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Abstract—The junction temperature fluctuation of an insulated-
gate bipolar transistor (IGBT) is the most important factor of its
aging failure, and smoothing the fluctuation is an effective way to
improve the life of an IGBT. The existing methods for smooth-
ing the fluctuation by active junction temperature control are not
yet ready wide application, and exploring the different approaches
to active junction temperature control is a hot topic. This paper
presents a method of active junction temperature control that shifts
the turn-off trajectory of an IGBT to adjust the IGBT turn-off loss
for smoothing the junction temperature. The relationship between
parameters of the adjusting circuit and turn-off loss is analyzed.
On the basis of this analysis, a method of estimating the smooth-
ing ability for the proposed active junction temperature control is
deduced. Using an IGBT installed in a 1.2-MW direct-drive wind
power converter as an example, the evaluation result shows that
the proposed method can completely smooth the junction temper-
ature fluctuation caused by a 40% rated load fluctuation. Finally,
a low-power experiment is carried out.

Index Terms—Insulated-gate bipolar transistor (IGBT),
smoothing ability, smoothing junction temperature, turn-off tra-
jectory.

I. INTRODUCTION

N RECENT years, with the large number of power electronic

devices placed into service in new energy power generation,
electric vehicles, and other nonstationary operating conditions,
the reliability of power electronic devices has become increas-
ingly prominent [1]-[3]. The insulated-gate bipolar transistor
(IGBT) is the core component of converters, and it plays a de-
cisive role for the safety and reliability. The Coffin-Manson
and Bayerer IGBT life model shows that the main reason for
IGBT aging failure is the thermal stress caused by the junction
temperature fluctuation. Due to different thermal expansion co-
efficients of different layers between the chip and the baseplate
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Fig. 1. Classification of junction temperature fluctuations.

in the IGBT module, the junction temperature fluctuation can
cause different levels of expansion in different layers so that
the thermal stress shock is generated, which will lead to IGBT
fatigue aging [4]-[6].

The main junction temperature fluctuation of an IGBT
can be generally classified into three categories according to
the frequency: high-frequency junction temperature fluctuation
(HFJTF), fundamental-frequency junction temperature fluctua-
tion (FFJTF), and low-frequency junction temperature fluctua-
tion (LFJTF), as shown is Fig. 1. HFJTF is caused by closing
and opening of the IGBT in a switching period, its frequency
coincides with the switching frequency; FFITF exists in the
sinusoidal converter, since the current flows through the IGBT
only in half fundamental period, and its frequency coincides with
the fundamental frequency of the sinusoidal converter; LEJTF is
mainly caused by the loading profile whose frequency is lower
than the fundamental frequency, such as random changes in the
wind speeds in a wind power converter, and the ambient temper-
ature fluctuations may lead to junction temperature fluctuations
with the much lower frequency. The range of HFJTF is very
small due to the frequency of HFJTF is usually over kilohertz
so that it has a little influence on the lifetime of an IGBT [7].
The influence of FFJTF on IGBT lifetime is mainly related to
its frequency. The IGBTSs’ life consumption caused by LFJTF
and FFJTF is on the same level if the frequency of FFJTF is
low, such as the generator-side converter of wind power (the
base frequency is 16 Hz). The FFJTF has a little effect on IGBT
lifetime when the frequency of BFJTF is high, such as the grid-
side converter of wind power (the base frequency is 50 Hz), then
the LFJTF is the most important factor for consuming the IGBT
lifetime [6], [8]. Therefore, smoothing LFJTF plays a significant
role in reducing the life consumption of an IGBT.

At present, a lot of active junction temperature control meth-
ods have been proposed to reduce LFJTFE. The basic idea
of existing active junction temperature control methods is to
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compensate the loss of the IGBT when the power of the converter
is reduced and it can be implemented in several major ways. A
junction temperature smoothing method based on the switching
frequency has been proposed [9], [10], and this method does
not need additional hardware. However, it cannot individually
adjust the loss of each IGBT in the bridge topology. In [11], a
junction temperature smoothing method based on the gate driv-
ing voltage has been proposed, and this method can individually
adjust the loss of each power device. However, there are the very
high demands of dynamic response and control accuracy in the
control circuit so that the drive control method needs to con-
sider implementing the cost problem. On the other hand, some
literature papers have proposed junction temperature smoothing
methods for a parallel converter system. In [12], a junction tem-
perature smoothing method based on a reactive current cycling
is proposed, which utilizes the reactive power delivered in the
parallel converter to compensate the loss. However, it can only
be applied to a parallel converter system and it increases the
thermal load of the diode. What’s more, there are some other
methods for a specific application, and played a better effect.
For example, Ma and Blaabjerg [13] increased the lifetime of
the three level neutral-point-clamped wind power inverter un-
der low-voltage crossing, which adjusted the current path by the
redundant short vectors at the inner hex of the space vector dia-
gram to reduce the thermal stress of the neutral-point-clamped
diode. In fast-varying irradiance environments, a method is pre-
sented to reduce the maximum temperature derivative, which
at the same time reduces the thermal cycle. This concept was
explored in [14], where the duty cycle of a dc/dc converter for
photovoltaic system was actively modified in order to limit the
maximum junction temperature derivative in the presence of
irradiation changes. In order to reduce the impact of ambient
temperature fluctuations, speed of the cooling fan is controlled
[15]. In a word, those methods for specific applications can ef-
fectively reducing the thermal load of the IGBT, but they are not
suitable to other conditions.

In summary, smoothing the LFJTF can significantly improve
the life expectancy of an IGBT. However, there are many prob-
lems in the existing methods for real application. Hence, more
feasible methods of active junction temperature control need to
be explored. In this paper, an active junction temperature con-
trol method is proposed which compensates the internal loss of
an IGBT by the turn-off loss. The turn-off loss is adjusted by
shifting the IGBT turn-off trajectory and the turn-off trajectory
is shifted by the turn-off trajectory adjustment circuit (TTAC)
as detailed in this paper. It has the characteristics of individually
control the junction temperature of each IGBT, providing sim-
ple control and having a little effect on the dead time between
the upper and lower switches.

II. SMOOTHING THE JUNCTION TEMPERATURE BY TURN-OFF
Loss

The power loss of an IGBT is mainly composed of the con-
duction power loss P,,,, the turn-on power loss Py, and the
turn-off power loss Py [16]. Here, P, is related to the load
current J1,q and the junction temperature 7 ; Piyon and Piyost
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Fig. 2. Smoothing junction temperature fluctuation of IGBT by turn-off loss.
(a) Without adjusting the turn-off loss. (b) With adjusting the turn-off loss.

are related to the dc-bus voltage V. and the switching frequen-
cies fs, hoad, and 7). Therefore, the IGBT power loss Fioss can
be expressed as follows:

Ploss(vdca Iload7 T'ja f?) == Pcon (Iloach T'j)
+ Pswon(‘/:ica Iload7 ervfs)
+Pswoff<‘/zlcalloadariafs)- (1)

Generally, the switching loss accounts for a large propor-
tion of the total loss of a high-power IGBT module, e.g., the
IGBT module 2MBI1000VXB-170EA-50 (V. = 170 V, I, =
1000 A) of Fuji Electric. The proportion of each loss can be ac-
quired by the loss simulation software of Fuji Electric [17].
Under the rated operating condition, P, accounts for 24.8%,
Piwon accounts for 30.4%, and Py, accounts for 44.8% of the
total loss according to the simulation results. Moreover, P, is
only determined by [j,,q, Which is not easy to adjust; the actual
Piyon 1s less than the calculated value due to the influence of
parasitic inductance; and Py.g accounts for a large proportion
of the total loss so that it is suitable for smoothing the LFJTF of
an IGBT.

An example to illustrate active junction temperature control
by the turn-off loss is given as follows. The conduction loss
is exactly the same in Fig. 2(a) and (b), respectively, which
means that the load fluctuation is the same. In Fig. 2(a), the loss
of the IGBT is not adjusted so that the junction temperatures
fluctuate with the load fluctuations. In Fig. 2(b), the turn-off
loss has been online adjusted in real time when the power of the
converter is reduced, fluctuations of the IGBT internal losses
are compensated so that the junction temperature fluctuations
are smoothed by adjusting the turn-off loss.
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As is known, if an IGBT turns off with a conventional RCD
snubber of a suitable capacitor, the IGBT will work on the strong
absorption trajectory with a small turn-off loss; if an IGBT turns
off with a conventional RC snubber of a large enough resistor,
the IGBT will work on the weak absorption trajectory with a
large turn-off loss, as shown in Fig. 3(a). The parameters of
the conventional snubber are fixed, so the turn-off loss of the
IGBT is also fixed. During the operation of the converter, if the
snubber parameters can be online adjusted in real time as the
power of the converter reduces, the reduction loss of the IGBT
will be compensated, then the junction temperature can maintain
stable. In this paper, an improved snubber is presented, the diode
and resistor in the conventional RCD snubber is replaced by the
adjustable resistance. With the change of the resistance value,
the turn-off trajectory of the IGBT is changed between the weak
absorption trajectory and the strong absorption trajectory, as
shown in Fig. 3(b) so that the turn-off loss of the IGBT can be
adjusted.

However, generally the power of digital adjustable resistance
is very small, and it cannot be used for a snubber, such as
a digital potentiometer. In this paper, an equivalent adjustable
resistor is proposed as shown in the dashed box of Fig. 3(c),
it is the TTAC. An auxiliary switch S is connected in parallel
to the snubber resistor Ry;. The TTAC shifts the IGBT turn-off
trajectory by controlling delay closed time of S #4c1ay during the
turn-off process of the IGBT, as shown in Fig. 3(c). It is not
difficult to understand, the influence of the turn-off trajectory,
as show in Fig. 3(b) and (c), on the turn-off loss is equivalent.
The principle of the TTAC and the quantitative relation between
f4elay and the turn-off loss will have a detailed explanation in
the follow sections.

III. WORKING PRINCIPLE OF THE TTAC

In order to illustrate the working principle of the TTAC, we
assume that an IGBT works with the TTAC as show in Fig. 3(c).
When the IGBT turns off, the charging current i.s of snubber
capacitor C; has two paths, i.e., through S or Ry, as shown

_ adjusted
“Afrajectory

"~ resistance i

o { £
Small snubber A =
resistance e

Conventional[_ Tmproved
& snubber ; i R snubber i R,
ce ar )si / o 51 © 5] < 1
—1% Ry ¥ K 4 i 4 =)
T 1 T Llcy T, M T 1 8 Rsi
fes Ca ics ics Cs1 ies Cal I
s VA N I Lo
; " ig a2 5l
@ gDs R a2 Rz Ro Re2 T
KE LT &K K K
T, I, T, ) e T, o T, ) The TTAC
=C., 52 E . 2
K Large snubbe;
LW | o] —Lugsamiber Cq

Vu -

e
i

Vi (c) Vi 1
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Fig. 4. Charge and discharge path of the capacitor. (a) Charging path through
S. (b) Charging path through Ry . (c) Discharging path through Ry .

in Fig. 4(a) and (b); when the IGBT turns on, Cj; is discharged
through R, by opening S in order to limit the discharge current
peak, as shown in Fig. 4(c).

In Fig. 3(c), if S is kept closing during the 7 turn-off period,
the TTAC will be equivalent to the conventional RCD snubber.
Its turn-off waveform is shown by the dotted line in Fig. 5(a).
The turn-off process of the IGBT is explained as follows. T}
begins to turn off at the ¢, moment. Its collector current 7.,
falls rapidly from the load current I,, and its collector—emitter
voltage v, slowly rises from vesat to the de-bus voltage V.. In
this state, the IGBT works on the strong absorption trajectory,
as shown in Fig. 3(a), and the turn-off loss of IGBT is small.

If S is kept opening during the 7} turn-off period, the TTAC
will be equivalent to a RC snubber. If the snubber resister is
large enough, IGBT will turn off with the hard switching, its
turn-off waveform is shown by the solid line in Fig. 5(a). The
turn-off process of the IGBT is explained as follows. 7} begins
to turn off at the ¢, moment. The load current I, shunts to
the snubber capacitor through the snubber resistor so that ..
declines very slowly, and the v, begins to rise at the same time.
At the t; moment, v, rises to Vg, and i, can rapidly decline.
In this state, the IGBT works on a weak absorption trajectory,
as shown in Fig. 3(a), and the turn-off loss of the IGBT is large.
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Fig.5. Turn-off waveform of IGBT. (a) Turn-off waveform with RCD snubber

and RC snubber. (b) Turn-off waveform with the TTAC.

The turn-on signal of S delays the turn-off signal of the main
switch T for #4c1ay . The waveform of 77 is shown in Fig. 5(b),
and the detail of the waveform is explained as follows. S is kept
opening at the £, moment. The turn-off waveform of the IGBT
is the same as when the IGBT turns off on the weak absorption
trajectory. S is closed after fqc1ay, R is shorted, and the turn-
off waveform of the IGBT is the same as when the IGBT turns
off on the strong absorption trajectory. This means the IGBT
turn-off trajectory can be shifted by controlling the delay closed
time 74c1ay Of S, as shown in Fig. 3(c). With the different 741y,
the turn-off trajectory is also different, the longer the #4c1ay, the
longer the IGBT turns off on the weak absorption trajectory, and
the larger the turn-off loss as well.

What’s more, if the auxiliary switch is short, then the TTAC
is a RCD snubber; if the auxiliary switch is broken, then the
TTAC is a RC snubber, as shown in Fig. 6, neither of them will
affect the normal operation of the main circuit. So it does not
introduce a new security risk.

IV. RELATIONSHIP BETWEEN PARAMETERS OF THE
TTAC AND TURN-OFF LOSS

In the TTAC, the resistor and capacitor will affect the maxi-
mum and minimum turn-off losses of the IGBT, which means
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that the resistor and capacitor will affect the adjustment range of
the TTAC. This section will derive the relationship among the
resistor, capacitor, and the turn-off loss. The results can be used
to determine the resistance and capacitance values of the TTAC
and estimate the adjustment range of the TTAC. The relation-
ship between t4e1.y and the turn-off loss will also be deduced in
this section.

A. Effect of Resistance on Turn-off Loss

If S is kept opening during the 7} turn-off period, the TTAC
can be equivalent to a RC snubber, and ., will shunt slightly to
the RC branch due to the snubber resistor. The parasitic inductor
on the RC branch is ignored to simplify the analysis. There are
four main modes during the turn-off of the IGBT, and the typical
waveforms are shown in Fig. 7. The relevant equivalent circuits
are shown in Fig. 8.

Mode I [ty, t1]: During this time interval, the gate voltage
of T\ v, starts falling from V. to the holding voltage V;,,
T remains on state, the collector—emitter voltage of 77 v, is
the saturation voltage V.cs.t, and the collector current of T} ..
maintains the load current I,,. At ¢; moment, v, falls to V.

Mode II [t1, t2]: During this time interval, i., slowly de-
clines, the sum of i, ics, and i.52 is I, Cy1 is charged by i,
and Cj» is discharged by i.52. Due to the process of Cy; charg-
ing and Cjo discharging being completely symmetrical, i.s is
equal to 7.52. The relationship between i . and i is as follows:

icc = Io - 2ics' (2)
Vee Tises from Viegat to Ve, and the sum of v.. and the
collector—emitter voltages of 75 vceo is the dc-bus voltage V..

Assuming R, and Cy; are large enough, the voltage on the
snubber capacitor can be ignored. Then, v, is given by

1 t
Vee = Rg1les + =— / lesdt = Rgics. (3)
C(csl 0

In this mode, the gate current i, is mainly for C,, charging.
Then, iy, Ve, are given by

Vge
leg = Rig 4)
1 [t
Veg = ch/h icgdt. 5)
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At t, moment, v, leads to V. from Viesat, and i is approx-
imated as a linear change in this mode, which is given by

. Z‘cs (t2) - Z‘cs (tl) Vdc - V:zcsat
s(t) = t= t.
fes (1) ty —t (t2 —t1) R ©

According to (2), i.. can be approximated as a linear change
as follows:

. Vd(: - Vcesat
t) =1, — 22 “cosaty 7
Zce() (tZ_tl)Rs N

5815

Fig.8.  Operational modes of the TTAC on a leg of bridge topology. (a) Mode I.
(b) Mode II. (¢) Mode III. (d) Mode TV.

The relationship between .., and vy, can be acquired through
the IGBT datasheet, which can be written as follows:

lee = AVge + b. (8)

Here, a and b are the fitting coefficients.
According to (4), (7), and (8), 4., can be approximated as a
linear change as follows:

I, —b
beg = aR,
g

2Vic
aRisg (tQ — tl) '

C))

During the process of v, increasing, C., will nonlinearly
change with the v, . Trivedi and Shenai [18] used the two-points
method for determining the value of C.., : during vee from Viegas
up to Vi /2, the value of Ceg is set to Ceg (Veesat); during vee
from Vg./2 up to Vg, the value of C, is set to Cey (Vac/2).
According to (5), the equations can be written as

Vie 1

t!
= — lepdt
2 ch("’c@sat)/t cg
1

to
Vie 1 .
2 7 Ceg(vde/2) /t chdt'

!
1

(10)

From (9) and (10), the duration of the mode ¢,, can be ac-
quired as follows:

tae =to —t1 = (' —t1) + (t2 — &)

_ a(ch(Vdc/Q) + ch(Vcesat))V:icRgRsl
Q(Rsllo - Rslb - Vd(:) .

(11
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The power loss during mode II Eyoq(2) can be calculated as
follows:

t tur
Lo v Vae 2Vac
Eﬂwo { = ce ccdt = t Io — t)dt
swoll(2) /tl ! /0 <tur ) ( tur Rs1 >
‘/dclo 2‘/:12
= PO < tur~ 12
( 5 3R (12)

Mode IlI [tsy, t3]: At ty moment, v, reaches Vj., and v.eo
falls to zero. The diode D, is conducting so that i.. can rapidly
decline. The i.. fall time ¢;; can be detected from the datasheet
of IGBT, and the power loss during mode III Eqg3) can be
calculated as follows:

t3 to+tir i (t
Eswoff(ZS) = / Uceicedt :/ V:ic (’icc (t2) - Zcet(Q)t) dt

to to if

I, Vi
= Vactis (2 - Rdl) :

Mode IV [after t3]: After t3 moment, 7.5 falls to zero and v
rises to Vg, according to the rule of first-order RC full response.
Dy keeps I, in a continuous flow. The IGBT is completely
turned off.

During the IGBT turn off, if S is kept opening, IGBT will
turn off on a weak absorption trajectory. The turn-off loss of the
weak absorption trajectory Fycako can be calculated from (12)
and (13) as follows:

13)

Eyeakoff = Eswoff(Q) + Eswoﬁ'(3)~ (14)

Taking the IGBT module 2MBI1000VXB-170EA-50 (V.. =
1700 V, I.. = 1000 A) of Fuji Electric as an example, the rela-
tionship between Eycakor and the snubber resistance I3 under
the rated condition of the IGBT module can be calculated by
(14). Then, Eyeaxorr (Rs) is normalized with the turn-off loss
of hard switching Ey .o (Rs = 00), and the result is shown
in Fig. 9. It can be seen that the larger the R, the closer the
Ecakoft 18 10 Enardoft -

Generally, the resistance value of the RCD snubber has mainly
two restrictions. The first limits the discharge current peak of
the snubber capacitor, and the second ensures that the energy
of the snubber capacitor can be completely released during the
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IGBT (Cs is the snubber capacitance, I, is the load current, ¢ 7 is the fall time
of I, and V. is the dc-bus voltage.)

minimum conduction time. Mohan et al. [16] have derived the
resistance range, as shown in (15). The turn-off loss of the
IGBT works on a weak absorption trajectory, which will affect
the smoothing ability of the TTAC. In order to maximize the
smoothing ability of the TTAC, the resistance in the TTAC can
take the largest value in (15) according to Fig. 9

Vdc to
R,
021, =" "

n(min)

2.3C,

5)

B. Effect of Capacitance Value on Turn-off Loss

The snubber resistance value determines the maximum turn-
off loss of the IGBT with the TTAC according to Section IV-A.
The snubber capacitor value determines the minimum turn-off
loss of the IGBT. The TTAC dynamic adjusts of the turn-off
loss of an IGBT in this range. So the reduced turn-off loss of a
snubber capacitor is very important to estimate the adjustment
ability of the TTAC. The relationship between capacitance value
and turn-off loss in the ideal case is deduced, as shown in Fig. 10
[19], [20].

In practice, however, the reduction turn-off loss by a snubber
capacitor is also affected by other factors, the reduction turn off
is much less than it is shown in Fig. 10. During the turn-off of
the IGBT, S is kept closing. Since di/dt on the capacitor branch
is very large, parasitic inductance cannot be ignored, the equiv-
alent circuit is shown in Fig. 11(a). The induced voltage caused
by the parasitic inductance will affect the turn-off loss. In addi-
tion, if IGBT is parallel to the capacitor between the collector
and emitter, the IGBT trailing current will be changed. Con-
sidering the influence of parasitic inductance and tail current,
the waveforms of voltage and current during the IGBT turn-off
are shown in Fig. 11(b). The phenomenon of tail current is ex-
plained in [21] and [22], and the turn-off loss of the IGBT with
a snubber capacitor is affected by this phenomenon. Petterteig
et al. [23] tested the turn-off loss of the IGBT with different
parallel capacitors, as shown in Fig. 12. The straight dashed line
in Fig. 12 is the loss of the snubber capacitor.

In Fig. 12, the capacitance value and turn-off loss are in accor-
dance with an exponential distribution. The larger the snubber
capacitor, the lower the turn-off loss. However, the capacitor
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energy will be consumed in the snubber resistor. With the ca-
pacitance value increasing, higher energy is absorbed by the
capacitor, and the capacitance value needs to consider the limits
of cooling the resistor. The resistor is better mounted on a sepa-
rate heat sink in order not to affect the temperature of the IGBT.
So the selection of the snubber capacitance value needs to have a
tradeoff between the snubber circuit loss and smoothing ability
of the TTAC.

The turn-off loss of the IGBT with a snubber capacitor
that makes the IGBT works on a strong absorption trajectory,
Esirongofr» can be written as follows:

Estrongoff - kEhardoff (k < 1) . (16)

k is the coefficient that how much the turn-off loss can be
reduced by a snubber capacitor, i.e., the snubber capacitor actu-
ally reduced the amount of the turn-off loss. Since the reduction
turn-off loss by a snubber capacitor is serious affected by many
factors, and these factors are all determined by the practical
application so that k£ should not be obtained by the theoretical
calculation as shown in Fig. 9 but by calculating the ratio of
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Vee/lce $

Veesat

Fig. 13. IGBT turn-off waveform with the parasitic parameter.

Estrongoﬁ t0 Eyeakoft - Estrongoff and Eycakoft €an be obtained
by measuring the turn-off waveform of voltage and current with
and without the snubber capacitor. k is mainly used to estimate
the smoothing ability of the TTAC without the need for extraor-
dinarily precise so that k£ can be conveniently obtained by actual
measurements.

C. Relationship Between Tqelay and Turn-off Loss

Considering the effect of a snubber capacitor on turn-off loss,
the turn-off waveform of the IGBT with the TTAC is shown
in Fig. 13. The turn-off loss after adjustment of the IGBT
Eadjust (tdelay ) is composed of the turn-off 10ss Eycakoft (fdelay )
in the ¢y — t; stage, in which the IGBT works on a weak ab-
sorption trajectory, and the turn-off 10ss F;,ongorr inthe t; — 2o
stage, in which the IGBT works on a strong absorption trajec-
tory. Such as the analysis of Section IV-A, if the snubber resistor
is large enough, ¢, will shunt slightly to the RC branch so that
ice and vee Wwill have a little change as shown in the Fig. 13,
there is a little change in E,ongoir as well. Therefore, the in-
fluence of tgclay ON Egirongorr 18 ignored in order to simplify
the calculation. From (12) and (16), the relationship between
tdelay and Eyqjust (tdelay ) can be calculated as follows. The re-
lationship between ?4c1ay and turn-off loss can be used for the
decision-making algorithm of the TTAC control

V;lc-[o

2
Eadjust (tdclay) == Ewcak (tdclay) + Estrongoﬁ' - < 2 tdclay
ur

2V,
3t2, R,

tielay) + kEhardoﬁ (tdela‘y < tur, k< 1).
(17)

V. SMOOTHING ABILITY ESTIMATION METHOD OF THE TTAC

The smoothing ability of the TTAC means the maximum
proportion of the load fluctuation accounts for the rated load
and that the internal loss of the IGBT can be kept stable by the
TTAC. In this section, the estimation method for the smoothing
ability of the TTAC is deduced. This method enables estimating
the smoothing ability of the TTAC under different operating
conditions by the IGBT datasheet.
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TABLE I
PARAMETERS OF 1.2-MW WIND CONVERSION SYSTEM

Parameters Value
Rated power (MW) 1.2
DC bus (V) 1100
Grid voltage (V) 690
Rated frequency of grid side converter (Hz) 50
Switching frequency (kHz) 5
Modulation SPWM

First, the switching energy 10ss Ehardon (Ve tce, Tj, fs),
Ehardoft (Vie, tee, Tj, fs), in which the IGBT works on hard
switching, and the conduction energy 10ss Ecoy (Vac, ice, I} ) are
estimated by the datasheet of the IGBT. Second, the average
power loss Fiardon (V;lcv Tees Tja fs)a PBiardorr (Vdc; lees Tj 3 fs ),
and Peoy (Vae, tce, T;) of the IGBT in a fundamental cycle is
estimated according to the energy loss and the modulation of
the converter. At last, the smoothing ability of the TTAC can be
estimated by the average power loss with strong and weak ab-
sorption trajectories. Taking the IGBT module usedina 1.2-MW
direct-drive wind power converter as an example, the converter
parameters are shown in Table I. The selected IGBT module
is 2MBI1000VXB-170EA-50 (Vi. = 1700V, I.. = 1000 A)
manufactured by Fuji Electric.

The %ce—Vcesat curve and the switching loss curve in the
datasheet can be fitted by a polynomial, and the fitting results
are shown in Fig. 14. The relationship between i.. and Vcegat
can be written as follows:

(18)

Ucesat = Rceice + che(%

Here, Ree = AUcesat/Aice is the on resistance, and veeq 1S
Veesat When ige = 0.

We assume that .., V..o, and junction temperature 7 satisfy
a linear relationship. According to the i, — Vcesat curves of 25
and 150 °C which are given by the datasheet, the relationship
among R.., Veeo, and T} can be acquired by the interpolation
method

Veeo(150 <) — Veeo(2s <)

(19)
Rce 50°C) — Rce 5°C
Reo (1) = =2t C (T = 25) 4 Reeias -0

100

(20)

The re]aﬁOHShip among V:lc; ice and Ehardony Ehardoﬁ can
be written as follows:

Ehardon(‘/:lm ice) = (pl*ize + p2*ice + pS)Vdc/‘/ch 21
Ehardofr (Vdm ice) = (p4*ize + pS*i(:e + p6)vzlc/‘/ch- (22)

Here, p1—pg are the fitting coefficients, and V. is the dc-bus
voltage in Fig. 14 (b).

We assume that the switching loss and 7j also satisfy a linear
relationship. According to the switching loss curves of 25 and
150 °C, the relationship between Eiardoft; Ehardon» and T can
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Fig. 14.  Result of data fitting. (a) Output characteristic. (b) Switching losses

(the dc-bus voltage V. is 600 V).

also be acquired by the interpolation method

Ehardoff(ls()c) - Ehardoﬂ"(lQS")

Enardoft (Vdm lce, Tj) -

25
(Tl - 125) + Ehardoff(125°) = (:ul*ige + :u2*ice + //43)Vdc/‘/;l(:N
(23)
By, 500) — Ens 5o
Ehardon (Ve ices Tj) _ hardon(150°) hardon(125°)
: 25
(Tl - 125) + Ehardon(125°) = (/‘4*2.39 + N5*ice + MG)Vdc/Vch~
(24)

Here, 11— are the simplified coefficients.

Phiardon, Phardosf, and P.,, of IGBT when the converter
works on SPWM modulation are deduced [24]. From (19), (20),
the relationship among f14a4, T}, and Py, can be written as fol-
lows:

1 I max ‘[2111 X
PCOH(IIO?LCUCZ}) = 5 <‘/cc() lﬂ_ + Rcc l4a >

2
Ilmax Ilmax)

+ Ree

(25)
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Fig. 15.  Smoothing ability of the TTAC.

Here, I}, = \/ﬁlload is the peak value of the load current,
and ¢ is the power factor.

According to the result from (23), (24), Phardon (Vic,
tee, T, fs)s Prardot (Vic, ce, T, fs) can be written as follows:

Phardon (Vdcy Iload7 T‘ja fs)

4 T 2
]Dhardoﬁ' (V:ica Iload7 T] ) fs)

12 Imx :
_ <M1 x| F2limx “3) Vae/Vaen (26

I? T
_ fs </1‘44[mx + /j‘57:. + M26> ‘/;1(:/‘/;10]\;, (27)

As shown by the blue line in Fig. 15, the relationship between
I1vaq and the power loss of hard switching F,,.q is acquired by
substituting (25)—(27) into (1). The green line in Fig. 15 gives the
simulation results from Fuji Electronic loss simulation software
[17]. It can be seen that the calculation results by (1) are in good
agreement with the simulation results, i.e., the result of (1) is
trustworthy. The resistor of the TTAC is set to 75 €2, and the
turn-off power loss of the weak absorption trajectory Pyeakoft 18
95.8% of P ardox from (14). The total power loss of the weak
absorption trajectory Pye,x can be written as (28). The total
power loss of the strong absorption trajectory Fiiyong can be
written as (29) from (16)

P\vcak(vdca Iload7 T'J ) f?) - Pcon (Ilnad7 T']) + }Dhardon

X (Vdm Iloadv T‘j7 fs) + 0~958Phard0ff (V:ica Iload» T] ) fs)
(28)

Pstrong (V:lc» Iloada Tia fa) = Pcon (Iloada T]) + })hardon
X (Vdm Iloach TJ ) fs) + kphardoff (Vdm [load7 Tja fs) (29)

According to (28), (29), the relationship between the power
losses (Pyeak, Pastrong) and Iioaq are shown by the red line and
black line in Fig. 15 (assuming k& = 0.5), i.e., the power loss of
the IGBT can be adjusted between the red line and the black
line under the same load current by the TTAC. It can be seen
that the power loss is 900 W when the IGBT works on a strong
absorption trajectory with a 500-A load current. Moreover, the
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TABLE II
ADJUSTMENT ABILITY OF DIFFERENT k

Parameters Value
k 0.5 04 0.3 0.2 0.1
Adjustment ability  19%  25.6% 30.4% 354% 40.2%

power loss can be maintained at 900 W by the TTAC when
the load current fluctuates between 396 and 500 A. This means
that the internal loss of the IGBT can be kept constant, and
the junction temperature can be smoothed by the TTAC when
the fluctuation of the load is within 20.8% of the rated power
(396-500 A).

If the TTAC can be fitted with a larger snubber capacitor, the
adjustment ability of the TTAC will be extended. The adjustment
ability of TTAC with different & (in (16)) is given by Table II. The
TTAC can smooth the junction temperature fluctuation caused
by a 40.2% rated load fluctuation when £ is 0.1.

VI. EXPERIMENTAL VERIFICATION

At present, online junction temperature measurement is still
a difficult problem, so the existing active junction temperature
control has widely used the look-up table according to the load
current, and to verify the effectiveness of active junction tem-
perature control, the junction temperature usually be measured
using an infrared radiation camera (IR) on the open IGBT mod-
ule. This paper adopts the same method to the experimental
verification.

A high-power IGBT that requires more active junction
temperature control is typically used in bridge topologies. The
experimental validation is done on a single-phase two-level
inverter in H-bridge topology with a TTAC, as shown in
Fig. 16(a) (the shadow box represents the other TTACs). The
components model in Fig. 16(a) is shown in Table III. To
enable direct temperature measurement by IR, an opened IGBT
module is used without filling gel. This module is provided by
the manufacturer Fuji Electric. The insulation voltage of the
opened IGBT module is significantly reduced because no gel
is filled, so the experimental bus voltage is set to 200 V. The
major parameters of the inverter are shown in Table IV. The
control of the inverter and the TTAC is implemented on a DSP
development board. The setup of the experiment platform and
the TTAC is shown in Fig. 16(b) and (c).

A. Validation of Switch Trajectory

In Fig. 16(a), the turn-on signal of the auxiliary switch S de-
lays the turn-off signal of the main switch 7 for 397 ns (i.e.,
tdealy = 397 ns). The T experimental waveforms of voltage
and current measured by a differential voltage probe and Ro-
gowski coil are shown in Fig. 17(a). At {, moment, S is kept
opening, and 77 works on a weak absorption trajectory. At t;
moment, S is closed, v.. suddenly drops to the capacitor voltage,
and ., begins to rapidly decline. 77 works on a weak absorp-
tion trajectory. In the ¢, — ¢, stage, i.. has fallen 4.4 A from
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Fig. 16.  Experiment platform for thermal management. (a) Principle diagram
of the experiment system. (b) Experiment platform. (c) TTAC.

I,,. According to (3), the change of v, should be 165 V, which
conforms to the experimental measurements.

The T experimental waveforms of voltage and current with
different £c1y are shown in Fig. 17(b) and (c). It can be seen
that 7} starts to work on a weak absorption trajectory. After S is
closed, v., suddenly drops to the capacitor voltage, i.. begins to
rapidly decline, and 7} works on a weak absorption trajectory.
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TABLE III
COMPONENTS MODEL

Components Manufacturer Model
IGBT module FUJI ELECTRIC 2MBI75VA120 (1200 V/75 A)
Dgy Infineon IDH10G120C5 (1200 V/10 A)
Rs1 Ohmite AP101 75R (75 ©2/100 W)
Cs1 EACO STC-1200-0.1 (0.1 F/1200 V)
S (MOSFET) Infineon IPW65R310CFD (700 V/11.4 A)
C (filter capacitor) EACO SHA-700-35 (35 nF/700 V)
L (filter inductor) Customize 2 mH

TABLE IV

MAIN CIRCUIT PARAMETERS OF INVERTER

Parameters Value
Input voltage 200 V
Output voltage 110V
Rated current 33A

Output line frequency 50 Hz
Switching frequency 20 kHz

The principle analysis of the TTAC in Section III is verified by
the experimental results.

The principle of the TTAC shows that the auxiliary switch
only works for charging the snubber capacitor, and it is opened
after the charging accomplished, so it turns off at zero cur-
rent switching. As a result, the auxiliary switch produces loss
only during the process of capacitor charging and no the turn-off
losses. Due to the snubber capacitor is very small, the auxiliary
switch only needs to conduct very short time, so the auxiliary
switch can be determined by the repetitive pulse current of a
power switch. Taking Semikron’s IGBT4 as an example, the
repetitive pulse current oy of an IGBT4 can be set to three
times of rated current Igyom, i.€., Iocrm = 3 Icnom [23]. So
that as the setup of Table I, the current rating of the auxiliary
switch will be set to 1000/3 = 400 A, e.g., the IGBT module
SKM400GB17E4 (V.. = 1700 V, 1., = 400 A) manufactured
by Semikron. Its repetitive pulse current is 1200 A and can sus-
tain 10 ps according to the datasheet. As the experiment setup,
the MOSFET IPX65R310CFD (V. =650V, I.. = 11.4 A)
manufactured by Infineon has been selected. Its repetitive pulse
current is 34 A and can sustain for 1 ms according to its
datasheet.

The experimental waveforms with the auxiliary switch for
two switching cycles (switching frequency is 20 k) are shown
in Fig. 18, the t4caly is also set to 397 ns. It can be seen that the
auxiliary switch produces once loss in each switch cycle and the
duration is very short. The enlarged waveforms of the dashed
box show the loss of the auxiliary switch only includes turn-on
loss and conduction loss. Compared with the main switch, the
conduction loss of the auxiliary switch can be ignored, the turn-
onlossis less due to the auxiliary switch will be closed before v,
arrives at V. and there is no turn-off loss in the auxiliary switch
so that the loss of the auxiliary switch is much less than the
loss of the main switch. In addition, the life consumption of the
junction temperature fluctuations at the switching frequency for
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a semiconductor can be ignored [7], and the average loss power
of the auxiliary switch is much lower than the main switch. So
that the thermal stress of the auxiliary switch is much lower than
the main switch, and the life expectancy of the auxiliary switch is
much higher than the main switch. What’s more, if the auxiliary
switch is short, then the TTAC is a RCD snubber; if the auxiliary
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switch is broken, then the TTAC is a RC snubber, as shown in
Fig. 18, neither of them will affect the normal operation of the
main circuit. So it does not introduce a new security risk.

B. Smoothing Ability of the TTAC

The snubber capacitor is set to 100 nF in this experiment, and
it can reduce 46% the turn-off loss of hard switching, i.e., k is
0.54 in (29). According to the estimation method in Section V,
the smoothing ability of the TTAC is shown in Fig. 19. The
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Fig. 20.  Junction temperature profile with and without the TTAC: (a) Without
the TTAC. (b) With the TTAC.

power loss can be maintained at 25.5 W by the TTAC when
the load current fluctuates between 30.3 and 33 A. This means
that the junction temperature can be smoothed by the TTAC
when the load fluctuation is within 8.2% of the rated power
(30.3-33 A).

In the junction temperature smoothing experiment, the load
current is set to a square wave to represent random fluctuation,
as shown in Fig. 20(a). The load current fluctuates in the form
of 33-30-33-32-33-29-33-27 A, with a 20-s interval, and the
junction temperature will follow the load fluctuation without
the active junction temperature control.

The 241,y s are calculated by (17) according to the load cur-
rent, which are placed in a look-up table for the TTAC control.
The profile of the junction temperature with the TTAC is shown
in Fig. 20(b). The TTAC can completely smooth the tempera-
ture fluctuations when the load fluctuations are 12% (29 A) or
less of the rated load (33 A); and the TTAC can reduce the tem-
perature fluctuations when the load fluctuations are more than
12% (27 A). AT} is decreased from 4 to 2 °C. The experimental
smoothing ability of the TTAC (12%) is larger than the theo-
retical value (8.2%) in Fig. 19. This is because the theoretical
value does not consider the impact of parasitic inductance on
the turn-on loss. The experimental turn-on loss is smaller than
the theoretical value, and, in fact, the turn-off loss accounts for
a larger proportion of the total loss.
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VII. CONCLUSION

In this paper, an active junction temperature control method
is proposed by adjusting the turn-off loss. The turn-off loss
is adjusted by the IGBT turn-off trajectory that is shifted by
the TTAC. The effects of the snubber resistor and the snubber
capacitor on the turn-off loss were investigated. The method of
estimating the TTAC smoothing ability under different operating
conditions was deduced. Using an IGBT applied in a 1.2-MW
wind power converter as an example, the junction temperature
fluctuation caused by 40% of the rated load fluctuation can be
smoothed by the TTAC, as shown by the estimation result.

A low-power experiment was implemented. The experimental
results showed that the turn-off trajectory of the IGBT with the
TTAC was consistent with the principle analysis in Section III,
and the turn-off trajectory can be shifted from weak absorption
to strong absorption by controlling the auxiliary switch. Exper-
imental comparisons of temperature profiles with and without
the TTAC showed that the junction temperature fluctuation can
be smoothed or reduced by the TTAC. The method of estimating
the smoothing ability in Section V was also validated. The ac-
tual smoothing ability of the TTAC conformed to the theoretical
value, and the actual smoothing ability may be greater than the
theoretical value due to the parasitic inductance reducing the
turn-on loss.

Compared to existing active junction temperature control
methods, such as switching frequency and gate control, the
TTAC can individually adjust the loss of each IGBT in the
bridge topology and does not introduce a new security risk.
The costs of this method are to increase the volume and ex-
pense, and the adjustment range is limited by the dc-bus voltage
due to the turn-off loss is affected by the dc-bus voltage, but
these costs are relatively low according to the previous analysis.
The method will significantly improve the junction temperature
stabilization of an IGBT, if those costs can be accepted.
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