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ABSTRACT Load changes of electrical machines driven by inverters cause temperature swings of the
semiconductor devices in IGBT modules of the inverters. These temperature swings lead to mechanical
strain in the different material layers of the IGBT-power-modules and limit the numbers of cycles to
failure and therefore reduce the lifetime of the IGBTs. This paper presents a temperature control system
which is paralleled to the standard torque control system. It aims to reduce the magnitude of temperature
swings of the semiconductor devices of IGBT modules caused by load changes of an interior permanent
magnet synchronous machine. The principle method is, to increase the temperature of the semiconductor
devices of the IGBT-modules by creating higher power losses during low load conditions of the machine
without affecting torque and speed. This reduces the magnitude of the load induced temperature swings
of the semiconductor devices of IGBT-modules and increases its lifetime at the cost of increased power
losses. Three variables have been identified that influence the power losses in inverter modules without
necessarily affecting the output power of the permanent synchronous machine. These variables are switching
frequency of the inverter, length of the clamping area when a discontinuous modulation is applied and the
reactive component of the inverter current. The influence of each variable which regards to the losses in the
IGBT-power-modules is explained and the related control methodology is described. The analytic results are
verified by experimental results obtained from a test set up.

INDEX TERMS Artificially increased losses, discontinuous modulation, extra loss creation, IGBT lifetime,
junction temperature control, paralleled temperature control system, reactive current, reduction of tempera-
ture swing, variable switching frequency.

I. INTRODUCTION

The main requirements for power electronic devices and sys-
tems are functionality, efficiency and lifetime. This paper fo-
cuses on the increase of the lifetime of the semiconductor
devices in IGBT-power-modules. Environmental impact fac-
tors affecting lifetime are cosmic radiation, humidity, me-
chanical vibration, and temperature. For these impact factors
accelerated lifetime tests are well established [1]. In many
applications the important impact factor on lifetime of IGBT-
power-modules is the operating junction temperature of the

semiconductor devices. The temperature swing A; itself, as
well as the mean value ¥ 1, of the semiconductor’s junction
temperature have an influence on the number of cycles to
failure Nt and therefore on the lifetime of the semiconductor
device. This is well established and documented in the LESIT
study [2], see Fig. 1.

The reasons for this are the various layers of materials in the
IGBT-module with different coefficients of thermal expansion
(CTE) which leads to mechanical strains. This leads to mate-
rial fatigue [3] and a decay in the lifetime of the device.
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FIGURE 1. Cycles to failure N; of IGBT-power-modules as a function of Av;
and 9, provided by LESIT study [2].

The LESIT lifetime model [2] considers the temperature
swing A and the mean junction temperature %, of the
device under test as major parameters. Experimental results of
LESIT are approximated by Eqn. 1, where Ny is the number of
switching cycles until failure, which is more or less equivalent
to life expectancy.

(o)
Ny =A- A} - e B0m (1

The parameters of the activation energy E,, A and «
are defined in [1] for the LESIT lifetime model, kg is the
“Boltzmann”-constant. Fig. 1 illustrates that a reduced tem-
perature swing leads to higher lifetime expectancy of the
IGBT-power-modules.

A common approach is to increase lifetime by reducing
temperatures by minimizing losses and optimizing heat dis-
sipation [4]—[8]. In many applications this can’t be achieved.
Other approaches however, do not reduce the junction temper-
ature swings Av; by reducing the power losses during high
load conditions but by increasing the power losses [9], [10]
during low load conditions.

In this paper a temperature control system is described
which decreases the temperature swings of the semiconductor
devices in IGBT-power-modules by increasing power dissipa-
tion during low load conditions in a three-phase inverter with-
out materially affecting the mechanical output parameters of
the interior permanent magnet synchronous machine supplied
by the three-phase inverter. This is achieved by paralleling this
temperature control system to the torque control system.

The solid lines in Fig. 1 show the number of thermal cycles
to failure at a constant mean temperature. The dashed line
shows the number of cycles for a constant maximum temper-
ature within the cycles. With the proposed control strategy,
the operation points are shifted along this dashed line towards
higher numbers of cycles to failure as the following example
explains.

While additional power dissipation during low load condi-
tions inevitably increases the mean temperature 1%, which
decreases the number of cycles to failure Ny. But the impact
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of the reduction in temperature swing A; is predominant and
leads to an overall increased number of cycles to failure Ng
and therefore the expected lifetime is increased in accordance
to the LESIT study findings. This is illustrated in Fig. 1 with
the two operation points OP1 and OP2. The operation point
OPI represents an example for an IGBT-power-module in a
specific application with a maximum junction temperature of
60 °C at maximum load and a minimum junction temperature
of 20 °C at minimum load, leading to a junction temperature
swing At of 40 K and an average junction temperature i m
of 40 °C. If the minimum junction temperature in this example
is increased by additional power dissipation within the power
module during minimum load condition, the minimum junc-
tion temperature could be lifted from 20 °C to 50 °C and hence
the temperature swing would decrease from 30 K to 10 K
while the average junction temperature ¥, would increase
from 40 °C to 55 °C. This operation point is shown as OP 2 in
Fig. 1. In both cases the maximum temperature is still 60 °C
if the thermal time constants of the semiconductor devices
setup in the IGBT-module are considerable smaller than the
time duration of the load changes. At operation point OP2 the
expected number of cycles to failure Ny is about 200 times
bigger than in operation point OP1. As a result, the expected
life time is considerably increased.

The analysis of this example shows in principle, that it is
possible, to increase the lifetime and therefore the reliability
of the IGBT-module by increasing the power losses during
low load conditions in order to reduce the junction tempera-
ture swing [11]-[14].

Besides the control strategy, it is important to find a suitable
control variable to influence the junction temperature over a
wide range. For this, a variable cooling system is used in [15].
The disadvantage is, that special power modules are required
and the hardware effort is large. In other works, gate drivers
are presented and investigated, which are able to affect switch-
ing and conduction losses to influence the junction temper-
ature [16]-[21]. These approaches are flexible because each
power semiconductor devices’ junction temperature can be
influenced independently. However, it is difficult to implement
because special gate drivers are required.

In some applications it is possible to apply a reactive cur-
rent, which affects the losses and hence the junction temper-
ature in converters [13], [22]. Special modulation techniques
are also an option to vary power losses [21], [23]-[26]. These
methods are especially suitable for specific applications (e.g.,
wind energy) or converters.

This paper presents analysis, evaluation and experimental
verification of three different control variables and finally a
combination of them for increasing the junction temperature
of the semiconductor devices within the IGBT-power-modules
during low load conditions with the aim of reducing the
temperature swings and consequently increasing the lifetime
expectancy of the IGBT-power-modules. The three control
variables are (a): Increase in the switching frequency fpwm,
(b): Discontinuous modulation technique which enables the
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possibility to reduce the length of the clamping areas g and
(c): Increase the reactive component of the motor current iyec.

The main advantage of the proposed control system for
junction temperature control is, that all three methods, when
properly applied, do not affect the mechanical output power of
the interior permanent synchronous machine. In addition, they
are easy to implement and do not require additional hardware
compared to many approaches mentioned before.

In order to influence and control the junction temperature
of a semiconductor device in an IGBT-power-module, this
temperature must be established first. This can be done by
direct measurement (interference with the semiconductor de-
vice), by indirect measurement (monitor temperature sensi-
ble parameters of the semiconductor device), by reading an
approximate temperature from an integrated sensor, or the
semiconductor temperature can be calculated with device pa-
rameters and the operational values of current and voltage.
For ease of implementation and avoiding interference with
the IGBT-power-module and its required high voltage insula-
tion, the junction temperatures of the semiconductor devices
(IGBTs and diodes) of the IGBT-power-modules are instantly
calculated within the control system instead. The advantage
is the simple implementation with a microprocessor without
any other additional hardware. Therefore, it is suitable for
implementation in standard applications. The details of the
calculations and the thermal models used are explained in
detail in [12]-[14], [23].

Il. CONTROL VARIABLES

The switching frequency of IGBT-power-modules in an in-
verter is set as high as possible for reasons of low ripple in
the three-phase output current, but also set as low as pos-
sible on the other side for low switching power losses on
the semiconductor devices. In fact, the switching losses can
be manipulated by changing the switching frequency fpwwm,
leading to more or less switching actions within a fundamental
period of the output phase current [11], [12].

A second possibility to influence the number of switching
actions can also be achieved by changing to different modula-
tion strategies [9] or using a hybrid discontinuous modulation
strategy [23]. The hybrid discontinuous modulation strategy
was used in this paper and the basic principles will be ex-
plained in the following. The space vector pulse width modu-
lation strategy (SVPWM) is a modulation technique where the
semiconductor devices switch during the entire fundamental
period of the output current. The maximum modulation range

ism= % Discontinuous pulse width modulation strategies
[27] (DPWM max, min, 0, 1, 2 or 3) on the other hand en-
able the possibility to reduce the number of switching actions
within a period by clamping the voltage by the semiconductor
devices to the positive or negative DC-link leading to full
conduction. Depending on the DPWM strategy the length of
the clamping area is fixed for values of %, 5 or 2? within a
half of a period. Therefore, there is a reductlon of the number
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FIGURE 3. Switching losses of SVPWM and DPWM at i = 25A and at

m= ﬁ

of switching actions by a fixed number. The DPWM strategy
which sets a clamping length of % also enables the possibility
to shift the position of the clamping area between —% and
% [28].

This property can be used to minimize the switching losses,
if possible, by shifting the clamping area ¢ in dependence
of the phase shift ¢ between the fundamentals of the output
currents and voltages. The maximal modulation range is the
same as by the SVPWM strategy (m = %). The reference
voltages vy € (u, v, w) of both modulation techniques at max-
imal modulation range are depicted in Fig. 2.

The mean switching losses ps and conduction losses p. as
a function of the phase shift ¢ of both modulation strategies
for a fixed current amplitude of 7 = 25 A, a DC-link voltage of
Vpc = 400V and at a switching frequency of fpwm = 25 kHz
are shown in Figs. 3 and 4.

It is visible that there is very little difference in conduction
losses p., however the switching losses ps do show a sig-
nificant difference. It is worth mentioning that the difference
depends on the actual current amplitude i. A combination of
these modulation strategies leads to a hybrid discontinuous
pulse width modulation strategy (HDPWM). Due to the com-
bination it is possible to choose a variable length of the clamp-
ing area ga between 0 and %. If a clamping length smaller
than % is chosen then the remaining areas left and right of
the length of the clamping area ¢4 must be replaced by the
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TABLE 1. Parameters IPMSM

Symbol Quantity Value
Ry stator resistance 9.3mQ
L, direct inductance 80pH

L, quadrature inductance 410puH
Woss flux linkage 58.1mVs
z, pole pairs 4

b rated torque 134 Nm
P rated power 70kW

n rated speed 5500rpm

rated

SVPWM strategy. With this modulation strategy a second
control variable exists to influence the switching losses ps.

The drawback of using the two previous mentioned control
variables (fpwmMm, ¢a) for control is, that an output current
amplitude 7 is required in order to produce any power losses
at all. The conduction losses p. can only be influenced by
pre-setting an additional current through the semiconductor
devices. This current has to be a reactive current iy, if the
temperature control system is not to have an influence on
the demanded output power of the machine supplied. In this
work an interior permanent synchronous machine IPMSM) is
used, see Table I. The current controllers operate the IPMSM
in field orientated coordinates and Fig. 5 depicts exemplary
torque hyperbolics, the current amplitude limitation circle,
and the maximum torque per current trajectory (MTPA) in
field orientated coordinates.

It is evident that the same torque can be achieved with dif-
ferent current amplitudes 7. This can be used to have a current
through the power modules even at zero torque conditions.
The junction temperature control system is active only, when
the IPMSM is at speed and therefore a three-phase alternating
current system exists. The variables to be influenced by the
controller have an unwanted influence on the power losses in
the IPMSM.
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FIGURE 6. Overview of the combined total control system.

1ll. TEMPERATURE CONTROL SYSTEM

The temperature control system aims to reduce the swing of
the junction temperatures of the semiconductor devices within
the IGBT-power-modules by reducing the temperature swing
during low load conditions by artificially increasing the losses
of the semiconductor devices, while a torque control system
maintains the set torque #s. Both control systems work in
parallel as shown in Fig. 6.

The torque control system requires the electrical orienta-
tion angle ¢, of the IPMSM and the phase currents i, v,y of
the three-phase inverter. The actual speed is calculated by an
observer fed by the actual electrical orientation angle ¢.j. The
current set value calculation requires the desired torque g
and the actual speed n. The torque control system operates
in field orientated coordinates. It contains two current con-
trollers (d and q) shown in Fig. 7. The phase currents i, v, v are
transformed into the field orientated current values iq and ig.
Using a modified look-up table (New LUT) the set values
for the current controllers are calculated. In contrast to the
common MTPA/MTPV strategy the set values are not only
dependent on the desired torque £ and the actual speed n but
also on a set value of the current amplitude iset calculated by
the temperature control system. The derivation of its calcula-
tion will be explained in the following sections. Additionally,

VOLUME 1, 2020



IEEE Open Journal of

4x Power Electronics

» - L
iom [0y
»| calc m__,
7 1
uvw iq
o dq q » control Y =
> ¥,
et Id set dq %
- > uvw| 3
Iset New . > iq- Vq A A
> Iq,set
LUT > »| control
Pel n
» observer >
FIGURE 7. Torque control system.
et iy [ PMSM
> > equations
n LUT |; . g
4 | in steady-
MTPA/ state
MTPV i e
Yyvy
- ' 9 S
conduction | Pe thermal | #"ef| set |7dset
> —
loss cale | + model calc
+
switching P's
_fm» loss calc

FIGURE 8. Set value calculation of the junction temperature ¥; ;.

the actual values of the current amplitude 7, the amplitude of
the modulation range 71 and the phase shift ¢ between the
fundamentals of the output phase currents and voltages are
necessary to estimate the actual power losses p and as a result
the junction temperature ;.

The set value of the junction temperature tjse¢ is deter-
mined by calculating a reference junction temperature 9 e
under the assumption of reference operation conditions. These
reference conditions relate to either the MTPA or the MTPV
strategy, the modulation strategy DPWM and a fixed switch-
ing frequency fpwm,fix of 15 kHz. The switching and conduc-
tion power losses p, and p. under these reference operation
conditions are calculated. They are the input variables for
the thermal model [29] which estimates the junction tempera-
ture resulting in the reference junction temperature ; ref, see
Fig. 8. The value of the current amplitude 7/, the amplitude
of the modulation range ”'and the phase shift ¢’ are derived
with the help of the equations of the IPMSM in steady state.
If the reference temperature ;. course and the set value
temperature ;¢ course have previously been rising then
the new set value of the junction temperature ;e is to be
equal with the actual reference temperature ¥ e value. If the
reference temperature ¥ e course starts to fall then the set
value ¥ st is defined to fall with a predefined slope until it
matches the reference temperature ¥; rof again, see Fig. 9. The

VOLUME 1, 2020

>
>

time (s)
FIGURE 9. Principle of the set value calculation.
el e
- U Iset
correcting [ > — >
state Pset . DA .. DA set
& set—> »| variable = decision ————»
’ controller f PWM set
* calc PWMy, [TV set o
M= conduction | Pe
g + 8
loss calc
. E: thermal
1
Y model
switching [Ps T4
JpwM—s| loss calc

FIGURE 10. Junction temperature controller.

gradient’s value affects how much the temperature control
system influences the increase of the expected lifetime. A
flatter slope leads to a bigger increase of the lifetime, but also
to less efficiency because more additional losses are generated
during low load conditions. The value of the gradient must
not be zero. Otherwise the set value would never decrease,
which leads to a very high set value after some time. This is
not suitable for lifetime extension and it is very inefficient.

The main component of the temperature control system is
a second order state controller. The junction temperature ¥;
is calculated on the basis of the actual switching frequency
fpww, the phase shift ¢, the amplitude of the current ; and the
modulation range /1. The power losses ps and p. are fed to a
second thermal model in order to estimate the actual junction
temperature ¥; [29]. The temperature controller calculates
the control variable first in the form of power losses pget,
see Fig. 10. The power losses pge are then converted to the
related control variables 7*, @x and fiy\- This is achieved by
rearranging the power loss equations to these variables. The
equations further require the actual values of fpwm, @, i and
1, but for simplicity they are not shown in the block diagram.
Finally, in order to select the actuating variables, it has to be
decided which control variable is active to be changed by the
temperature controller. The decision procedure is depicted in
Fig. 11.

If the clamping area ¢4 is the active control variable, the
switching frequency fpwwm is set to 15 kHz and the current
amplitude i is set according to the MMPA/MTPV strategy.
The estimated length of the clamping area ¢ is used.

If the clamping area ¢4 is suggested to be smaller than zero,
which is not possible, then the current amplitude  as actuating
variable takes over. In this case the switching frequency fpwm
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is again set to 15 kHz and the length of the clamping area ¢4 is
set to zero. The estimated current amplitude 7* is used. If the
estimated current amplitude 7* is smaller than the amplitude
calculated with the MTPA/MTPYV strategy then the clamping
area @4 takes over as the control variable again.

If the estimated clamping area ¢} is larger than %, the
switching frequency fpww is the new control variable. In this
case the current amplitude 7 is set again to the MTPA/MTPV
strategy and the length of the clamping area g, is set fixed to
%. The estimated switching frequency fgy is used. If it is
larger than 15 kHz then the length of the clamping area @a
takes over again. In short, the clamping area g and the cur-
rent amplitude are used as control variables to reduce the tem-
perature swings by increasing the power losses. The switching
frequency fpwwm is only used to prohibit an overshoot in the
junction temperature ¥ during the transitions between low
and high load conditions.

In order to achieve a control system which guarantees max-
imum efficiency of the whole drive system the selection of
the default control set values is of utmost importance. This
predefinition relies on consideration of all loss effects — in-
cluding losses of the motor drive and the power electronic
system. Side effects such as e.g., EMI must not be neglected.

The control behaviour siginificantly relies on the precision
of the model parameters. For being able to compensate control
deviation the control systems include integral parts. However,
also some share of negative control reserve is necesarry to
compensate for such deviation. Therefore, at least one of the
afore introduced actuating variables needs to include negative
control reserve. Within this work the switching frequency
fpwmM is chosen. The default value of 15 kHz is configured
in accordance with EMI, loss, and current ripple considera-
tions. It is not the lowest possible configuration but includes
negative control reserve. As a matter of course also the default
values of g, or i can be configured to include negative control
reserve. The need for this is application specific.

IV. EXPERIMENTAL SETUP AND RESULTS

A. TEST SETUP

The test setup used for validation of the temperature control-
principles and system consists of a 30 kW asynchronous
machine (ASM) mechanically coupled to a 70 kW interior
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TABLE 2. Parameters ASM

Symbol Quantity Value
Ry stator resistance 12.6mQ

R rotor resistance (prim.) 6.9mQ

L, main field inductance 0.119mH
L leakage inductance 0.052mH
z, pole pairs 2

b rated torque 38 Nm
Praved rated power 30kW

n rated speed 7500 rpm

rated

FIGURE 12. Two-level three-phase inverter with opened and blackened
IGBT-power modules and IR-camera.

TABLE 3. Parameters IGBT-module: Infineon FF300R12ME4

Symbol Quantity Value
Terom rated collector current 300A
Vess reverse collector-emitter voltage 1200V
Foster network parameters IGBT (junction to case)

7 0.00582 K/W T, 0.01s

r, 0.03201 K/W T, 0.02s

n 0.03104K/W T, 0.05s

7, 0.02813K/W T, 0.1s

permanent magnet synchronous machine IPMSM). The data
is depicted in the Tables 1 and 2. The ASM is speed controlled
and the IPMSM is torque controlled.

The ASM and the IPMSM are each driven with two-level
three-phase inverters. All are water cooled. The test inverter
of the IPMSM is equipped with opened (none encapsulated)
and blackened (for easier temperature measurement) IGBT-
power-modules, see Fig. 12 and Table 3. for the device type
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as well as the electrical and thermal parameters of the IGBT-
power-module. With an IR-camera it is possible to monitor
the mean area-related chip-temperature of the power semicon-
ductors. The used IR-camera is the model VarioCAM from
InfraTec. It has a spectral range of (7.5..14) um, a temper-
ature measuring range of (—40..1200)°C and a temperature
resolution at 30°C of below 0.08 K. Its precision is given by
the datasheet with +2% with a possible offset error of +2 K.
It uses a sampling frequency of 50 Hz. The offset is calibrated
by an offset correction to match the specific operating mea-
surement range.

B. EXPERIMENTAL RESULTS

1) EXPLANATION TO THE EVALUATION OF THE
MEASUREMENTS

The principle functionality of the junction temperature control
system is demonstrated at a constant speed of 1000 rpm and
at alternating torque patterns between 10 Nm and 50 Nm.

The three individual control variables, namely the switch-
ing frequency fpww, the length of the clamping area pa and
the current amplitude 7 are influenced by the model-based
control system.

Case 1 represents the length of the clamping area ¢4 as
control variable, case 2 represents the variable switching fre-
quency fpwwm and case 3 represents the presetting of the cur-
rent amplitude . Finally, the results of the combined applica-
tion of all three control variables will be addressed (case 4:
combination).

The investigations are designed to establish the impact of
reducing the temperature swings and the loss energy con-
sumption of the inverter and of the machine. In all of the fol-
lowing figures the dotted lines represent the reference curves
where no temperature control system is active. The black solid
lines represent the curves with an active temperature control
system applied. The grey solid lines show the temperature set
value of the IGBT Si;. At this point it should be remembered
that the conditions of the reference measurements are the
application of the DPWM method with a fixed length of the
clamping area g = %, the desired torque is set according
to the MTPA/MTPYV strategy and the switching frequency is
fixed at fpwm = 15 kHz. The temperature courses depicted
in the following figures show the mean area temperature of
the semiconductor devices S1; and D11, each containing three
chips, see Fig. 13.

As mentioned earlier the IR-camera is only used to evalu-
ate the chip surface temperature and has no influence on the
system behavior. Its sampling frequency does not allow tem-
perature fluctuations in the range of the switching frequency
beyond ~10 Hz to be visualized. However, the influence of
micro temperature swings for this work is neglectable as it
demonstrates the methodology, compare [30].

The evaluation of the temperature curves with regard to
the expected lifetime is carried out by using the rainflow
algorithm [31] which considers the magnitude of temperature
swings Aw; and their mean temperatures ¥, to calculate
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FIGURE 13. Area related mean temperature of the semiconductor devices.

their number of appearances. The expected cycles to failure Ny
of each temperature swing is estimated by using the LESIT-
lifetime model [2], see Eqn. 1. The caused damage Q, of a
certain occurring temperature swing Aw; x is calculated by the
ratio of the number this magnitude temperature swing Ns , and
its corresponding number of cycles to failure N¢ x. The caused
damage of all thermal cycles 1...n within the temperature
curves Qsym is calculated with the Palgrem-Miner rule for a
linear damage accumulation, see Eqn. (2).

n

n NX
Osum = ; Ox=Y Nes )

x=1

The IGBT Sy is the semiconductor device which temper-
ature is controlled, but it is possible to choose any one of
the other semiconductor devices. The IGBTs have a higher
overall damage Qsum than the diodes at this specific load
pattern. Therefore, it is reasonable to control any one of the
IGBT’s junction temperature because in this case they deter-
mine the expected lifetime of the entire IGBT-power-module.
The overall damages strongly depend on the load pattern;
nevertheless, this simple load pattern gives a good impression
on the potential of the different control variables.

2) CASE 1: pa AS A CONTROL VARIABLE

The temperature control system uses only the length of the
clamping area @4 as actuating variable to increase the power
losses at low load conditions. The torque is alternating with
the described pattern, the current amplitude 7 is alternating
in the same manner as the MTPA/MTPV-strategy is applied
and the switching frequency is fixed at 15 kHz, see Fig. 14.
The temperature curves of all the semiconductor devices show
a reduction of the magnitude of the temperate swings Aw; and
an increase of their mean temperatures 1% ,. The overall dam-
age Osym of these measurements can be seen in Fig. 18. The
overall damage Qsym has been reduced by the temperature
control system. The overall damage Qsuym of the IGBTS is
reduced by about 56% and that of the diodes by about 52%.
The temperature control system using this control variable is
not capable to follow the set value of the junction tempera-
ture 1 se¢. It reaches its limits during the low load conditions
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FIGURE 14. Measurement results from the temperature control system
using only the length of the clamping area ¢, as control variable.

since the additional power losses strongly depend on the cur-
rent amplitude in the low load conditions. The energy losses
in the inverter are increased by around 17%, see Fig. 19. The
energy losses in the IPMSM are reduced by about 2%. The
maximum possible power losses are generated at a zero length
of the clamping area ¢o = 0, in that case the modulation
waves are equal to those of the SVPWM strategy. The current
ripple of the SVPWM strategy is lower when compared to
the DPWM strategies [27]. This explains the reduction of
energy losses in the IPMSM. The mean efficiency of the whole
drive system with an inactive temperature control system is by
80.2%. The overall mean efficiency with active temperature
control system drops to 78.5%.

3) CASE 2: foym AS A CONTROL VARIABLE

The upper limit of the switching frequency is set to
fpwM = 25 kHz. This choice is defined by limits of cool-
ing, EMI and precision of the selected microcontroller which
realizes control and modulation. Therefore, it is application
specific and at this point should be considered exemplary. As
the switching losses strongly depend on the current amplitude
i at the actual load condition, the control system is forced to its
limit, see Fig. 15. It yields a smaller reduction of the overall
damage Qsum of the semiconductor devices compared to the
previous shown control variable, but it is around the same
magnitude. For the IGBTs the damage reduction is approxi-
mately 52% and for the diodes it is about 46%, see Fig. 18.
The loss energy of the inverter has increased by 19%. The
loss energy in the IPMSM has been slightly reduced, as a
higher switching frequency fpwwm results in a lower current
ripple. The control variables presented have the benefit that
the losses of the IPMSM do not increase. The mean efficiency
of the overall drive system in this case is 78.5% and is about
2% lower than it would be without the junction temperature
controller.
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FIGURE 15. Measurement results from the temperature control system
using only the switching frequency fpwm as control variable.
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FIGURE 16. Measurement results from the temperature control system
using only the current amplitude i as control variable.

4) CASE 3: CURRENT AMPLITUDE i AS A CONTROL VARIABLE
This control variable, unlike the two previous control vari-
ables, does not reach the limits of its range. In Fig. 16
one can observe that the junction temperatures of all
semiconductor devices follow the predefined slope of the set
value calculation.

The small deviation between the temperature set value and
the real-time temperature measured with the IR-camera comes
from calculation errors of the power loss and thermal models.
This leads to a wrong real-time temperature value, which is
fed back to the controller. The main reason for these errors is
the change of the heat sink and ambient temperature, which
are not considered in the thermal model. The deviation be-
tween the set value and the junction temperature measured
with the IR-camera is below 2 K. However, the deviation

VOLUME 1, 2020



IEEE Open Journal of

4x Power Electronics

b 50
UA
&E
ge

0

( )_—»_
g
B

i

S

JSowm
(Hz) &
_— N

PA

(rad) —
INRra
B [y S Ty S &
5 -5 1nivi

=

]

c-,a?’ g) N b S | e
:: e
* I S S VU S S N

0 50

100 150 200 250 300 350 400 450 500 550
time (s) —»

FIGURE 17. Measurement results from the temperature control system
using all three control variables (¢a, fpwm and 7).

could be reduced by tracking the heat sink temperature and
considering it in the thermal model.

The overall damage Qsyw is reduced by 83% for the IGBTs
and the diodes within the test cycle, see Fig. 18. The energy
losses of the inverter are higher than in the two previous
cases. However, energy losses in the IPMSM are significantly
increased, by 32% as depicted in Fig. 19. In the IPMSM the
ohmic losses, eddy currents and hysteresis losses depend on
the current amplitude. While the magnitude of the temperature
swings Av; is reduced in the desired manner, the higher power
losses in the IPMSM are a clear drawback. The overall drive
system mean efficiency is 7% lower as without a temperature
control system.

5) CASE 4: COMBINATION OF ALL THREE CONTROL
VARIABLES

In Fig. 17 the results of a combination of all three control
variables are depicted. The junction temperature courses fol-
low the predefined slope of the set value calculation. Again,
there is a small deviation between set value and measured
temperature by IR-camera. The reasons are inaccuracies in the
real-time temperature calculation as mentioned before. The
afore mentioned negative control reserve becomes necessary
when all control variables are combined. The switching fre-
quency fpww is reduced when the junction temperature starts
to rise in order to prohibit an overshoot of the junction tem-
perature 1. The additional power losses in low load condition
are realized first by reducing the length of the clamping area
@A which quickly reaches its limit, and then the imprint of a
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FIGURE 18. Overall damages Qsym of all semiconductors.

specific current amplitude takes over. It is visible that a lower
current value is required. Unexpectedly, the inverter energy
losses are higher than in case 3. As the courses of the set
values of the junction temperatures are identical, the power
losses should be the same. A more detailed analysis of the
measured area-related mean junction temperature courses of
the semiconductor devices reveals a slight overshoot between
the transition of the high load and the low load condition,
leading to more power losses than required. The reason is
inaccuracy of the analytic power loss equations, as the inverter
produces more power losses than calculated in the transient
condition. Nevertheless, the overall damage Qsywm is reduced
by about 77% for the IGBTs and the diodes. The reduction is
lower as in case 3 due to the previous mentioned overshoot
of the area-related mean junction temperatures. Fig. 19 illus-
trates that the loss energy in the IPMSM has been reduced by
about 19 percentage points compared to case 3. The overall
drive train mean efficiency is at 73.22%, which is 7% lower
without a temperature control system active. Due to the un-
desired additional losses in the inverter the mean efficiency
is similar as in case 3. The potential in reducing the energy
losses in the IPMSM by combining the actuating variables is
demonstrated.

V. SUMMARY AND CONCLUSION

This paper presents a junction temperature control system
with the aim to reduce the temperature swings of the semi-
conductor devices in IGBT-power-modules, caused through
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FIGURE 19. Energy losses in the inverter and the IPMSM.

load changes by increasing the power losses during low load
conditions and lifting the lower junction temperature at the
semiconductor devices. The increase in power losses in the
IGBT-power-modules are influenced by controlling three dif-
ferent operating variables of the inverter. Application of a
HDPWM strategy to vary the length of the clamping area
oA, the variation of the switching frequency fpwwm and the
preset of a specific current amplitude 7 by creating a reactive
current component. The functionality of the proposed temper-
ature control system to reduce temperature swings has been
verified by measurements on a 30 kW motor test setup with a
three-phase 300 A/1200 V inverter. The functionality of this
control strategy has been demonstrated on basic load change
cycles and measurements for three different control variables
and their combination have been shown. In this paper the
measurement results are shown for one specific slope of the
junction temperature to drop during the low load conditions.
However, it is possible to preset different values of the slope
during low load conditions. This is equivalent to the inten-
sity if the impact of the junction temperature control system
regarding the reduction of the junction temperature swings.
Drawbacks and benefits of each control variable are explained.

All presented junction temperature control systems do suc-
cessfully reduce the damage to the semiconductors devices
within an IGBT-power-module representing a half-bridge of
the three-phase inverter and therefore increase their lifetime.

While the proposed junction control system has to create
higher energy losses in the IGBT-power-modules of up to 70%
compared to normal conditions, which reduces the overall
mean efficiency by 7%, the estimated lifetime by the LESIT
lifetime model is four times longer.

Future work on this topic could focus on implementing
the presented principles to other power electronics circuit
applications and topologies or to improve the lifetime of the
semiconductor devices by the application of optimal control
strategies.
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