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Abstract—For high power applications, in which the
discrete power switches are mounted on separate heatsinks, an
overload of a semiconductor device leads to a local excessive
thermal stress and eventually to a failure of the system. Despite
of several control strategies that ensure the even distribution of
losses in the normal operation, a local thermal overload can
arise due to degradation of the cooling system, inappropriate
placing of the semiconductor device, failures in the electronics,
etc. In this paper, a new fault tolerant control approach to deal
with this matter is introduced and verified by measurements
on a laboratory setup. When detecting increased thermal stress
of one IGBT module, the switching strategy is altered in order
to reduce the thermal load of that particular module and to
redistribute the heat from the affected group or valve to the
other switches. Hence, the temperature of the stressed module
is kept under the critical limit and the thermal overload is
reduced. In this way the reliability and the lifetime of the
converter is maximized even in case of thermal overload. In
the proposed novel modulation concept, the balancing of the
neutral point potential of the 3L-NPC Inverter is also ensured
without any additional hardware.

Keywords—Fault tolerant control, space vector PWM, active
lifetime extension (ALE).

1. INTRODUCTION

In the following, a Three-Level Neutral Point Clamped
Voltage Source Converter (3L-NPC VSC) [1] is assumed. In
this topology, the redundant space voltage vectors are
typically used for the balancing of the neutral point or for the
reduction of the common mode voltage. Their utilization for
reduction of the losses in the semiconductor devices was first
mentioned in [2]. The approach presented there, takes
advantage of the redundant space voltage vectors to actively
redistribute losses from an overheated semiconductor device
to the other cooler devices; hence, the possibility of a system
failure is avoided. Moreover, as a long term effect, the
expected lifetime of the stressed components is significantly
extended because the devices are protected against excessive
thermal load. Therefore this strategy was named ALE (active
lifetime extension). As the neutral point voltage has to be
controlled also by using the same space voltage vector
redundancies, a trade-off between the loss redistribution
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concept and the neutral point control mechanism is needed to
ensure the proper function of the system.

The modulation scheme presented in the following is
used to increase the lifetime of one overheated device. After
detection of an excessive thermal stress in a switch, the
system goes into a fault tolerant control mode. Hereby, the
redundancies of the space voltage vectors in the multilevel
inverter are exploited. Therefore, this concept is different to
the proposals in [3][4][5] where the target is the uniform
distribution of the thermal losses under normal operation.
There the topology of the 3L-NPC VSC is modified by
adding IGBTs parallel to the neutral point diodes. Thanks to
these complementary switches, 4 additional redundant states
are obtained for the connection of a given output phase to the
neutral point. These redundancies are then utilized to
improve the thermal performance and for obtaining a
uniform distribution of the losses among the switches. It is
important to mention, that the original 3L-NPC VSC does
not have any redundancies for the switching states 0. Hence,
the approach and the target of ALE are completely distinct to
those works [3][4][5].

In [6] a method for the thermal redistribution under the
low-voltage, ride-through conditions is presented that is
similar to the proposal of the present work. There the
inverter is operated in the low modulation range while the
current is reactive and the redundant states of the zero space
vector are used to relocate the losses. The control scheme
described in the following takes also advantage of the
redundant states but in difference to [6] not only the
redundant zero space vectors but all the redundancies of the
3L-NPC VSC are taken into account and the control is
designed for the operation in the whole modulation and
current range of the inverter.

As stated before, the redundancies of a 3L-NPC VSC can
be used for balancing the neutral point, for the reduction of
the common mode voltage or like in the present case for the
redistribution of the losses but not all these targets can be
achieved at the same time. The solution presented here
increases the lifetime of the overheated device at the expense
of increased ripple of the potential of the neutral point. This
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is for sure a drawback that can be tolerated for the relatively
short duration that is required to fix the thermal overload.

Although ALE is intended to be used in the whole
modulation range, the modulation strategy is different in the
low and in the high modulation range, hence its analysis and
validation are separated for both regions of operation. In a
previous paper [7] the ALE for the operation in the region of
higher voltages and modulation index was explained and
only validated by simulation. In the meanwhile, the
experimental setup was completed and the experimental
results presented here corroborate the theoretical approach.

The ALE strategy in the low modulation range is possible
as well and was analyzed and verified by simulation and
experiments but is outside of the scope of this paper and will
be presented in a future work.

II. STRATEGY FOR LOSS REDISTRIBUTION IN 3L-NPC
VSC WITH SPACE VECTOR MODULATION

For a basic analysis, it is sufficient to consider the upper
leg of phase U of the inverter depicted with red color in
Fig. 1 as the stressed device, in which the thermal load has to
be reduced. The modulation index m (0 < m < 1) is defined
as:

Uphase (1)
m=-—-—,
Udc/\/§

where Uppgse is the amplitude of phase voltage and Uy, is
the dc voltage of the 3L-NPC inverter.

As already explained the present paper focuses only on
the operation of the inverter in the higher modulation range
0.5<m <1, in a following work the range 0 <m < 0.5 will
be considered.
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Figure 1. 3L-NPC VSC, in red the devices with higher thermal load

A. Reduction of losses by using redundant space voltage
vectors

The thermal losses of a semiconductor device consist of
switching- and of conduction losses. Since the realization of
the modulation affects these losses in a different way, the
two different types of PWM according to [8] will be
distinguished: a continuous and discontinuous one. The
discontinuous modulation is more convenient regarding the

losses, therefore in the following the effect of the redundant
space voltage vectors on switching and conduction losses are
only considered for the discontinuous PWM and for the
proposed ALE-modulation.

Higher
Switching

[Losses

Higher
Conducting
Losses

Figure 2. Choice of the appropriate switching states depending on the
losses

3L-NPC inverters generate 27 discrete space voltage
vectors, that are depicted in Fig. 3. The symbols +, 0 and —
represent the connection of a particular phase to positive dc
bus, neutral point and negative dc bus respectively. These
27 space voltage vectors can be classified in four groups
according to the magnitude of the respective space vectors:

zero (Ju| =0), short ([u=Uy /3), medium (|u|= U, /+/3 ) and

long vectors (Juj=2Ug/3). Based on this definition only the
zero and short vectors have the redundant states, that can be
utilized to redistribute the losses.

1) Reduction of conduction losses

The upper part of Fig. 2 shows, as an example, all the
switching states of the voltage space vectors that build the
corners of the shaded triangle in Fig. 3. In the discontinuous
PWM scheme an arbitrary set of three adjacent space
voltage vectors is chosen out of these five vectors to
synthesize the reference voltage vector that is located within
this triangle [8]. In order to reduce the conduction losses of
the upper leg of phase U, it is necessary to avoid using the
states highlighted in red, in which phase U is clamped to the
positive dc bus. Of course, the reduction of conduction
losses depends on the modulation index, on the load and on
the conduction times associated with the pulse pattern;
however the reduction of conduction losses implies an
increase of the switching losses of the same semiconductor
device.

2) Reduction of switching losses

The lower part of Fig. 2 shows the complementary case,
in which the switching losses can be reduced by utilizing
switching sequences, in which phase U is kept connected to
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the positive dc bus and by avoiding the states marked in red.
By favoring these sequences, it is obvious that the
conduction losses increase due to longer on-time duration of
the corresponding switch.

3) Choice of the appropriate approach

As explained above, this strategy exhibits concurrent
targets and leads therefore to a dilemma as the reduction of
the conduction losses leads to higher switching losses and
vice versa. Thus, the consideration of other aspects is
mandatory. The operation of the inverter at higher output
voltages yields switching sequences, in which the on-time
of the short vectors decreases with increasing modulation
index. The reduction of conduction losses by exploiting the
corresponding redundant states is therefore limited at high
values of the modulation index. In contrast to this, the
reduction of the switching losses is independent from the
on-times of the redundant states in the corresponding
sequences. Furthermore the switching losses in power
semiconductor devices for medium voltage applications are
particularly high. Hence, the reduction of switching losses is
preferred in this region of operation regardless of the higher
conduction losses. As shown in the next sections a reduction
of the overall losses can still be achieved with this strategy
for a wide operation range.

B. Trade-off between neutral point balancing and
distribution of losses by using redundant voltage space
vectors

As already explained, the neutral point balancing and the
redistribution of losses are concurrent optimization targets
demanding both the utilization of redundant states of the
inverter. The optimization problem is particularly
challenging in the higher modulation range, where the
availability of redundant states decreases. Therefore, this
paper proposes a viable solution for the arbitration of this
conflict. Fig. 3 shows the blue area where the ALE strategy
for the redistribution of losses is applied to the upper leg of
phase U. When the reference space vector of the output
voltage is located in this area and a thermal overload in the
upper leg of phase U occurs, the ALE control is initiated
and has priority besides the control of neutral point voltage
is deactivated. While the ALE control is active, the neutral
point is continuously monitored and in case that its potential
crosses a predefined threshold, the priority of ALE is
withdrawn and the neutral point control is reactivated. If the
threshold is chosen to low, the ALE control is interrupted
too often and its effectiveness is diminished. In the case the
threshold is too high; the balancing of the voltage on the dc-
link capacitors is affected leading to a deteriorated quality of
the output voltage waveforms as well as to an increased
voltage stress on the switching devices. The level of the
threshold depends on the load and also on the installed
capacitance in the dc-link as the drift of neutral point is
smaller for the larger dc-link capacitors. Thus, a
compromise in defining the threshold is always necessary.

If the reference space vector of the output voltage is
located within the white colored regions in Fig.3 the control

of the neutral point takes priority over ALE. For the yellow
regions of Fig. 3 the ALE-control is different and will be
treated in a future work.
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Figure 3. Operation map for the ALE

C. Starting of the ALE-control

In the case that the temperature of the heat sink of a
device exceeds the permissible limit because of thermal
overload, the first action to be taken is switching the control
of the inverter from continuous PWM to discontinuous
PWM mode to reduce the switching losses. If this is still not
sufficient to keep the temperature of the particular device
within the safe zone of operation, the ALE approach is then
applied for a further reduction of the thermal losses and of
its temperature.

III. RESULTS
A. Simulation results

To verify the proposed modulation scheme, a case study
of a medium voltage induction machine (U, = 3000V,
P, =560 kW) fed by a 3-level NPC inverter (Ug. =4670 V,
C4=3.8mF, switching frequency =1000 Hz) was
investigated by means of simulation for rated operation with
m=0.97 and cosp =0.84. The numbering rule for the
semiconductors devices is as shown in Fig. 1. The
calculation of the losses in the simulation was carried out in
the way explained in [7],[9] and [10] and for IGBTs with
data according to [12].

Fig. 4 shows the conduction losses of all IGBT switches
for three different cases: the blue columns represent the
values for normal operation with continuous PWM (C-
PWM), the green ones for normal operation with
discontinuous PWM (D-PWM) and the red ones for ALE
operation. The grey columns on the top of all other columns
show the corresponding switching losses in each particular
operation mode.
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Loss distribution on IGBTs , m=0.97, cos(®)=0.84
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Figure 4. Loss redistribution performance on IGBTs. RGB columns:
conduction losses; Grey columns: switching losses.

It can be seen that the overall losses of switch 1 in ALE
operation have been reduced to approximately 20 % of the
losses in normal operation with D-PWM. Despite the
reduced availability of redundant states at high modulation
index m = 0.97, the ALE strategy succeeds in transferring
the losses to other switches i.e. 5, 8 and 9. The overall losses
of these switches in ALE-operation mode are even lower
than in normal operation mode with C-PWM. Hence, the
ALE-control can protect the overheated device without the
risk of destroying the other devices. Thanks to this
significant loss reduction, the ALE strategy can extend
considerably the expected lifetime of a particularly stressed
switch [2], e.g. the switch 1 in this case at the expense of
slightly increased losses in other switches (e.g. 5 and 8) that
can be tolerated.
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Figure 5. Neutral point voltages

The voltage of the neutral point in ALE operation is
depicted in the lower trace of Fig. 5 in comparison to the
other traces that corresponds to the voltage in continuous
and discontinuous PWM.

Fig. 6 shows the impact of ALE on the loss
redistribution capability and on the balancing of the neutral
point for different operating conditions. Hereby a quadratic
load with M, , =M, -(n/n,,) is assumed. The Fig. 6(a)

load rated )
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shows the relative ripple of the neutral point voltage
u_/U, with ALE (trace in red) is larger compared to

normal operation with C-PWM (trace in blue). Despite the
increase of the ripple of the neutral point voltage, the loss
reduction in the IGBTs is significant as it can be recognized
in Fig. 6(b), in which the ratio
(Plosses,C—PWM _Plosses,ALE)/Plosses,C—PWM Of the losses iIl ALE

operation to the operation with C-PWM is shown. In the
operation region treated in this paper (m>0.5), the main part
of losses is caused by the IGBTs and not by the
freewheeling diodes. Therefore the reduction of the losses in
the IGBTs offers an additional benefit of the proposed
control as the thermal load of the freewheeling diodes in the
same case is reduced and the life time extended.

All the simulation results verify the satisfactory
operation of the ALE -control in a wide speed range and
were validated by experiments as explained in the next
section.
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Figure 6. Performance of the system in various operation points

Figure 7. The heatsinks layout of phase U, V and W. Every phase has 6
heatsinks that are arranged vertically
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Figure 8. Electrical performance by m = 0.9, Uy =350V and 60% rated current of inverter

B. Experimental results
1) The experimental set-up

In order to verify the concept experimentally, the
complete control including the space vector modulation was
implemented by means of a floating point DSP
(TMS320F28335). For the power part a 3L-NPC inverter
with a rated current of 50 A was especially designed with 18
separated heatsinks, i.e. 6 heatsinks per phase; they are
shown in Fig. 7. Each heatsink is equipped with a

temperature sensor (Pt1000), so that the temperature and, in
this way, the heat distribution among the semiconductor
devices can be easily investigated. The IGBTs utilized in the
downsized laboratory set-up have characteristics for
optimized conduction losses [13], therefore they can
replicate in a suitable way the thermal behavior of the high
power IGBTs. The 3L-NPC VSC is feed a 15 kW induction
motor that drives a load emulated by a 21 kW field-oriented
controlled motor drive. The inverter under test is operated
with a field orientated control scheme and is switched with a
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frequency of 5 kHz. The dc-link capacitors have a
capacitance of 4.4 mF and the dc-link voltage is 350V.

2)  Pulse patterns in ALE operation

The Fig. 8(a) shows the firing pulse of the IGBT number
1 by using discontinuous modulation (D-PWM) for an
operating point with m = 0.9 and 60% of the rated current of
the inverter. The zone free of pulses in the middle of the
pulse pattern is generated by the discontinuous PWM and
results in clamping the upper leg of phase U to the positive
dc-bus. In case that the ALE-control becomes active the
firing pulse pattern of the IGBT 1 changes in such a way
that the switching losses are reduced as it is depicted in Fig.
8(b). It is obvious that the effective switching frequency of
the IGBT 1 significantly decreases.

The voltage of the neutral point is shown in Fig. 8(c) and
in Fig. 8(d) under ALE operation. The waveforms
correspond well with the simulation results shown in Fig. 5.
The neutral point voltage U,, is defined as:

Unp = Uy —Ug, @)

the U,; and U,, refer to voltages of the upper and lower
capacitors of the DC link as shown in Fig. 1. The spectrum
of the ripple of the capacitor voltage U, in Fig. 8(e) shows
a dominant 3rd harmonic component in normal operation.
But in the case of ALE, the additional harmonics of 1st, 2nd
and 4™ order are present in Fig. 8(f). These effects have
been investigated in the previous works [7],[11]. In any
case, regardless of the higher content of harmonics produced
by the ALE-control, the amplitude of the neutral point
voltage is kept stable within acceptable limits.

The spectrum of the phase current with ALE is depicted
in Fig. 8(h) and compared with the current spectrum in
normal operation depicted in Fig. 8(g), it shows no
significant increase of the harmonics content, hence it is
acceptable for the fault tolerant control mode.

3) Thermal performance

Poss
AT,

i

AT,
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e

ambient

Figure 9. Thermal model used for the calculation

Fig. 9 shows the thermal model used for the calculation
of the junction temperature of the semiconductor device

based on the losses. The junction temperature is given by
T}untlon = AT}C + ATCX + ATs‘a + Tambient ] the SUbscriptS jC, cs
and sa stand for junction-to-case, case-to-heatsink and
heatsink-to-ambient ~ temperature  drop  respectively.
Obviously in the steady state the temperature differences are
directly proportional to total losses of each semiconductor
device. According to this model the temperature difference
of heatsink-to-ambient AT, can be used to estimate the total
loss of a particular IGBT including its antiparallel diode,
hence Pjoss = ATy, steady-state / Rsa- Hereby Ry, is the thermal
resistance of the heatsink. In order to reduce the air
convection from the IGBTs that are located in the bottom of
the inverter to the ones on the top, that would affect the heat
distribution and would eventually lead to an erroneous
measurement, every heatsink in Fig. 7 is covered with a
small plastic plate preventing in this way the air circulation.
The measurement of the temperature of IGBT takes place
after reaching the thermal steady state of the whole system,
in which no increase of temperature can be registered.
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Figure 10. Thermal performance by m = 0.9, Uy, = 350V and 60% rated
current of inverter

Fig.10 shows the thermal performance for a modulation
index m = 0.9, a dc-link voltage U, = 350V and 60% of the
rated current of the inverter. For a better understanding only
the most significant values of the losses are plotted for the
operation under D-PWM and under ALE. Although
different current ratings of IGBTs are investigated in the
measurement an in the simulation, both results in Fig. 4 and
in Fig. 10 correspond to each other. The losses of the IGBTs
1 have been reduced significantly to expenses of higher
losses in the devices number 5, 8 and 9, yet the risk of
overheating is kept limited. Since the D-PWM reduces
nearly one third of the switching losses as compared to C-
PWM, the thermal household is even more favorable.

Fig. 11 shows the performance of ALE in different
operation points. The Fig. 11(a) shows the ratio
(Plosses,D—PWM _Plosses,ALE)/Plosses,D—PW'M of the losses of the
examined IGBT Nr. 1 for ALE operation in comparison to
D-PWM. A remarkable reduction of the overall losses of at
least 12% (m=0.85 and 60% of rated current of inverter) can
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be stated. Fig 11(b) and Fig. 11(c) show the ripple of the
neutral point voltage u_/U, for D-PWM and ALE

respectively. The dc-link capacitors in the set-up are
intentionally undersized for a better examination of the
impact of ALE on the behavior of the neutral point under
different operation conditions. Fig. 11(c) shows a clear
trend: the higher the load current the larger the neutral point
ripples. It can also be recognized that at constant load
current the ripple increases with decreasing modulation
index. Regarding the negative effects of the ripple on the dc-
link capacitors, it can be pointed out that their over
temperature stays below 10 K in the ALE operation range.
Regardless of the intentional downsizing of the capacitors
the ripple on the current flowing into the neutral point does
not yield any excessive rise on the temperature. In a
commercial 3L-NPC inverter the situation becomes better as
the capacitors are properly dimensioned and the effect of the
ripple is lessened.
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Figure 11. ALE performance in various operation points

There are other options for improving the balancing of
the neutral point voltage by limiting the operation map of
the ALE strategy depicted in Fig. 3 these investigations are
ongoing and outside of the scope of this paper.

In the present stage of development the ALE-strategy
allows the fault-tolerant operation of the inverter while
accepting a higher harmonic distortion of the output voltage
due to the insufficient balancing of the voltage of the neutral
point.

IV. CONCLUSION

In this paper, a new concept for the loss redistribution of
a 3L-NPC inverter is proposed that aims at the active
thermal protection of semiconductor switches which suffer

from overload conditions. The performance of the proposed
modulation scheme has been investigated by means of
simulations and measurements in a wide operation range
with (0.5 < m < 1). This study confirms possibility to
redistribute the losses of one selected semiconductor device
by using the redundant states of the space voltage vectors.
The impact of ALE on the neutral point balancing was also
investigated and shows a satisfactory operation when
properly applied. The presented concept is also a novel
generic approach to redistribute the losses among the
phases, which is applicable to any multilevel topology.
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