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1. Abstract

This Application Note is intended to provide help
in all cases where FET switching losses due to
repetitive (such as during PWM mode) or slow
switching processes must be taken into account.
It focuses on thermal considerations for
semiconductor switches in switched DC
applications.

A general idea about how switching losses
occur and an outline about what amount of
power can be dissipated during switching is
given. The effect of these power losses for the
temperature of the semiconductor switch is
covered as well.

The Application Note covers single and/or
repetitive switching for ohmic, capacitive and
inductive loads.

2. Introduction

If a semiconductor device is used in a DC

application as a switch for a load, losses always

occur in that device.

Basically these losses can be subdivided into

e steady-state losses (losses during the ON
state) and

e dynamic losses (losses during switching).

Calculating the steady-state losses is relatively
easy. They generally result from component-
specific and load-typical parameters. In the case
of semiconductor devices based on a field-effect
transistor principle, these parameters are the
on-resistance R, and the load current | .
However, calculating the dynamic losses
occurring during switching processes is more
difficult.
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3. General

If a load is switched in a DC application, the
switching device passes through various
operating states during the switching operation.

During the switch-on process, these are
(referred to the load):

1) No-load: I

Vos=Vis

I,:=0 T

DS

U > v
2) Matching '
A
VDS=Vbb/2
1,20 T
IDS
Ugs \Y
3) Rated operation. |
A
V=0 T
5= as T
IDS
Us—> V

During the switch-off process, each switching
device passes through these operating states in
reverse sequence.

In the case of inductive loads, commutation
processes may additionally come into play.
These will be discussed in further detail later.
Let us just say for now that during commutation
processes the energies stored in the load
inductance are discharged via the switching
device at voltages greater than the operating
voltage V,,.
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4. Switching resistive loads

The following section deals first with switching
losses associated with purely resistive loads.
However, the statements made here are also
relevant to the subsequent sections.

In the 3 diagrams (no-load, matching and rated
operation) it may be observed that all the
operating states of the switching device lie on a
dotted gray line. This is the load line. This
means that the switching losses of each
switching operation are influenced by the load.

To examine this further, it is useful to introduce
a reference variable which is exclusively a
function of the load. A good reference variable
is the power dissipation in the device during
matching.

This is given by formula (1) as:

Vey 1 Vip”
bb . Load — bb (1)

2 2 4oR;

P, Matching =

To calculate the switching losses, it is now
important to know how the current and voltage
vary over time. A distinction may basically be
drawn between 2 cases.

4.1. Linear voltage and current
characteristic

4.1.1. Assumption

Assuming that the current and voltage vary
linearly over time, the switching losses occurring
at each instant of the switching process are as
follows:

Switch-on process.

N v,

1,/

DS” "Load

——VDS / Vb
0s —1DS / | Last

—

Figure 1 — Normalized switching losses for linear
current and voltage characteristics
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It can be seen that the maximum losses occur at
half the nominal voltage and half the nominal
current. This corresponds to the matching case.

The losses occurring at this point are:

2
D Vbb

PSwitc'hinanax = PMatching = 4

® RLoad

4.1.2. Calculation

If the averaged losses for linear current and
voltage responses are now normalised to the
reference value, these losses will be as follows:

dt

p Switching =

] TSwitch[ng [ u l \

TSwitching 0 nom

_ 17!
P Switching :7 x(I—x)dx
0

1 20X
L = \x—Xx X = - s 3
P Switching . ( )d 2 3 6 ( )
0
Pswiching _ 1 4 _2_ ey,
PMatchmg 6 1 3

The averaged switching losses for a resistive
load and linear current and voltage
characteristics are therefore approx. 70% of the
losses occurring in the matching case,
irrespective of the switching time.

In reality, the 67% calculated may still increase
slightly as a result of the R_, losses additionally
produced close to rated operation, so that 70%
is a wholly realistic figure.

4.1.3. Validity and typical applications

This applies to switch-on and switch-off
processes, provided no parasitic inductances
must be taken into account.

Linear current and voltage characteristics may
be observed during slow switching processes.
This may occur, for example, if a slowly rising
input signal is applied to the device by an
external triangular wave generator. This is
possible e.g. with discrete FETS, TEMPFET®
and HITFET®devices.

As will be shown later, the linear current and
voltage response constitutes the less favourable
case in thermal terms, since the highest losses
occur here. If the true current and voltage
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response is not known, this response should be
taken as the basis for safety reasons.

4.1.4. Example

By way of example, let us now consider the
turn-on process of a BTS149. The BTS149 has
been turned on by an external triangular signal.
With a supply voltage of V=10 volts, it drives a
load of 2.18 ohms.

For current (Ch2: 1A/div), voltage (Ch3) and
losses (Math1), the following waveforms were
observed:

Tek SHTE 100kS/s 61 Acqs
I T 1
[ 1
V.:. ,Pv o 1 w1 Area
. 1 X 236.525uVVs
DS \ "

N

Mt

34

EF .00V M S500Ms F77358mV g jun 2000
Ch3 200V 15:15-0%
Math1™ 25.0mvv 500us 5

Figure 2 — Slow switch-on process of a BTS149

For a switching time of approx. 3.5 ms, this
produces average switching losses of:

1 .
_ _ ueiedt
pSwitc'hing _ TSwitching Tswitching
PMatching Vbb ® Inom /4

1 . 236u36u
Pswitching _ 3500u5  0.01VVs
PMatching 11.5W

pSwitc'hing = 599 (4)

P, Matching

4.2. Piecewise linear current and voltage
characteristic

4.2.1. Assumption

If the current and voltage are assumed to exhibit
a piecewise linear response, whereby after
approx. 30% of the total switching time the
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voltage across the device has fallen to approx.
20% of the nominal voltage at switch-on, and
the current has increased to approx. 80% of the
nominal current, the switching losses at each
moment of the switching process are as follows:

Switch-on process

[—
Vool Vi ] | S/l
D! Load
. —
—_ |

Figure 3 — Normalized switching losses for piecewise
linear current and voltage characteristics

4.2.2. Calculation

The switching losses are now:

To i

1 Switching u l
—_— . dt
T Switching 0 Vbb 1

pSwitching =

nom

11030 s 8« 0.7¢ 1 2x 4 2
—7{(]) ((1—?)‘(?))61?“ g ((§—7)'(§+7)

_ 03 8_x_64x2 de+0,7 i—ﬁ_4x2\dx
pSwztchmg . 3 9 . 25 35 49
(5)

03 0.7
_ a6 ax 3 4
Powcing ==37"577], " 25 35 147,

9

P Schalt = J i +—14 ——147 ——7 i =0,116

25 125 125 3500 750 420

]3 Schalt — __ 49 4 =

P Anpassung

In the case of a piecewise linear current and
voltage response, the averaged switching
losses for a resistive load irrespective of the
switching time are approx. 50% of the losses
which can occur in the matching case.

In reality, the 47% calculated may increase
slightly as a result of the R_, losses additionally

V1.1, 2001-05



o~

Infineon

technologies

ANPSO061E

Guideline for determining switching losses

produced close to rated operation, so that 50%
is a wholly realistic figure.

4.2.3. Validity and typical applications

To a first approximation, a piecewise linear
current and voltage characteristic may be
observed primarily with fast switching
processes. It is attributable mainly to the two-
stage gate charging process. This is due to the
change in the input capacitance during the
switching operation. With highside switches
such as the PROFET® devices, the effect of the
charge pump is additionally present.

This applies to switch-on and switch-off
processes provided no stray inductances must
be taken into account.

Fast switching processes exist if the device is
driven via a low impedance directly by the
driver. This is possible in the case of discrete
FETs, TEMPFET®, HITFET® and PROFET®
devices.

4.2.4. Example

By way of example, let us now consider the
turn-on process of a BTS149. The BTS149 has
been driven low impedance by a square wave
signal. With a supply voltage of V=10 volts, it
drives a load of 1 ohm.

For current (Ch2: 2A/div), voltage (Ch3) and
losses (Math1), the following waveforms were
observed:

Tek Run: 5.00MS/s  Hi Res [Trig)]
[T
[-F
V. p i
. . . .. v b S : Sl ares
1.8358uVVs

34| T

EF T0.0V M10.01s Chi 7 5.8V g jun 2000
Ch3 200V 16:34:16
Math1  25.0mvv 10.0us 3%

Figure 4 - Fast turn-on process of a BTS149

For a switching time of approx. 35 ups, this
results in average switching losses of:

1 .
_ E— ueiedt
pSwitc'hing _ TSwitching Tswitching
PMatching Vbb ® Im)m /4
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1 1.83u83

— PP Yy

Pswiching _ 3414 0.005VVs _ _ 4500 (g
PMatching 25w

5. Switching capacitive loads

The following section deals with the switching
losses associated with capacitive loads. These
include for example RC networks or lamps
whose time constants are much greater than the
switching time of the device itself.

With capacitive loads, the losses produced in
the device during each switching operation are
again influenced exclusively by the load.
However, in the case of switch-on processes
the power dissipation in the device during
matching under rated conditions is less critical
than the power dissipation during matching
under inrush conditions.

This is given by formula (7) as

Ve 1 Vio’
ﬂ. inrush __ bb (7)

P' ine — =
Matching 2 P 4o R

inrush

This will be designated “transient matching
power” P’y IN the following.

| 1S the maximum inrush current flowing and
R.... the respective total resistance at the
moment of switch-on.
In the case of lamps, | may well be 6 to 10
times | . Consequently, for lamps the formula
is usually:

P’Matching =6..10 PMatching (8)

In the case of RC networks, R, ., results to a
first approximation from all the resistances not
“short circuited” by parallel capacitances. The
following simple example illustrates this. From
the resistances shown in Figure 5,

C1

®
Figure 5 — Simple RC circuit

R1 results as the effective inrush resistance

inrush*
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5.1. Linear current and voltage
characteristic

Linear current and voltage characteristics may
be observed during slow switching processes
where the switching time is, however, still well
below the smallest time constant of the load.
This may occur if a slowly rising input signal is
applied to the device by an external triangular
wave generator. This is possible, for example, in
the case of FETs, TEMPFET® and HITFET®
devices.

Analogously to Figure 1 and formula 3, the
averaged switching losses are given by:

ﬁ Switchin 1 4 2

,—g =—0 —=—= 6 7%

P Matching 6 1 3

ﬁSwitchin ﬁSwitchin

S 5,10 @ 2N 9)
P Matching Matching load—dependent

For slow switch-on processes the averaged
power dissipations are therefore approx.70% of
the “transient matching power”.

For slow switch-off processes a distinction must
be drawn between how quickly the device is
turned off again after switch-on.

If switch-off takes place immediately after
switch-on, the averaged switching losses
according to formula 9 are approx. 70% of the
“transient matching power”.

If switch-off occurs after rated operation has
been attained, the averaged switching losses
according to formula 3 are approx. 70% of the
matching power.

5.2. Piecewise linear current and voltage
characteristic

Piecewise linear current and voltage
characteristics may be observed with fast
switching processes. This is the case when the
device is driven via a low impedance directly by
a driver. This is possible with discrete FETSs,
TEMPFET®, HITFET® and PROFET® devices.
Analogously to Figure 3 and formula 5, the
averaged switching losses are given by:

p Switching

—0.1160% = 465%
P’ | ==

Matching

pSwitching N pSwitching

~6.10 (10)

P’ \atching hing
Matching Matching load—dependent
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For fast switch-on processes the effective power
dissipations are therefore approx. 50% of the
“transient matching power”.

For fast switch-off processes a distinction must
be drawn between how quickly the device is
turned off again after switch-on.

If switch-off takes place immediately after
switch-on, the effective switching losses
according to formula 9 are approx. 50% of the
“transient matching power”.

If switch-off occurs after rated operation has
been attained, the effective switching losses
according to formula 3 are approx. 50% of the
matching power.

6. Switching inductive loads

The following section deals with the switching
losses associated with inductive loads. These
include such loads as coils and valves which
have no additional active freewheel circuitry
(such as a freewheeling diode).
In the case of inductive loads, the losses
produced in the device during each switching
operation are influenced by the load and by the
active Zener or avalanche voltage of the device.
If the switch-on time is much shorter than the
time constant of the load, no switch-on losses
must be taken into account. This is mostly the
case. However, if the device switches off the
inductive load from rated operation, the energy
stored in the load inductance will be dissipated
via the switching device. This process is known
as commutation.

Vv

bb

induct.
Load

DS

Switch |: V.,

GND— & —
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To a first approximation the switch-off losses
are given by:

Wit =W +Wyyy
] tSwitch[ng
Wi =5 Lo 17+ (Vi i) o dr (11)
0
1 , 1
Wtot =3.L.I +3.Vbb .I.tswitching
With
VL:VAZ_Vbb:L.ﬂzL.; (12)
dt tSwitching
we get
W, —Laper? +i-Vbb ofle Lt
2 2 VAZ _Vbb
14
Wior =i-L-12[1+¢\ (13)
2 VAZ _Vbb
W ior =i'L012(VA+Z\
2 VAZ _Vbb

For each switch-off process the switching losses
are therefore given by

W,

_ tot
PSwitching - (1 4)
Switching
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7. Thermal considerations

The previous sections explained in greater detalil
how to determine the equivalent switching
losses for various loads to a first apprquimation.
This section will now attempt to clarify precisely
what this means in terms of thermal loading of
the device. In practice there are 2 cases which
will be examined in detail below.

7.1. Non-repetitive switching

If a load is switched on or off on single
occasions, a distinction can be dravw between
the average switching losses prodaced as
shown in the following table:

Load | Switching | Switching | Formula
process time
g ON Igwwtrhina ><>< 2
"(75 Switching.
K7 .. << 5
Q Switching.
B OFF t@wwtrhina >> 3
t@wwtrhina << 1 O
ON t@wwtrhina >> 9
OFF t@wwtrhina << 1 O
Qg (immediat | T, >> 9
5 ely after
S | switch-on)
8 OFF t@wwtrhina << 5
(during tuicning >> 3
rated
operation)
o OFF / 14
=
©
>
gl
£
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Table 1 — Overview for determining the switching
losses

Further examination of the thermal implications
now requires precise knowledge of the thermal
conditions of the application as a whole.

For short-duration switching operations up to a
few milliseconds, the Z, values specified in the
data sheets can be wused to a first
approximation.

However, for longer switching operations,
precise knowledge of the overall thermal
conditions is necessary. For some products, the
data sheet may also indicate how the thermal
linkage behaves on a 6cm? copper PCB. If this
coincides with the application, this can be taken
as the basis.
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To determine the temperature swing of a
switching operation, the following steps must be
followed:

measure the switching time t,,; ..
determine the thermal impedance Z,(t
from the data sheet

calculate the junction temperature of the device
using formula 15:

switching)

19] = PSwitching ® Zth (tSwitching )+ ﬂumb (1 5)

7.2. Repetitive switching (PWM operation)

If a load is repeatedly switched on or off, in most
cases it must be ensured that the junction
temperature is not exceeded during quasi-
steady-state operation.

However, the on-state losses (P (on)) and the
switching losses must be taken into account
here.

For a device operated in PWM mode at a
frequency fg,; .., We get:

Pv = PSwitching(uppliwtion) + PR(ON) (tON) (1 6)
The total switching losses P are
given by:

switching (application)

PSchult(Applikation) = (WSchalt(ON) + WSchalt(OFF) ). .fSchalt
= (P Schalt(ON) ®ton) + Pschairorr) ® L orr) )' S schair
(17)

P.uenngony P€ING the switching losses for each
switch-on process and P,...o~+ being the
losses for each switch-off process. These may
differ depending on the application and are
therefore detailed separately here.

The on-state losses, P, (t,,), are given by:

Prion (ton)=P, (on) ®duty cycle
= Iipug * Ron (150°C) ® 1oy ® fsiching (18)

The average junction temperature of the device
is therefore expressed by formula 19

19]’ = PSwitching ® (Rthjc + Rthca )+ ﬂaMb (1 9)
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7.3. Typical application

To illustrate the approximating calculation
methods described before, one examples is
given below.

Temperature swing of a BTS142D for a non-
repetitive switch-on process

Given:

A BTS142D mounted on a 6cm? copper PCB is
controlled externally by a triangular wave
generator. The switching time is extended from
the original typical switching time of 60ps to
tSwitching=1 ms.

The BTS142D drives a 1 ohm resistance as a
load. The supply voltage V,,=14 volts.

7.3.1. Required:

Of interest is the final temperature which the
device attains after the switching process for an
ambient temperature of 50°C.

7.3.2. Solution:

Using formula 2 we have

; V' _(147)°

P -‘.'7max:P atching — =49
Switching | Matching 4.RLoad 4e0]0Q

(20)

Assuming a linear current and voltage
characteristic here, the averaged power
dissipation according to formula 3 is given by:

ﬁSwitching =0.67 PMatching =~ 33W (21)

For a single pulse, the BTS142D data sheet
gives an approximate Z =0.2K/W.

thJA(@6cm2)

In accordance with formula 15, the final
temperature is now therefore:

1}/’ = PSwitching s Zth (tSwitchmg )+ ﬂamb
0 =33W e 0.2K/W +50°C = 56.6°C (22)

The device thus undergoes a temperature swing
of approximately 6.6K and therefore attains a
junction temperature of 56.6°C after the switch-
on process.
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