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’ life.augmented Application note

Calculation of turn-off power losses generated by an ultrafast diode

Introduction

This application note explains how to calculate turn-off power losses generated by an ultrafast diode, by
taking into account the recovery parameters and their temperature dependency. Such losses appear
when the diode changes from the forward conduction phase to the reverse conduction phase.

Furthermore, in many power supplies (DC-DC or AC-DC), in order to ensure current continuity, a
rectification or freewheeling diode is often associated to a MOSFET or an IGBT. In cases where the
converter is working in continuous conduction mode (CCM) with hard switching conditions, the turn-on
losses in the MOSFET (or the IGBT) are usually the main contributor to the efficiency drop, due to the
recovery parameters of the diode.

This application note provides methods to calculate the diode turn-off power losses in two common
cases:

e  Turn-off power losses generated by a diode working in rectifying mode (power losses in the
switching diode and power losses in the snubber resistor due to the diode)

e  Switching power losses generated by the reverse recovery current of an ultrafast diode in a
switching cell (diode + MOSFET or IGBT)

The diodes discussed are all STMicroelectronics ultrafast diodes from 200 V to 1600 V.
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Diode turn-off characteristics

Reverse recovery waveform and associated parameters

The turn-off power losses in a diode appear when the diode switches from a forward
conduction phase to a reverse conduction phase, as illustrated in the figure below:

Figure 1: Current and voltage waveforms of a diode during turn-off phase
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At t =t1, the diode turns off and the current decreases with a slope dlr/dt imposed by the
circuit. Meanwhile, the diode voltage remains equal to Ve (by neglecting the parasitic
inductor effect). When the current reaches zero, the charges stored during the conduction
phase begin to recombine and the diode voltage is still equal to Ve during time ta until the
current reaches a negative value called Irv (maximum reverse current). At that time, the
diode voltage starts to decrease while the minority carriers are evacuating. The charges
continue to be evacuated during time t» with a slope dIr/dt depending on the technology of
the diode and the circuit. During this time interval (tv), the voltage oscillates around the
reverse voltage Vr value before stabilizing. After tv, the diode can be considered
completely turned off.
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The high value of dIr/dt combined with some parasitic inductors are usually origins of
overvoltage and oscillations in the circuit, which can be critical.

The reverse recovery charges, called Qr, are defined as the integral of the current flowing
through the diode during a time interval t2-t4:

Q= ftt; Ip(t).dt Equation 1

The reverse recovery time, called tr, is defined as the sum of times ta and tv:
t. = t, + t, Equation 2

The recovery charges are also defined as equal to the sum of Qa (the recovery charges
during ta) and Qv (the recovery charges during ts):

er = Qa + Qb

Qr and tr characterize the rapidity of the diode and are used to distinguish the different
designations of diodes (fast, ultrafast and hyperfast diodes).

The recovery charges Qr, the recovery current Irm and the recovery time tr, are intrinsic
parameters of the diode during its turn-off phase. They depend on:

e Ir: Forward current flowing through the diode before it turns off

o dIf/dt: Slope applied to the diode and imposed by the circuit

e Tj: Operating junction temperature of the diode

e Vgr: Reverse voltage applied across the diode

In most ST ultrafast diode datasheets, the curves of Irm, tr and Qi versus dl/dt are
provided for specific values of the forward current Ir (respectively in Figure 2: "STTH8R06
IRM versus dIF/dt", Figure 3: "STTH8RO06 trr versus dIF/dt" andFigure 4: "STTH8RO06 Qrr
versus dIF/dt"). In these figures, the reverse voltage Vr across the diode and the junction
temperature T are fixed.

3
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Figure 2: STTH8RO06 Irm versus dls/dt
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Figure 3: STTH8BRO6 tr versus dIr/dt

trr(ns)
120

)
VR=400V ]|
110 Tj=125°C ~]

100
90

80

J/—s"""

70

60

AN 1F=2 x IF(av)
N

50 17=1Fav)y

1£=0.5 X I rgavy
40 oL i

30
20

dIF/dt(Alus)

o

200 400 600 800 1000

Figure 4: STTH8RO06 Qrr versus dIr/dt
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As shown in the graphs above, the Irm, tr and Qr parameters are highly dependent on the
dlr/dt slope.

The S factor parameter (also denoted as S) is defined as the ratio between the times t» and
. t

ta. §==
t

a
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The S factor parameter is used as a metric to define how soft a diode is. Usually, a snap-off
diode has S < 1, while a soft diode has S > 1. In most ST ultrafast diode datasheets, an S
factor versus dlIe/dt curve is provided, as the one shown in Figure 5: "STTH8RO06 S factor

versus dIF/dt" for the STTH8RO06 diode.
Figure 5: STTH8RO06 S factor versus dlIr/dt

S factor

0.70 T
L 1:£2 X Ifay

065 |- Vr=a00v

| Ti=125C

0.60
0.55

0.50

045
040

0.35

0.30
0.25
0.20

015 dIF/dt(A/us)
0.10

0 200 400 600 800 1000

There is a relation between the S factor and tx:

trr = tg + tp
H _ Irm _ — _ Igm .
with t, = dlp/dt andty, =t, XS =>t,. = dIF/dt(l + S) Equation 3

The S factor parameter should be used carefully. It is heavily dependent on the circuit
environment (the switch, for example). Indeed, if the switch is changed, the S factor value,
measured in the same conditions, can change also. Furthermore, when speaking of the

softness factor, some people prefer to consider the slope currents ratio:
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To provide best workable results with good accuracy, the switching parameters above are
measured in different ways based on the recovery behavior of the diode (snap-off or soft).

Figure 6: Snap-off behavior (left) and soft behavior (right)
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For diodes with snap-off behavior, the tr parameter is measured between t2 and t4. With
soft diodes, t4 is taken as the time where Ip(t) = -k x Irm with k usually equal to 0.25, unless
specified in the datasheet. In some applications, the choice between snap-off and soft
diodes can be crucial because this will correspond to a trade-off between a reduction of
switching power losses and better EMI performance. For instance, in a bridge leg
configuration (such as inverter topologies) the use of a soft diode is preferred in order to
avoid dramatic cross-conduction.

Turn-off parameters and temperature dependency

Switching parameters depend on the junction temperature T; of the diode. The datasheet
curve extract below shows the variation of each parameter versus T;. The vertical axis is
the ratio between the parameter at a given T; and the parameter value at 125 °C, chosen
as a reference. For instance, for the Qr curve:

er(Tj)

= k(k is a constant
orazse) K )
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Figure 7: Turn-off parameters versus junction temperature Tj
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For example, to calculate the Qi at 75 °C, we first use the Qrr versus dlr/dt curve (Figure 4:
"STTH8RO06 Qrr versus dIF/dt") in order to evaluate the Qrr at 125 °C for a given dIg/dt.

Then we proceed as follows:

L7509 _ 053 (in Figure 7: "Turn-off parameters versus junction temperature Tj")

Qrr(125°C)

- Q. (75°C) = Q,r(125°C) X 0.53
with Q,,(125°C) = 150nC (in Figure 4: "STTH8R06 Qrr versus dIF/dt")

[ ]

e Tj=125°C
. VR =400V
. IF = lFav)

= Qrr(75°C)

dlz/dt = 2004 /ps

= 150nC x 0.53 = 79.5nC
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2.1.1
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Turn-off power losses calculation

The power losses calculation can be helpful for designers to:

o Estimate the total power losses generated inside a diode, in order to evaluate its
junction temperature.

e  Estimate the total power losses generated by different diodes (in snubber circuits,
power transistors, etc.) in order to select one that provides the highest efficiency for a
converter.

The general turn-off power losses expression is the average of dissipated power in the
diode during its turn-off phase:

1ot _ _
Pswor = 7 )i, vo(ip(D)dt Equation 4

The voltage waveform during the turn-off phase and the associated dV/dt are application
dependent. The switches used in the circuit also influence the measurement of diode
performance. Consequently, the voltage waveform during the switching phase can be
different from one switch to another. That's why ST recommends measuring the voltage
and current flowing through the diode during the turn-off phase, and using the energy
measurement to accurately calculate the turn-off power losses.

Throughout this section, formulas are given to estimate power losses, with the support of
the datasheet parameters, without performing any measurements. They depend on the
configuration of the circuit (rectifying diode, freewheeling diode, snubber diode, etc.).

Calculation in rectifying mode

In rectifying mode, the dIf/dt value is fixed by the leakage inductor of the transformer,
called L.

Turn-off power losses generated by the diode in a simple rectifying
circuit

In the figure below, an example of a forward converter is considered with its equivalent
circuit at the turn-off phase.

Figure 8: Forward topology converter and its equivalent circuit at diode turn-off phase

Equivalent circuit at

diode turn-off phase
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The ideal current and voltage waveforms during D1 turn-off phase is given in the graph
below:

Figure 9: Ideal current and voltage waveforms of a rectifying diode during its turn-off phase

IDZ(t)A t‘ t.2 t'3 t4
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From Equation4 and ideal waveforms above Figure 9: "Ideal current and voltage
waveforms of a rectifying diode during its turn-off phase", the diode turn-off power losses in
simple rectifying mode is given by:

_ VRIIZ{MS) _ FswVrQp .
Psw,;; = Fsw X (—Gle/dt == Equation 5

Snubber power losses due to the reverse recovery current of the diode

A snubber circuit is used to absorb the overvoltage that occurs during each switching
phase. It is usually composed of a capacitor and a resistor connected in series. The
previous Figure 8: "Forward topology converter and its equivalent circuit at diode turn-off
phase" shows a diode with its snubber circuit (resistor and capacitor cell).

When the diode turns off, an energy equal to: %LlII%M is stored in the leakage inductor L.
The total dissipated energy in the snubber (in the resistor) is given by:
Esnubber = %LIIIZ{M + CVZ Equation 6

The second part of the formula CVZ not being generated by the diode, the power losses
caused by the diode are given by:

172 ;
Psnubberduetodiode - ;LIIRMFSW Equatlon 7

It is very important to take the snubber losses into account, especially in high power
applications where a high snubber value can be used.

3
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Calculation in a switching cell (hard switching conditions)

The circuit given in Figure 10: "Freewheeling diode in a basic switching cell" is the typical
cell of a freewheeling diode function found in buck, boost and inverter topologies. It is
usually used to characterize diode switching parameters like Irwm, tr, Qr, etc. In this
configuration, the dIe/dt parameter is fixed by the speed of the switch (MOSFET Q, in the
case below).

Figure 10: Freewheeling diode in a basic switching cell

v»-{*'
— Va

The reverse recovery current of the diode is the cause of the turn-off power losses in the
diode. It is also the origin of additional power losses in the associated MOSFET during its
turn-on phase.

Turn-off power losses generated by the diode: calculation from ideal
waveforms

During the MOSFET turn-on phase, the gate voltage reaches a level that causes an
increase of the MOSFET current and a decrease of the diode current. We call t0 the time
during which the diode current decreases until the zero value is reached (between t1 and
t2). Then comes the time required for the diode current to decrease to the maximum
reverse current Irv, called ta (between t2 and t3). Meanwhile, the MOSFET current
continues rising until it achieves the value 10 = Irm. tv is defined as the time between the
current Irm (t3) and the time that the diode current goes back to zero (t4). Whereas the time
during which the MOSFET voltage decreases from Vou to zero is called tv.
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Figure 11: Ideal current and voltage waveforms of a switching cell during MOSFET turn-on

and diode turn-off phase

lo+lrm - ; ; ; —
out :
lo :
i ta
i Eon(@) = [ 1o x V(o). dt
: t
— b — — :
A — t o b
Ip(t) E i EEOFF(D)E
lo : i : ;
i i l
; | Borr(®) = [ '1p(®) x V(o). dt
H t;
Vp(t) t
. ¥ S VS R

VR=Vout

From the phenomenon described above, the recovery current of the diode introduces some
additional switching losses in the MOSFET.

The approximations of this model are:

dI dlp .
=F = _—2 is constant
dt dt

tv’=to (This is a specific case: the reverse voltage across the diode reaches Vout and
in the meantime the recombination of minority charges stored in the diode is

completed.)

dv, dVp .

=9 - _ZDjg constant
dt dt

Parasitic inductance L, is neglected

The following power losses are calculated considering the ideal waveforms and the power
definition given in Figure 11: "Ideal current and voltage waveforms of a switching cell
during MOSFET turn-on and diode turn-off phase".

MOSFET turn-on power losses between t1 and t3 are (with PSWOFF(diode)[t = 0)
1—t3

dt
Losses independent of the diode / Losses due to the diode

MOSFET turn-on power losses and diode turn-off power losses between t3 and t4 are:
1 ’ 1 1 .
PSWON(MOSFET)tntaI[t3—t4] + PSWOFF(diode)[ta_m = stvout (E IOtb) + stvout (EIRMtb - EIRMtb) +stvothquuatlon 9

Losses independent of the diode / Losses due to the diode

_ 1 IolrM .
PSWON(MOSFET)tota][tl—t3] - stvout (EIOtO) + stVout( dip + Qa) Equatlon 8
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By adding Equation 8 and Equation 9 and by taking into account only the power losses due
to the diode, we obtain:

Il .
PSWON(MOSFET+diude)duemdiode = FSWVO“t( O‘ii;M + er‘) Equation 10
dt
These equations can be easily used (with parameters indicated in each ST datasheet) by
considering the switching losses induced by the diode turn-off during MOSFET turn-on (for
example to compare different products). To calculate the turn-off power losses in the diode,
Equation 5 of paragraph 2.1.1 can be used.
Based on Equation 10, we can conclude that for two diodes with identical Qr, the lower the
Irm Of the diode is, the lower its switching power losses will be.
Unlike the above calculations, in the next section the calculations are done with real
waveforms, without approximations, to get more accurate results:
e  The non-linearity of dl/dt and dV/dt is taken into account
o fH#Et
2.2.2 Turn-off power losses generated by the diode: calculation from real

3

waveforms

The following waveforms have been observed across a diode and the associated MOSFET
in a basic switching cell circuit. During the voltage measurement, the probe can introduce
some parasitic inductance. The sum of all this inductance is called Lp.

In real waveforms, the effects of parasitic inductance L, can be observed in the graph with
a voltage fall corresponding to Lpdla/dt (in Figure 12: "Real current and voltage waveforms
of a switching cell during MOSFET turn-on and diode turn-off phases").

Figure 12: Real current and voltage waveforms of a switching cell during MOSFET turn-on and
diode turn-off phases

la(t))

Vplt)
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As previously mentioned, any approximation is done on dV/dt, dl/dt and t, and tv in the
following equations. Moreover, we assume that the dV/dt is independent of the switching
behavior of the diode.

From real waveforms in Figure 12: "Real current and voltage waveforms of a switching cell
during MOSFET turn-on and diode turn-off phases” and without taking into account the
parasitic inductance contribution, we can calculate that:

e  MOSFET turn-on power losses between t1 and t3 are( with PSWOFF(diode)[t . 0
1~t3

t t
PSWON(MOSFET)[tl_t31 = stVout ftlz IQ (t) dt + stVout ft; IQ (t) dt
with
10 = IQ + ID

_ t2 t3 t3
Pavonanosremy, oy = FwVout | [ 1(0). dt + [ 1o de — [ Ip(t). dt]
t. .
IJSWON(MOSFET)[tl_tS] = FswVout (ftlz Iy (). dt) + FswVoutlota + FswVour@a Equation 11
Losses independent of the diode / Losses due to the diode

MOSFET turn-on power losses and diode turn-off power losses between t3 and t4 are:
_ ty ty

I)SWON(MOSFET)[,:S_L}] + PSWOFF(DIODE)[L-S_LL] - F;W ft3 IQ (t)VDS(t)dt + F;W ft3 ID (t)VD (t)dt

with Iy = Iy + Ip and V. = Vps — Vp, the above equation becomes:

PSWON(MOSFET)[tS_t4] + PSWOFF(DIODE)[tz_t“ = Fsw fct:(lo — Ip(O)Vps(t)dt + Fyy ftt: Ip () (Vps () = Vour)dt

t t
= Fw ft: LoVps(®)dt — FayVour ft: Ip(®)dt

_ ty .
RSWON(MOSFET)[t3_t4] + PSWOFF(DIODE)[t3_t4] - P;‘WIO ft3 VDS(t)dt + F:SWVOthb Equatlon 12

Losses independent of the diode / Losses due to the diode

The power losses in the diode, and the MOSFET generated by the diode, can be deduced
from equation (11) and (12):
= Foy Vour (Iot, + Q) Equation 13

PSW(MOSFET+diode) [duetodiode]

Equation (13) is close to equation (10) with the advantage that the non-linearity of the dle/dt
is taken into account. However, ta is not specified in the datasheet, and should be
measured in the application. One of the interesting aspects of this formula (where MOSFET
switching-on power losses and diode switching-off power losses are added) is that the
calculation does not involve the dV/dt.

3
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To summarize the general case of a switching cell at the MOSFET turn-on and at the diode
turn-off, 5 areas can be considered:

Figure 13: Ideal current and voltage waveforms of a switching cell during MOSFET turn-on
phase and diode turn-off phase
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—  Power losses in the diode and in the MOSFET due to the Qr is given by:
Pareat+areaz = FswVoutQrr (due to diode)

—  Power losses which are independent of the diode, because they are induced by
links to the dV/dt (fixed in first approximation by the switch):

Pareas = Fsulp f:: Vps(®)dt (independant of the diode)

—  Power losses generated by the diode during the time ta ( function of Irm):
Pareas = FswVoutlota (due to diode)

—  Power losses which are independent of the diode correspond to the power losses
that the MOSFET would have with an ideal diode (SiC Schottky diode for

example):

Pareas = FouVour fttf Io(t).dt (independant of the diode)

A simple way to calculate switching power losses without using approximations is to use
energy measurements with the scope.

3
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Calculation based on energy measurements

In this section, energy measurements are used to evaluate the power losses in a switching
cell during the main switch turn-on. In the first step, an example of energy measurements
from the scope at the switch turn-on phase is represented. Measurements are done by
considering an ST ultrafast diode (STTH15AC06) and a MOSFET in a switching cell in hard
switching conditions (as in Figure 10: "Freewheeling diode in a basic switching cell"). In the
second step, the power losses generated by the ultrafast diode during the MOSFET turn-on
phase is deduced by replacing the silicon diode with a SiC Schottky diode that exhibits

negligible turn-off power losses. Finally, this result is compared to calculate power losses
by using Equation 10.

o The first step consists of measuring the voltage and the current flowing through the
MOSFET during its turn-on phase to estimate the total energy in the MOSFET due to
the diode turn-off.

Figure 14: MOSFET turn-on total energy measurement with an ultrafast diode
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Depending on the current probe used, a time interval may be observed between the current
and the voltage curves. It is important to measure this time interval and offset it in order to
obtain the current and the voltage in phase. Otherwise the energy measured would be not
accurate enough. In most oscilloscopes, the time delay correction function is called
“‘deskew”. This time can be easily measured on a resistive circuit by comparing start time
between the voltage and the current curves. In our measurement example, a correction of

12 ns has been applied on the current probe to accommodate the current and the voltage
waveforms.

. In the second step, the ultrafast diode is replaced with a silicon carbide Schottky diode
(SiC diode), with no reverse recovery charges, in order to measure the switching
energy exclusively generated by the MOSFET (corresponding to area 5 of Figure 13:

"Ideal current and voltage waveforms of a switching cell during MOSFET turn-on
phase and diode turn-off phase")
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Figure 15: MOSFET turn-on energy measurement with SiC diode
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By subtracting the energy measured in Figure 15: "MOSFET turn-on energy measurement
with SiC diode" from the energy measured in Figure 14: "MOSFET turn-on total energy
measurement with an ultrafast diode", we get the energy exclusively dependent of the
switching parameters of the ultrafast diode at the MOSFET turn-on:

Eonyosrer(auetodiode) = EOMMOSFET orr(withultrafastdiode) — EOMMOSFET o (withsicdiode) = 2190 — 55w = 164y

3
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To get the total energy in the switching cell due to the diode turn-off, we need to include the
diode turn-off energy measurement. The Figure 16: "Ultrafast diode turn-off energy
measurement” shows that this energy is equal to 163 uJ.

Figure 16: Ultrafast diode turn-off energy measurement
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E 5w (MOSFET+diode) guorothedioge — E OTUMOSFET (duetodiode) T EOff aivae = 1641 + 163yJ = 327yJ

Finally, this energy is compared to the result from the Equation 10 by using only the
switching parameters of the diode measured in Figure 16: "Ultrafast diode turn-off energy

measurement":
Table 1: Result
Qrr IrRm dlF/dt lo Vour
582 nC 155A 455 Alus 9.6 A 400 V

— Iolrm _
EsWiicpr+diode)quetodiode — Vout( iy T er) =363y

dt

For instance, in a 30 kHz frequency application, the power losses difference between the
theoretical calculation and the measurements is around 1 W (~10%).

Even if the power losses due to the diode calculated using Equation 10 are a bit more
pessimistic than the energy measurement method result, the difference is very small. This
means that the calculation with Equation 10 can be used to quickly compare, with good
degree of confidence, ultrafast diodes with different switch-off behaviors.
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3 Conclusion

The turn-off power losses combined with the conduction power losses (in application note
www.st.com/an604) are the main power losses that should be taken into consideration
when using ultrafast diodes.

Throughout this application note, different equations for power losses calculation, through
different electronic power circuit configurations, are given. They enable designers to easily
estimate power losses with relatively good accuracy. Knowing those power losses,
designers can select a suitable diode for a given application and estimate the diode
junction temperature.

However, as previously mentioned, the energy measurements method remains the best
way to accurately evaluate power losses.
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