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A Simplified Thermal Analysis
Approach for Power Transistor Rating in
PWM-Controlled DC/AC Converters

Fabio Filicori and Corrado Guarino Lo Bianco

Abstract—A simplified dynamic thermal analysis approach is Te, fe Commutation period and frequency of the power
proposed for the estimation of the peak junction temperature converter.

in power IGBT transistors operating in pulse-width modulation . ; ;
(PWM) controlled DC/AC converters. This approach can be used P Instantaneous duty-cycle in PWM operation.

for the rating of electron devices or heatsink systems in power Eost, Eon Turn-off and turn-on e_nergy losses.

circuit design, as it provides a direct analytical link, in terms of Toff; Ton  TUrN-off and turn-on times.

electrical and thermal device parameters and converter operating ~ p%.,pf,  Transistor instantaneous switching and conduc-
conditions between the case and the peak junction temperatures. tion losses.

In this way, by imposing a given er limit on the junction A ; ;
IS way, by Imposing a given upper fiimi junct VSAT  Transistor saturation voltage.

temperature, indirect constraints on device size or load current Outout t bh hift and output modulati
or heatsink efficiency can easily be obtained. The approach is cos(p),a Output current phase shift and output modulation

based on mild, pessimistic approximations on both the spectrum index.

of dissipated power and on the dynamic thermal behavior of the

device. The validity of such approximations has been verified by I
comparison with the results of accurate numerical simulations

carried out by using measurement-based loss models. Possible HERMAL analysis is a fundamental issue in power

ways of using this approach in a converter rating context are converter design, since the most convenient choice of

outlined in the paper, by considering different design scenarios. e switching power device and associated heatsink are both
Index Terms—GBT, power converters, power device rating, Strictly related to the basic requirement of keeping the junction
thermal analysis. temperature below the maximum admissible value. To this
aim, electrical loss models, that provide an estimate of power

NOMENCLATURE losses (i.e., heat generation) in terms of electrical operating

conditions, are needed. Moreover, a thermal model and an

The symbol”, when placed above a variable, denotes itsssciated thermal analysis procedure must also be used to
peak value. The superscript LF points out a time-domailyimate the “worst-case” peak value of the junction-to-case
averaging (like the well-known state-space averaging), Ca”'@nperature drop.

out on a variable by using a moving time-window, while A" nymber of loss models, including both conduction and
superscript LIM indicates the maximum admissible value Ofébvitching losses (i.e., turn-on and turn-off loss energies)
variable for sa_fe operat_ion. The_su.bscriptlo indicates the mgak\,e peen proposed in the literature [1]-[8]. These enable to
value of a variable, wh_lle RMS |nd|cates_ its root mean squagRimate the time-dependent transistor dissipated ppwé)
value. Lower case variables represent time-varying quantitigs given driving signals and electrical operating conditions
(for example: is time varying whilelgys is time invariant). e "poth in “hard” inductive or resistive switching [1], [4],

Cj, Rj. Junction thermal capacitance, junction-to-cagg], [7]-{9], [11], or “soft’ switching when guasiresonant

. INTRODUCTION

thermal static resistance. topologies or other special-purpose circuits are used [6], [10])
7, fo Junction-to-case thermal time constant and thegn the basis of device parameters available on data-sheets.

mal cut-off frequency. Sometimes, experimental data provided by device manufactur-
6;, ¢ Junction and case temperatures. ers (e.g., graphs providing>AT and switching loss energies
pr Transistor’s instantaneous power losses. as functions of current, voltage and temperature) can be
TEQ Equivalent commutation time for loss estimationdirectly used, for this purpose, as look-up table models. By
Vin Power converter feeding voltage. using these available models the average transistor dissipated
1,V Power converter output current and voltage. power Pry can be computed [1], [4]-[11] and, consequently,
T, f Period and frequency of the output voltage.  the average junction-to-case temperature dtgp— 6 can

. . . be estimated in terms of junction-to-case thermal resistance
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than the cut-off frequency associated to thermal dynamics
(e.g., in DC/DC or DC/AC converters with relatively high
output frequencies and fast switching devices). Unfortunately,
this is not true for DC/AC converters operating with output
frequencies that are comparable with, or even smaller than, the
transistor thermal cut-off frequency (e.g., variable frequency
AC motor drives). In such conditions, the peak vafie . of

the junction-to-case temperature, which can be much greater
than its mean valud;o — 6, must be correctly estimated
for thermally safe design. To this aim, one of the manli)g. 1. Electrical scheme of a three phase DC/AC converter.
dynamic thermal models available in the literature, possibly

including nonuniform temperature distributions, could be used . (t) R,

[9]. However, because converter circuit design should be ’—» i A

mainly based on commonly available device data, a linear ‘

first-order model, which practically coincides with the thermal @ 0. (1) T £ QD Te ()
characterization provided by all device manufacturers, should o ‘
be used. Yet, even when using this simple model, dynamic ’

thermal analysis of pulse-width modulation (PWM) controllegig > Ejectrical scheme equivalent to the junction thermal equation of an
DC/AC converters is not a trivial task, owing to the complexglectronic device.

shape and spectrum of electrical variables. Up to now, this
problem has been faced by using numerical simulation tec&;se,,
nigues [9], that may provide sufficiently accurate results, b
are not suitable for a first tentative design procedure owing
their complexity.

In this paper, a fully analytical, simplified approach, th
provides a slightly pessimistic estimate ﬁ;r— f¢ is proposed.
The peak thermal drop is evaluated in terms of the commo
available device data and converter operating conditions af
can be conveniently used to guarantee thermally safe opera
conditions in PWM—controlled converters, since it provid
simple criteria for transistor selection and heatsink rating.

In the following IGBT transistors, which are at present th

analytical approach. In Section IV, the transistor time-
ngendent dissipated power is expressed in terms of the
éﬁ{/en converter operating conditions and electrical transistor
characteristics. On this basis, in Section V the peak and the
Fhean values of power losses are computed by considering
PWM sinusoidal modulations both with and without third

monic distortion. In Section VI some practical applica-

s of the proposed method are discussed by considering
tﬂﬁ'ﬁerent transistor and heatsink selection problems under the
EConstraint of thermally safe operation. Finally, in Section VII,

the transistor peak temperature estimated according to our

" | d devices f h licati E.‘Yvorst—case” analytical approach is compared with the results
most commonly used power devices for such applications, Wb* numerical simulations carried out by using measurement-

be con_sidered. However, it s_hould be noted that our _the”_Tbae{sed loss models.
analysis approach and associated “worst-case” approximations
are valid in any case. In practice, for IGBT's the temperature
estimate will be sufficiently accurate, while more pessimistic Il. SPECTRAL APPROXIMATION FOR
results could be obtained for other types of devices. The A SIMPLIFIED THERMAL ANALYSIS
topology of the power converter considered in this paper Electron device and heatsink rating for the design of power
is shown in Fig. 1. The proposed approach can be appliednverter circuits necessarily involves a thermal analysis. To
to either a three-phase or to a single-phase converter. Tthi aim, the simple dynamic thermal model shown in Fig. 2,
same commutation law, except for the associated time-shiftghich exactly corresponds to the thermal characterization
is assumed for all the “legs” of the converter. The load isrovided by most device manufacturers, is used. This model
assumed to be balanced. The previous hypotheses simplify thpresents the junction temperat#tgin terms of the static
thermal analysis since, under such conditions, all the “legginction-to-case thermal resistanée. and the thermal time
are subject to the same thermal stresses. For this reasmmstantr = R,.C;. Clearly, this is a simplified model
only one “leg” of the converter is considered. In the samgecause it does not take into account the nonuniform inter-
way, we assume that both transistors of each “leg” operatel device temperature. However, since device selection and
under the same electrical and thermal stresses. Thus, only oimeuit design are normally carried out exclusively on data
transistor for each “leg” is considered for thermal analysigrovided by manufacturers, this is the only scheme that can
(in the following 71 will be chosen). Almost all commutation be practically used.
laws satisfy these conditions. Otherwise, if the thermal or the Under PWM operating conditions, the thermal analysis of an
electrical conditions are different for the two devices, the saneéectron device, even when using the simple model in Fig. 2,
procedure should be applied to each transistor separately. is quite complicated owing to both the dynamics involved and
In Section Il, an approximation for the spectrum of théhe complex spectrum of the electrical variables. However,
power losses is proposed to simplify the thermal analysthe analysis can be greatly simplified since, according to this
In Section Ill, the thermal dynamic behavior of the powemodel, the device thermal transfer functidii(s) is of a
transistor is investigated by means of a simplified, “worstew-pass type with a cut-off frequencyy = 1/2x7 (with
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i ; Fig. 6. The time shape of the junction temperature does not depend on the
-T,/2 T./2 ‘ o, 2o, high-frequency harmonics of the power spectrum.

Fig. 4. Equivalent pulse respongét) and associated module of transfer
function G(jw) corresponding to the averaging operator (1). IIl. SIMPLIFIED DYNAMIC ANALYSIS FOR THE

ESTIMATION OF THE JUNCTION PEAK TEMPERATURE

7 = R;.C;) which is comparabfewith the converter output  Since typical applications of power DC/AC converters in-
fundamental frequency, but much lower than the PWM volve output frequencies which are comparable or even
switching frequencyfc. In such conditions only the lower lower than the thermal cut-off frequency of power devices
part (see Fig. 3) of the spectrum pf(¢) is significant for (e.g., variable frequency motor-drives), a time-varying peri-
thermal analysis, while its high-frequency components calic solution of the equation

be neglected. Thus, in temperature analysis the instantaneous dAB(E)  AB(E)

dissipated powepz(t) can be replaced by its corresponding Pt (t) = C; + —= (2
“low frequency” partpi'(¢) defined as dt B

which corresponds to the model in Fig. 2 WiN#(¢) = 6;(¢)—

6., must be found. In line with the previous considerations,

p5'(t) has been used instead pf(t). In particular, solving

(2) for its periodic solution, leads to

where the time-averaging operation over a moving time- 1 1 gt

interval T corresponds to a low-pass filtering whose asso-A#(t) = T o / p%F(/j)e—[(t_,ﬁ)/rl dB. (3)

ciated module of transfer functiof(jw) and pulse response l-c 3 ST

g(t) are schematically shown in Fig. 4. Equation (3) could be used for the maximum current rating
It can be noted that the time-averaging operator in (bf a given device in a given converter, by imposing an upper

attenuates all the high-frequency harmonics. In particular,linit QJUM on the peak temperatur®; and expressing the

almost completely cuts off the harmonics close to the multiplésinsistor power lossegr(t) as functions of the operating

of the commutation frequencyi. If this operator is used to conditions (see Section IV). In practice, this is a difficult

prefilter the power lossegr(t), according to the scheme intask both because (3) involves an integral computation on a

Fig. 5, the resulting signa#" (t) can be considered to bewaveformpLF (¢) that is still complex and, moreover, because

substantially equal to the signé}(t) obtained directly from the maximum value of the time dependent quantiy(#) must

H(s) (see Fig. 6). In fact, the low frequency harmonics aree found.

not influenced by the presence of an operator like that in (1),However, in view of device/heatsink rating for converter

while the highest ones are, in any case, cut off by the actig@sign, this problem can be overcome by introducing a suit-

of H(s). able, easy-to-use “pessimistic” estimate é;f In particular,
This consideration leads to usipg" (t), instead ofpr(t), the peak temperature dropé can be estimated with rea-

to estimate the junction temperature. The handling of signalsnable accuracy (see Appendix A) through the “pessimistic”
with simpler shapes and spectra is an obvious advantageagproximating function

this procedure.

) 1 ~t+T(}/2
LF(t) A

P 2 7 pa(r) dr o
C Jt—Te /2

e 1 — e (Pro/PEY@/m)

~ é ) A
A6 < T 2 R, Pk e (4)

LFor silicon power devices, the thermal time constanwhich can be easily

derived from the dynamic thermal response graphs provided in data-sheet: . . . .
is typically in the range 15-70 ms. Thus, the corresponding thermal cut-offSEquat'on (4) is much easier to use than (3)' because it does

frequency is normally lower thare10 Hz. not involve a complete knowledge of the shapepdf'(¢)
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and, moreover, it does not require any integration. In fact, i (8) =i (1) i(t)
(4) directly provides an estimation of the maximum valé

( i CLON
in terms of the mean value Ll R iy N

1t
Pro= 7 pr (t) dt (5)
0 OFF o . OFF
and the peak value V., }
A 14

Pr" = max, {py" (t)} (6) "
of the low-frequency part of dissipated power. As is shown VT
in Appendix A, this result is achieved whatever the shape of £
pE(¢). This property directly derives from the presence of a Pr

monotonically decreasing “weighz=(*/7) applied topkF (¢)
in the integral of (3).

The reasonable accuracy of (4), which will be validated
through the numerical examples given in Section VII, can be )
qualitatively understood by considering that (4) is exact when "B, =0, v,i B, =, Vi i(t)
the operating frequency is much higher or much smaller

Fig. 7. Qualitative representation of the commutation cycle of an IGBT

than ,the th?rmal cut-off frgqugnqﬁg. In fact, Whenf > fo, transistor: (a) current shape, (b) voltage shape, and (c) instantaneous power
(4) givesAf = R;.Pro, Which is clearly correct; on the other gissipation shape.

hand, in the complementary cage< fy, it gives the correct
result Ad = R;.PEF.
Equation (4) can also be written as

of p%.(¢t) andpi--F'(¢) instead ofp.(¢). In particular

ALE t+Tc /2
A . 1 — e=(Pro/PE)(T/7) rLF gy A L / SAT,
_ LF - _ t) = Vot tip(r) dr
Al = RJCPT with ch = Iije 1= 6—(T/‘r) br ( ) TC T2 T( )
@ :VCEAT—; t+TC/2z‘T(T) dr.  (10)
which practically coincides with the so-called transient ther- ¢ Jt-Tc/2

mal impedance}?jc normally provided on manufacturers’|, 10), for simplicity’s sake V34T has been considered as
data-sheets. This shows that the measured transient therpalynstant. Actually, in IGBT’s it mildly increases versus

impedance can be practically used not only in the case of sing|&ent [see, e.g., Fig. 11(b)]. Thus, in view of “safe” device

square-pulse periodic operation, but also in a much more geging (i.e., pessimistic worst-case analysis) the constant value
eral context, provided that the low-frequency approximatiogy VSAT should be chosen corresponding to the peak load

on pr(t) is introduced. current. This leads to temperature estimation which is not

too pessimistic, since the largest amount of conduction losses

IV. SIMPLIFIED COMPUTATION OF THE PEAK AND OF is produced when the output current is larger. Temperature
THE MEAN VALUES OF THE TRANSISTOR LOSSES dependence of2AT in IGBT devices is very weak and

In order to use (7) for device rating or heatsink desighormally increases in the high current rarigehus, assuming
purposes,2LF and Pro must be expressed in terms of thét Priori a constanthiAT_, corresponding to the maximum
converter operating conditions. To this aim, according @Iowable temperature, is not too pessimistic for correct de-

two different terms some importance only when the actual operating temperature
is much lower than the given lim#}™.
pr(t) = pp(t) + p7(t) (8)  The transistor currenty(t) can be directly expressed in

h - d o velv. th lled terms of the converter output curreift). In fact, the upper
w e_repT_(t) %n p_T(_t) ?re, resp_echye y,_t Gi So-called CoNyansistor of each “leg” (similar considerations hold also for
duction (i.e., “Resistive”) and switching (i.e. “Commutation

. S )the lower one), is crossed by the output current only if this is
losses. In particular, the resistive part can be expressed aspositive and the device is in the “ON” state. This situation is
Ph(t) = VAT (1), (9) shown in Fig. 8 and can be expressed analytically as

The second terms.(¢) consists of a sequence of short-duration ir(t) = Mm(t) (12)
large-amplitude pulses (see Fig. 7). For thermal analysis pur- 2
poses, only pulse areas (i.e., turn-on and turn-off energies) aeere m(¢) symbolically represents the driving signah =
relevant. 0,1 corresponds, respectively, to “OFF/ON” states). The pres-
As stated in Section IlI, thermal analysis can be performed,_ . . ) . .
This happens since the voltage drop across the series equivalent resistance,

by takmg Into account Only the |0W'frequency specFraI COMhich is not negligible at high currents, has intrinsically a positive temperature
ponents of the power losses; thuts'F' (#) can be used instead coefficient owing to carrier mobility reduction.
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input supply voltage) and, in any case, can also be approxi-
mated by a linear function. Thus, (14) can give a reasonable
estimate of the switching energies,, and E.g provided
that suitable values are chosen for the coefficienis and

¢ aom (Or more precisely for their sumeg = qon + Qo).
: These can be derived, for instance, by “least-square” fitting
§ of (14) to the conventional manufacturer graphs (or other
: T analytical loss models [4]) providing total switching losses
J ¥ versus current, voltage, and temperature. However, a “worst-

case,” pessimistic choice (i.e., a constapt,, corresponding

Fig. 8. Currents shape in a power converter. The solid line indicates thg p + E.g, at the maximum load currehand maximum
output current, while pulses refer to the current flowing through the upper tran-, ™ o

SRy o . .
sistor. For a commutation frequency much higher than the output frequenaqm|55|b|99j ) .'S preferable in view of safe deV|Ce/heat.S'r.]k_
the transistor current can be considered constant during each conductiating. This, again, leads to results that are not too pessimistic

period. for rating purposes, since larger errors can be expected only
under operating conditions which are well away the limits of

ence of loads with series inductance strongly limits the vagafe operation.

ability of the output current so that, ifc >> £, the output ~ The switching losseg? () are made up of a series of pulse

current can be considered to be almost constant during egelirs (the first one refers to the device turn-on while the second

switching period. Thus, taking (10) and (11) into account, wene to the device turn-off) having a large amplitude but a

obtain relatively short length(7.,, 7o < Z¢). For this reason, in
order to evaluates:¥'(¢), only the area E,,, E.q), but not
LF sap 1) i) 1 pHTes? the shape, of each single pulse is important. If an almost
() = Ve 2 T_C/t—T(~/2 m(r) dr. (12) stationary PWM modulation is assumed (i.¢., < fc),
' only two pulses are present in each commutation period.
Then, the conduction losses can be expressed as As a consequencesF'(¢) can be considered approximately
stationary alond ¢, so that the low-frequency components of
P () = YSAT p(t)i(t) +2 (2] (13) Pi(t) can be expressed as
t+T¢ /2 ; 7
where 0= o [ i) dr = ooV
N t+Tc /2 C Jt—T¢c/2 C
o012 [ ey ar (15)
Tc t—Tc /2
is the instantaneous duty-cycle. where 7pq = don + ot
In order to estimatgs-"F(t) the energiesEo, and Eog, Finally, the total instantaneous low-frequency power losses

lost, respectively, at any transistor turn-on and turn-off, mugf* (t) are given by the sum of the conduction and the
be computed. To this aim, various models have been propog¥dtching losses

in the literature [2]-[7], that enable for switching energy esti- v LE Lp
mation in terms of switched current, voltage, temperature, and ~ P7 (t) =p7 = (t) +p7 " (1)
operating conditions. In this paper, for the sake of simplicity SAT
and with reasonable approximation, we assume Hatand =femeaVin+ Ve p(t)]
E.g can be considered to be almost proportional to both the .
converter supply voltagdiy and the switched current [i.e., In the following section, power losse3r* and Py, to be
the load currenti(t) when(t) > 0]. Thus, switching losses used in (4), will be computed according to (16).

can be expressed, at any timeas

i)+ O] e

i(t) + [i(2)] V. EVALUATION OF THE PEAK AND THE MEAN VALUES OF
Eon = aon VN 5 THE POWER LOSSES FORCONVENTIONAL MODULATION LAwS
o — oV io(t) + i) (14) Equation (4) can be used to deal with different problems
off = ot VIN 2 : arising in the thermal rating of power transistors for the de-

o o ) sign of PWM-controlled converters under dynamic operating
This is clearly an approximation, sincE.. and Eos are  conditions (i.e., time varying duty-cycle). To this aim, both
not strictly proportional to/1x and, above allj(t). However, 4o peak |0W_frequenc)[f)%F and the mean valudy, of
according to both manufacturers’ data and experimental resyjts power losses must be estimated according to (16) for a
provided by other authors [3]-[5], [12], a linear approximatiogjyen |oad. In the following, DC/AC converters driving linear

of inductive switching losses versug) is quite reasonable 445 with series inductance will be considered. Both purely
[see, e.g., Fig. 11(a)]. Voltage dependence, on the other hand,

IS mUCh less Important in a D_C/AC _Converter (Where the3In high-voltage, high-current IGBT’s, losses are normally increasing
switched voltage normally coincides with the almost constafuhctions of switched current and temperature.
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sinusoidal and sinusoidal with third harmonic predistortion 1.2
(PWM) modulation laws will be considered. In particular, our
analytical approach will be used to compare these waveforms

from the point of view of transistors thermal stresses. The

same procedure can be extended to other modulation laws.

The instantaneous duty-cycle for a sinusoidal modulation can

be expressed as

p(t) = 17)

2 2 m T 1.2

wherea is the modulation index which depends on the RMS ,
It ired by the load Fig. 9. Waveform (a) represents the shape of the function
voliage required Dy the load. o _ ~ sin[(27/T)t] 4 & sin[(67/T)t] while waveforms (b) and (c) represent the
For a high-efficiency converter with sinusoidal modulatiorshape ofilT (1). Waveform (b) refers ta:os(¢) = 0.9 while waveform
possibly including also third harmonic distortiom,is given (c) refers tocos(y) = 0.8.

by (see Appendix B)

0 Angle  (rad)

of the power losses. On this basis, the following equation is

2v2Vkus (18) easily obtained

Vin
- - . - . ALF
When a sinusoidal PWM modulation is adopted with fasFT

switching devices and the load is linear and inductive, an _ \/§<fCVINTEQ+VSAT{1 + 2[1+COS(¢)]})IRMS'
almost sinusoidal output current with a given phase delay ' 2 4
(24)

has to be expected under periodic steady-state conditions:

2
i(t) = IRMs\/é sin <%t - (p) .

o

a

19 When a PWM modulation with third harmonic pre-
(19) distortion is considered, the instantaneous duty-cycle becomes

By substituting (17) and (19) into (16) and after a few algebraic o(t) = 1 48 [Sin <2_7rt> 4 1o <6_7rt>} @5
manipulations, we obtain 2 2 T 6 T
(2 (2 As it is well-known, in a three-phase converter the phase-
{0‘1 T azsin <7t>} sin <Tt - ‘p>’ to-phase voltage is still sinusoidal when the third harmonic
. (27 predistortion is introduced on each phase; thus, also the output
Pr () = when sin <Tt - ‘p> >0 (20)  ¢yrrentis still sinusoidal and can again be expressed by means
. 2w of (19). In such conditions, the power peak value can be
0, when sin <Tt_‘p> <0 more accurately estimated since, as shown in Fige(®)
is particularly flat near its maximum. Thus, any reasonably
where limited variation ofcos(¢) introduces only small variations in
VSAT the peak value of the produgtt)i(t). For this reason, the
a1 = V2Igus <chINTEQ + 5 ) maximum value of that product can be evaluated as
and psar mas{p(1i(t)} = max{p(}maxfi(t)},  (26)
az =V 2Irus 626 . (21)
where
The first equation in (20) can also be written as 1 a3
max{p(t)} = 5 + 5 - max{i(t)} = V2Irus.  (27)

2
pr () =i sin <%t - w)

4
+ % cos(p) — % cos <%t - <p>. (22)

Starting from (22), a pessimistic approximation @%F is
given by the following equation
PLF o~ ) 4 %[1 + cos()]. (23)

In fact, (23) gives an exact value fﬁ%F wheng = 0, while in

Also for the third harmonic predistortion, the power peak
is given by the maximum of (16). Bearing in mind (26)-*

can be written as
1 «a \/3
— 4= ] }IRMS-

P%F:\/i{fCVINTEQ-FVCSeAT 5T5 5

(28)

Comparison of (24) and (28) leads to the conclusion that
for typical values ofcos(y) (i.e., cos(y) € [0.8,1]), the third

all other realistic cases it only slightly overestimates the pe&krmonic distortion gives a power peak dissipation slightly
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lower than the one that can be obtained with a classical purdly Determination of the Maximum Allowable
sinusoidal modulation. Case Temperaturé:=™

Also Pro must be evaluated by using (16). To highlight \yhen the operating conditions are all known for a given
a peculiar characteristic aPro, p(?) is represented with @ gjecron device, the peak junction-to-case thermal diop

Fourier series, so that (16) becomes can easily be computed by means of (4). In such conditions,
( nd s (o7 the maximum allowable case temperature can be directly
ar + az ; €; st JTt S Tt %) determined as
p%F(t) = When Sin <2T7rt _ w) > 0 eén\'i — 9‘%‘11\{ _ \I/ (33)
. f2m Equation (33) indirectly provides a constraint for heatsink
0, when sin <Tt - <P> =0 system design. Such a limit can be satisfied by considering

\

(29) the maximum ambient temperature and the average power

. i dissipation for each device [e.g., computed according to (32)]
with a; and «, defined by (21). o _ sharing the same heatsink. If the resulting constraint on the
By applying (5) to (29), the following expression is obtainefeatsink efficiency appears to be technically or economically

v e T/24¢ ;- too hard (i.e., the requiref-™ is too low for the given am-
Pro = o + o7 Z Cj/ cos {T(J -t + ‘P} bient temperature range) another device, of a larger size and,
=1 v consequently, with a loweR;., must be chosen. Conversely,

(30) if the resulting constraint on heatsink efficiency appears to
be relatively weak, this might suggest that a smaller, cheaper
which gives an interesting result. In fact, whenis odd device could be chosen. In both cases, the following procedure

and different from 1, the integral is equal to zero. Thus, &f@n be used for a more correct device choice.

modulation laws that are only composed by odd harmonics,
have the same mean power losses. For both laws considéBedetermining the Minimum Device Size by Compufitjg™

in this work we have In this case, a family of technologically similar devices
Pro = S %COS(@ (31) of different sizes is considered as possible candidates for
Q 4 the converter design. Normally, devices of different sizes but
or, equivalently, belonging to the same family have quite similar electrical pa-
, rameterg VAT andrrq ), similar thermal time-constant but
Pro = \/i{fcvirﬂ + VA {% + gCOS(@} }IRMS- quite different values%i‘%}cﬂ\“, that are inversely propﬁtljtrtional
(32) to the chip size (and also approximately to its cost). Thus, for a
given family, all the device parameters are known, apart from
VI. THERMAL RATING EOR A RizM. In such conditions, if a given suitable value @™
PWM-CONTROLLED DC/AC CONVERTER is chosen (a_ctually, this is aa priori feaS|b|I|t_y _const_ralnt_
for the heatsink system), the manufacturer’s limit on junction
The analytical dynar_nic thermal _model proposed in thl%mperatur@}m directly provides, by means of (7), an upper
paper can be conveniently used in the design of PWMNmit on the” device thermal resistance. On this basis, the
controlled DC/AC power converters. In fact, when a simplifieghgjce of the minimum-sized transistor can be correctly made;
thermal analysis approach is available, the upper limits @Ren a more precise verification of the safe thermal operating
operating conditions (i.e., load current, converter frequenqypndition can be performed by introducing the parameters of
etc.) can be directly expressed in terms of a given upper liife device chosen into ).
on the junction temperature.
In such a context, different design scenarios can be outlined.
In the following, two possible ways of using the expressions
proposed in this work are introduced, but other applications
could also be imagined. In the first situation, for a given The analytical approach to thermal analysis described
electron device (e.g., chosen for the actual maximum operatiaigove involves several, mildly pessimistic approximations
peak current) and given converter operating conditions, tteg., p=f(¢) instead ofp(¢), ¥ instead of the actuai\g,
thermal analysis is used to define an upper limit for the casenduction and switching losses linearly dependent: @i
temperature (i.e., the minimum required heatsink efficiencygnd independent from temperature, etc.). In order to verify that
In the second example, for a given maximum case temperatateh approximations do not lead to an excessively pessimistic
and given converter operating conditions, a criterion for choosstimate ofA#, the thermal model equations (3) have been
ing the minimum allowable “size” of the electron devices isumerically solved by directly considering the actual voltage
indirectly determined by defining an upper limit éi)... In all and current waveforms in an inverter driving an asynchronous
the examples, the case temperatpgeis supposed to be time- motor according to a field-oriented control algorithm. The
invariant (because of the large thermal time constant of themerical analysis was carried out by using the MICOSS
case-sink system) and must not exceed an upper #gif.  simulator [14]. Owing to the complexity and the relatively

2 .
— cos |:T(J + 1)t - 4 dt

VII. SIMULATION OF THE THERMAL
BEHAVIOR OF A COMMERCIAL IGBT
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0,(1) TABLE |
Bl ] P 0 — PARAMETERS OF AN IGBT IRGPC50F (Rom DATA SHEETS)
ectrica » ower At 0.(1
waveforms Z(t) IOSSGS. ! > T;il;gfl % TuQ 46296*1079 s
generation | evaluation = T 0.04s
| v fo 3.98 Hz
VAT 18V
0,(t) R;. | 0.61°C/W
Fig. 10. Electro-thermal simulation scheme.
TABLE I
LoAD AND CONVERTER CHARACTERISTICS
12 . -
VSV [T =155ms; f=65Hz [T =27ms; f = 37.0Hz
i 10l V,, =540V Lws  25.08A 26.91 A
t a 0.1875 0.8475
C cos (i) 0.9268 0.9397
h 81 Vi 540 V 540 V
rll 6l 0 =100 —150°C fe 10 KHz 10 KHz
® (m)) —75°C
4t - . TABLE 1l
1 ESTIMATION OF THE MEAN AND PEAK VALUES OF THE POWER LOSSES AND OF
o 9l THE MAXIMUM JUNCTION-TO-CASE THERMAL DROP FOR THECONSIDERED IGBT

S e

s T=155ms;f=65Hz | T=27ms; f=37.0Hz

e 0 . . . . " s Sinusoidal { Third harm. | Sinusoidal [ Third harm.

s 0 5 10 15 20 25 30 35 40 P 20T W 1801 W

@ BLr| 12636 W | 12578 W | 157.54 W | 154.53 W
T | 5819°C | 58.06°C | 38.19°C | 38.12°C
the IGBT IRGPCS50F. It can be noted that switching energies
are almost linearly current dependent and mildly temperature
dependent. Moreovel/ 34T shows only a mild dependence
VAT on both current and temperature.

(V) The model coefficients given in [4] are obtained by direct
measurements on commercial transistors, thus assuring good
agreement with actual devices. By using this model, the
instantaneous power lossps(t), to be used as the forcing
term in the numerical solution of (3), are easily obtained.
The thermal feedback (sék in Fig. 10) is needed since loss

0.4

0 5 10 15 20 25 30 35 40 models are temperature dependent.

(b) The IGBT parameters, obtained from the data sheet of the
Fig. 11. Values ofV3AT and Erot = Fon + Eog versus load current device Qsedg are summarized m_Table . ) )
and junction temperature. Two situations have been considered as particularly interest-
ing, practical cases. In the first, the motor rotates very slowly,

. . . } o that the output frequency of the power converter (6.5 Hz)
high computational time of a fully coupled electro thermaﬁS close to the thermal cutoff frequency (3.98 Hz). In the

simulation of a PWM-controlled converter with nonideal elec- ST :
econd, the velocity is increased until the output frequency

tr.on. device models, gsimplified partially decoupled Qpproa,cié'aches 37 Hz, which is much higher than the thermal cut-off
similar to that used in [9], has been adopted. The simulati f&quency. The load and the converter characteristics, for the
scheme is shown n F'gj 10. Firsta numgrlcal simulation of the,, operating conditions considered, are shown in Table II.
PWM c'onvert.er (including cgntrpl a.Igorlthm' and load m.otor The values OTF)TO7P%F7 and VU, evaluated according to (4),
model) is carried out by considering ideal switches. On this b@z4)’ (28), and (32), are given in Table IIl. Both a sinusoidal
sis, the time varying electrical stresses (i.e., switched currentgydulation and a sinusoidal modulation with third harmonic
are determined. Conduction and switching losses have beg#tortion have been considered. As predicted by our analysis,
evaluated, for each single conduction interval and switchiRge third harmonic distortion produces a smallerthan a
event, according to the mathematical models proposed in [Alirely sinusoidal modulation.

These analytical expressions enaltlg,, Fog, and VAT to In Fig. 12, simulated results are compared with those given
be computed as functions of the transistor electro-thermalTable Ill. Both figures refer to a purely sinusoidal modula-
stresses (i.éqx, i(¢), and §;). In particular, Fig. 11 shows tion. Acceptable agreement can be found between analytically
the corresponding current and temperature dependent valesmated values and numerically computed ones (by using
of VAT and Eror = Eon + Eog, Used in our simulation, for measurement-based loss models). As expected, the estimated
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P ' ' 1 60.00
58.19
51.29 @
@
. 38.19
AD | 32.52
(°0C)
@ @ ] Fig. 13. Shape of the power losses and its approximation by means of a
rectangular pulse.
0t . . 10 . . .
0 ec 050 oo 0.5 necessarily corresponds to the given value Bf,. This

condition is clearly satisfied by a pulse durati@ngiven by
Fig. 12. Junction to case thermal drop. Solid line (a) refers to simulation

made using accurate loss models [4], while dashed line (b) represents the ProT

peak value estimated by using (4). The first converter simulation corresponds = “ALF (34)

to an asynchronous motor drive with output frequenfty= 6.5 Hz. The PT

corresponding curves (c) and (d), in the second graph, have been obtained in

the same way but witlf = 37 Hz. The maximum ofA6é(t) is obviously reached at the end of

the rectangular pulse. Thus, it is possible to get a suitable value
for @ by adopting this shape fgr;" (t) and by solving (3) for

thermal drop only slightly overestimates the real case-t :
. The required upper bound on the peak temperafure

junction temperature drop. In the first graph shown in Fig. 1%9(?)
a converter output frequency equal to 6.5 Hz is considered, 91Ven by

This is the worst condition for the estimation procedure R ] — =@/

proposed in this work since the output frequency is close A< ¥ = chPTLFm- (35)
to the thermal cut-off frequency. In spite of this, not a very

large percentage error, equal to 13.4%, has been found. IfEquation (4) is finally obtained by substituting (34) into
the situation shown in the second graph in Fig. 12, the outd®0).

frequency is much higher and the percentage error is equal

to 17.4%. APPENDIX B
If a sinusoidal modulation is assumed, the output voltage

for the three phases of the converter can be expressed as
The proposed thermal analysis approach can be used to esti-

VIIl. CONCLUSION

mate, with acceptable accuracy, the junction peak temperaturg (¢) = vy F + % g <2_7rt + /ﬁﬂ)} 7 k=0,1,2;
of an IGBT device. In spite of the approximations intro- 2 2 T 3
duced to obtain an analytical solution, reasonable agreement (36)

with the results of accurate simulations, carried out by usi
measurement-based loss models, has been found. The
lytical approach for estimating the peak junction temperature vot+ v +v2  Vin
can be easily applied on the sole basis of device parameters Vv = 3 T 9

and graphs normally available on manufacturers data-sheets. ) .
On this basis, thermally safe operating conditions can be | Ne phase-to-neutral voltage for a linear symmetric load can

easily verified even in the more difficult, yet common cas@€ €asily evaluated. For example, for the phase 0, itis given by
of PWM DC/AC converters with low output frequencies. The a o0

same approach can also be used for correct transistor/heatsink () = vo(t) — Vv = Vix {5 sin <Tt>} . (38)
choice in converter design; moreover, it also allows for easy

comparison of different PWM modulation strategies in termgquation (38) shows that the phase-to-neutral peak volfétge

n
ﬁlés_, the neutral voltage is given by

37

of thermal stresses on power devices. is equal to(Vina) /2. Becausd/rys = V/\/i, a few algebraic
manipulations lead to (18).
APPENDIX A For a sinusoidal modulation with third harmonic distortion,

To find an upper bound on the peak temperature drayd, the neutral voltage is time-dependent
the actual shape of the power losses is replaced by a simpler 1 q 6
worst-case one that has the safyg and P=F. By considering on(t) = Vin {5 +13 sin <7t>} . (39)
the convolution defined in (3), it can be immediately observed
that a slightly pessimistic approximation is obtained if powerhe difference between the neutral and the output voltages
losses are concentrated in a single rectangular pulse whiess to (38), so that the modulation indexan be expressed
amplitude is equal to{:’TLF (see Fig. 13) and whose widthagain by means of (18).
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