
on the detailed design of the snubber components to limit switching overvoltage.

The LC output filter of the PSFB was shown in [7] to be advantageous compared with a simple output
capacitor when the converter experiences faults on the MV side. However, the presence of an inductor
between the rectifier and the output capacitor means that the rectifier bridge voltage is not clamped to
the output voltage. Voltage oscillations occur at the diode turn-off, due to resonances between the
transformer leakage inductance and parasitic capacitances of transformer and diodes, as described in
[8], [9]. It is desirable to keep this voltage ringing low, so as to limit the peak voltage experienced by
the diodes, and so as to limit electro-magnetic interferences (EMI). The RC snubber design for the series
connection of SiC diodes takes into account the dynamic voltage balancing as well as the voltage ringing
in the PSFB converter.

This paper presents the design of a medium voltage (4 kVdc) medium frequency rectifier, intended to
operate with non-clamped voltage, based on series-connected SiC Schottky diodes. The choices of diode
rating and number of series connected diodes are discussed considering efficiency and reliability. The
voltage oscillations are modelled based on [9], adapted to series-connected assemblies of diodes, with
the inclusion of the effects of transformer primary-secondary capacitance and limited switching speeds.
This simplified model enables rapid snubber design. Tests are performed on the designed rectifier and
measured waveforms are compared with the results expected from derived models.

Design of the rectifier

Diode assemblies are commercially available for medium voltage applications [10]. However, these
assemblies usually use silicon bipolar diodes. Thus, reverse recovery happens at diode turn-off [11],
yielding power losses. In [3] it is shown that step-up DC-DC converters for MVdc collection network
in PV applications are expected to reach efficiencies similar to that of state of the art PV inverter
cascaded with transformer for MVac collection network. Thus, very high efficiency is needed for all
components of the converter. SiC Schottky diodes exhibit little to no reverse recovery current [11] and
they are thus adapted for medium frequency, high efficiency applications. As a consequence, this article
investigates the use of SiC diodes in the output rectifier of PSFB converter.

The rectifier presented in this paper is designed for a voltage of 4 kVdc, and maximum currents
Lnean =6 A, Lims =9 A, Lew= 20 A as in the converter design presented in [5]. The switching frequency
is 20 kHz [5].

Commercially available diodes with ratings in the range of the specified currents are mostly found in
discrete packages, with voltage ratings up to 1.7 kV (3.3 kV diodes are less common and have less
available current ratings). In order to limit the number of series connected diodes only 1.2 kV and 1.7 kV



diodes are considered. One diode of each voltage rating and of similar current ratings is picked from the
same manufacturer for comparison.

The choice of the number of series connected diodes is motivated by the presence of overvoltages at
switching instant and failure mode considerations. Fig.2 shows a simplified rectifier voltage waveform
with an overvoltage at switching instant, considered to be limited by the snubber design to 1.25 times
the steady state voltage. The number of diodes 7giodes 1S Chosen so as ngioges-1 diodes rated blocking
voltage is sufficient to withstand the switching instant overvoltage. Indeed, it is shown in [12] that for
series connected diodes, an event of cosmic radiation interaction does not lead to single event burnout,
as the blocking voltage is transferred to the other diodes of the series connection. However, this is only
possible if the remaining diodes have enough blocking capability. If this is the case, the impacted diode
does not fail and its blocking capability is recovered after a period of time dependent on the applied
voltage [12]. Number of series connected diodes and resulting conduction losses (at nominal current)
for both voltage ratings are presented in Table 1. The junction temperature is considered to be 125°C, as
a worst-case scenario. Losses weighted with European efficiency coefficients (standardized efficiency
measure considering the power distribution for a PV system operating under the European climate) [13]
are also presented as a way to evaluate the impact of losses at lower powers on the comparison. It must
be noted that these values have no real physical meaning but they are relevant for comparisons.
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Fig. 2: Simplified rectifier waveform (blue) with overvoltage at switching instant, considered to be
limited by the snubber design to 1.25 times the steady state voltage. Implementations with 6x1.2 kV or
4x1.7 kV series-connected diodes are represented. No static balancing resistors are represented as the
leakage current of used diodes is considered sufficiently low.

Table I: Comparison of rectifier bridge performance for 2 selected SiC Schottky diodes

Diode reference Voltage | Number | Individual diode | Full bridge rectifier | Full bridge
rating of diodes | conduction losses | conduction losses at | rectifier losses
at nominal nominal current with EU
current efficiency
coefficients

Genesic 1700V | 4 10.6 W 170 W 68.2 W

GB10MPS17-247

Genesic 1200V | 6 9.4W 225 W 91.7W

GD15MPS12-247

One can note that the 1.2 kV diode has inferior individual losses compared to the 1.7 kV model.
However, it is seen that 1.7 kV diodes choice leads to lower rectifier losses thanks to lower number of



diodes, and this rating is thus selected. The losses weighted with EU efficiency coefficients confirm this
choice, with proportionally an even slightly larger losses reduction compared to the 1.2 kV option.
Thermal management of diode losses is met by individual heatsinks [14] at floating electrical potential,
in natural convection condition. Each heatsink is referenced to the cathode of the diode, thus its potential
varies according to ground in rectifier operation. This is beneficial for diode balancing as the parasitic
capacitances to the ground are expected much lower than in a one common grounded heatsink scenario
(such capacitances degrade voltage balancing in the series string [15]). It must be noted that the
presented rectifier prototype is designed to validate electrical properties and the thermal aspects are not
presented further in this paper. The cooling of the rectifier of a converter such as in Fig. 1 would
beneficiate from being designed together with the medium frequency transformer and the output filter.
Snubbers are placed in parallel to each diode of the series connection, in order to ensure dynamic voltage
distribution during commutations and to keep overvoltages lower than 1.25 times the steady state voltage
(voltage after oscillating transient). The snubber is composed of a capacitor Cgigiose and a resistor Raidiode
in series. It is proposed to select the snubber values based on following equations, adapted from [16]:
m-L k
= ksc Gy gioge Raygioae = Rsr = |7 )
didiode
With Cjai0qe the junction capacitance of a single diode of the series connection, m the transformer ratio
and Ly the transformer leakage inductance (see Table II). The value of Cjjaioqe is dependent on the reverse
voltage applied to the diode. The Cjiai0qe capacitance value at 50% of the operating voltage (80 pF for
the selected diode) is selected in order to simplify the calculations. Parameters k. and ks-are the design
parameter that can be adjusted in order to reduce oscillating transient overvoltages at switching instants.
It is proposed to initially set k.= 3 and k- = 1 following typical design rules of generic RC snubbers
[16] and tune them for overvoltages concerns using the model presented in the following section. The
final values selected for this prototype are Cyraiose= 270 pF and Ruidiode = 650 Q.
High value resistor in parallel of each diode can be added for static voltage balancing required due to
diode leakage current deviations. However, considering the low value of leakage current of the selected
diode (9 pA at 175 °C of junction temperature) they are not implemented in this design.

Cdldiode

Fig. 3: a) An example of commercially available high voltage diode assembly, intended for forced air
or oil cooling; b) Diode assembly composed of four series connected diodes, designed for natural
convection cooling ¢) Full-bridge rectifier composed of 4 diode assemblies.



Model and simulations

In order to analyze the voltage oscillations occurring at diode turn-off, the rectifier and transformer are
modeled taking into account their parasitic elements. The model is derived according to [9], adapted to
a full bridge rectifier and including the primary-secondary parasitic capacitance of the medium
frequency transformer (MFT) modeled with lumped elements. The values of the parasitic elements of
the MFT used in the test set-up can be found in Table II. The circuit model is presented in Fig. 4. The
voltage source is driven by rate-limited step function representing the limited switching speed of the
input bridge.

Table II: MFT parameters

Transformation | Leakage Primary winding Secondary winding | Primary to secondary
ratio inductance | capacitance capacitance winding capacitance
m=2.33 Ly=34puH | C,=16 pF Cs =100 pF Cps=30pF

The diodes in Fig. 4 represent the series connection of 74i0des. Thus, the junction capacitance C;, snubber
capacitor Cy, and snubber resistor R, are defined as:

C; Caiai
_ “Jadiode __ “dldiode _
C=—"— Ca=—""— Rq=Raidgiode " Naiodes (2)
Ndiodes Ngiodes

In Fig. 4b, the simplified model is represented from the primary side of the MFT; secondary side
components are moved to the primary following equations (3). At switching instant, the parasitic
components of the pair of diodes in blocking state are in parallel to each other in the equivalent circuit
of the converter. This results in the values of the aggregated components of the simplified model given
in Fig. 4b.
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Fig. 4: a) Model of the PSFB converter including parasitic elements, b) Simplified PSFB model at diode
turn-off used to study the voltage ringing phenomenon.

The quantity of interest is the voltage across each diode, Vii,. The effect of the switching is shown in
Fig. 5a where the circuit is driven by different rate-limited step functions. The effect of variation of
snubber parameters is also shown in Fig. 5b.

w5 13 = 1
2C;°

R;12
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Fig. 5: Resulting V4io*m (voltage across a diode string) from Fig. 4b model, with a) different switching
speeds of Vi, (base case 1.2 V/ns), b) snubber components parameter variations.

It is observed that oscillations are more severe for high switching speed, with important overvoltages.
Thus, designing the snubber to attenuate the overvoltages associated with a perfect step input would
lead to oversizing compared with a more realistic case.

In order to validate the simplified PSFB model, a detailed circuit model is implemented using the
Simulink Simscape Electrical library. Each diode is modeled with its junction capacitance (with voltage
dependency taken into account via a lookup table) and RC snubber. The input inverter bridge is also
modeled. Rectifier voltage oscillations obtained with the detailed model (Fig. 6) are similar to those
presented in Fig. 5a (simplified model) for similar rates of change in voltage. This detailed simulation
with each individual diode also enables to verify the voltage distribution across the series-connected
diodes. Results are shown in Fig. 6.
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Fig. 6: Detailed simulation of a diode series connection, voltage distribution between the 4 diodes of
the series connection. Voltages are stacked from the anode-side diode to the cathode-side diode.

The effect of value deviation (caused by manufacturing tolerances) of the snubber components on the
voltage balancing can be seen (Figs. 7a and b). Snubber capacitor value deviation has a larger
influence on balancing than that of snubber resistance.
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Fig. 7: Detailed simulation of a diode series connection, a) snubber resistor value deviation effect on
voltage distribution, b) snubber capacitor value deviation effect on voltage distribution.

One should note that although complete simulations of the switching circuit enables to design the
snubber precisely, the addition of so many parasitic components slows down the simulation that is
already using a very small time step (typically inferior to 0.1 ps). Previous model presented in Fig. 4b
is thus preferred when iterating on snubber components selection with regards to overvoltage limitation.

Experimental results

The designed rectifier is tested within the DC-DC converter test setup shown in Fig. 8. The inverter is
operated at 20 kHz, with a full wave modulation. The MFT parasitic elements shown in Table II were
characterized following the procedure given in [17].

T A% L

Ve o~ o v e rSgingc 1208 L.g o)
Fig. 8: Test setup: a 1200 Vdc power supply feeds an inverter controlled in open loop to produce square

waves at 20 kHz. The inverter is connected to the low voltage side of the MFT of ratio 1:m. The high
voltage side of the MFT is connected to the studied rectifier, made of 4 assemblies shown in Fig. 3b.

The rectifier is tested in a non-clamped voltage configuration (inductive output) with an input voltage
of Vi,= 1200 V. The voltage distribution between the 4 diodes of an assembly is shown in Fig. 9. The
maximum measured voltage imbalance is around 10%. The measured waveforms are similar to
simulation results.
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Fig. 9: Voltage distribution between the 4 diodes of the series connection. Voltages are stacked from the
anode-side diode to the cathode-side diode.

The simplified model presented in the previous section (Fig. 4b) is ran with the same switching speed
of the input bridge as observed in the measured waveforms (1.2 V/ns), the snubber components values
from the design section, and the parasitic elements from Table II. The measured voltage across one
diode string is shown in Fig. 10, superimposed with the model result.
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Fig. 10: Comparison between simulation results using the simplified model and experimental

measurements of a diode assembly at turn-off.

The model result is close to the measured waveform. We can observe only small differences in terms of
peak voltage, frequency of the oscillation and speed of the voltage step. These are considered to be due
to inaccuracies in the transformer parasitic capacitances, as such small values (a few pF or tens of pF)
are complicated to characterize with precision. However, the results still show the relevance of the
simplified model for designing the snubber components in order to limit the overvoltage.

Conclusion

A rectifier for medium voltage medium frequency DC-DC converter has been designed and tested. The
design choice in terms of number of series connected diodes is motivated by efficiency and reliability.
The particular operation of the rectifier with an LC output filter (“unclamped operation”) is studied and
a simplified model is improved based on the literature. The model allows fast simulations of turn-off



voltage oscillations, enabling snubber design taking into account DC-DC converter parasitic elements.
Measurements confirm the proposed design and model.
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