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Abstract— The redundant states in the output voltages of a 

Three-level Neutral Point Clamped Voltage Source Inverter (3L-

NPC VSI) can be used to control the neutral point or to reduce 

the common mode voltage. However, the use of the redundant 

states to redistribute the losses among the switching devices of 

3L-NPC VSI is a further possibility that was reported in previous 

papers. The proposed method for active redistribution of losses 

among the switching devices can become necessary in the prac-

tice to relieve stressed switches, which suffer excessive thermal 

stress due to malfunctions. In this paper, a new fault tolerant 

control approach is introduced to deal with this matter by modi-

fying the switching table of the DTC (Direct Torque Control) 

scheme for a 3L-NPC VSI. An increased thermal stress in one 

IGBT module can be detected by sensing the temperature of the 

heatsink; consequently the switching patterns are immediately 

altered to redistribute the losses of the stressed IGBT module to 

the other cooler switches. Hence, the temperature of the stressed 

switches is kept under the critical limit and the thermal overload 

is reduced. In such way the reliability and the lifetime of inverter 

are maximized, even in case of thermal failure. This modulation 

scheme is called "Active Lifetime Extension" (ALE) and was 

presented in previous works for the case of field oriented control. 

In this paper the procedure is extended to the case of DTC.  

Keywords—Pulse width modulation, converter, semiconductor 

device reliability 

I. INTRODUCTION 

In high-power, medium-voltage applications, the semicon-
ductor switches are often mounted on dedicated heatsinks; 
therefore there is no heat sharing among the switches. If one 
semiconductor device (Diode or IGBT) is exposed to excessive 
thermal stress, its lifespan is significantly reduced. The thermal 
overload of a semiconductor device during the operation of an 
inverter may occur due to degradation of the cooling system, to 
failures in firing or in the drivers, to inappropriate placing of 
the semiconductor devices, etc. In the following, a DTC 
scheme with a particular treatment of the pulse pattern is pre-
sented aiming at the reduction of the thermal stress of a par-
ticular semiconductor device by redistributing the losses to the 
other devices that are not affected by the failure. Because a 
thermal overload is avoided, a reduction of the lifetime of the 
affected semiconductor device is prevented.  

The proposed strategy assumes that the temperature of each 
heatsink is monitored, thus the occurrence of a local thermal 
overload can be immediately detected. In case that the tem-
perature of a semiconductor trespasses a threshold, the switch-
ing table of the DTC scheme is modified targeting a reduction 
of the losses in the overheated device by shifting the thermal 

load to the other semiconductors in the inverter that still have 
an efficient cooling function. The changes in the switching 
patterns that are necessary for this purpose should have a min-
imum impact on the quality of the inverter current quality and 
should not produce an excessive increase of the ripple of the 
neutral point voltage.  

The control scheme proposed in this paper is explained for 
a Three-level Neutral Point Clamped Voltage Source Inverter 
(3L-NPC VSI) [1], but it is also applicable for any kind of 
multi-level inverter. Like other control methods that deal with 
similar issues the actively redistribution of the losses from the 
overloaded devices to the other cooler semiconductor switches 
makes use of the redundant states of the voltage space phasors. 
A main feature of the proposed control strategy is, as a long-
term effect, the expected lifetime of the affected power semi-
conductors is significantly extended as the switching devices 
are protected against thermal overload [2]. Therefore this strat-
egy was named ALE (active lifetime extension). 

Several control methods that deal with the uniform distribu-
tion of the thermal load among the semiconductors in the 3L-
NPC VSI are well-known. The objective of the proposals in 
[3][4][5] is a homogeneous distribution of the losses under 
normal operation of the 3L-NPC VSI. For this purpose, the 
topology of the inverter is modified by adding IGBTs parallel 
to the neutral point diodes to generate additional redundant 
states of switching states 0 (connection of one of the output 
phases to the neutral point). These extra states allow the de-
sired uniform relocation of the losses. In the present work, the 
3L-NPC VSI topology does not need any additional switches; 
only the control method and the switching patterns are adapted 
according to the thermal conditions in case of failure. 

In [6] a different approach is presented, in which the redun-
dancies of the zero voltage space phasors are also utilized for 
the redistribution of losses. The method presented there is 
restricted to the low modulation index range and to the opera-
tion with a load of reactive current. On the contrary the present 
work utilizes not only the zero voltage space phasors but also 
all the redundant states of voltage space phasors of the 3L-NPC 
VSI. Besides it can be applied for the whole voltage and cur-
rent range of the inverter. 

In previous works the ALE strategy had been realized by 
means of space vector modulation and was extensively investi-
gated for the different operating points by means of simulation 
[7] as well as of experiments [8][9]. The results of these re-
search works have shown that a significant reduction of the 
losses in the affected device can be achieved while keeping a 
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stable neutral point voltage, if the ALE method is properly 
applied. Based on the positive results in systems controlled by 
field-oriented schemes, the ALE strategy was further investi-
gated for the case of DTC. As it will be shown in the follow-
ing, the implementation effort of the ALE scheme is signifi-
cantly reduced and the calculation of the switching patterns are 
simplified if compared with the former space vector modula-
tion approach for 3L-NPC VSI.  

The thermal measurements are time consuming and cum-
bersome, nevertheless numerous and comprehensive experi-
ments were carried out on a downscaled (15kW) setup not only 
for the validation of the proposed control scheme but addition-
ally to ensure the validity of simulation results. Therefore, the 
present work is based on reliable simulations of the examined 
system.  

II. DTC FOR 3L-NPC INVERTER 

A. Basic principle of DTC 

 

Fig. 1. Stator- and rotor-flux space phasors in the αβ-plane 

While in Field Oriented Control (FOC) schemes the stator 
currents of the machine are the controlled variables, in DTC 
schemes the magnitude of the stator flux space phasor and the 
toque are the controlled variables [10]. Thus, one main equa-
tion is the relationship between the change of stator flux 𝛥𝜓𝑠 

space phasor and the stator voltage space phasor 𝑢𝑠  of the 

induction machine as given by: 

𝑑𝜓𝑠

𝑑𝑡
= (𝑢𝑠 − 𝑅𝑠𝑖𝑠), 

(1) 

and can be simplified as  

𝛥𝜓𝑠 = (𝑢𝑠 − 𝑅𝑠𝑖𝑠) ∙ 𝛥𝑡 ≈ 𝑢𝑠 ∙ 𝛥𝑡, (2) 

if the stator resistance 𝑅𝑠 is small and can be neglected, 𝛥𝑡 
refers to the timespan while the stator voltage space phasor 𝑢𝑠 

is applied to the machine terminals. Based on this equation, the 
stator flux space phasor of the induction machine can be con-
trolled by selecting the most appropriate one out of the differ-
ent discrete voltage space phasors generated by the inverter. 
Besides, the electromagnetic torque 𝑇𝑖  of the machine is calcu-
lated as: 

𝑇𝑖 = 𝑘 ∙ |𝜓𝑟| ∙ |𝜓𝑠| ∙ 𝑠𝑖𝑛𝛿𝜑 , (3) 

where the 𝑘 is a proportionality factor, 𝛿𝜑 is the angle between 

stator flux- 𝜓𝑠  and rotor flux- 𝜓𝑟  space phasors as shown in 

Fig. 1. Due to the large rotor time constant, for a short 𝛥𝑡 the 
rotor flux space phasor can be considered virtually as fixed to 
the rotor. In contrast, the stator flux 𝜓𝑠 can be rapidly changed 

as a function of the applied voltage according to equation (1). 
If an increase of torque is required, the voltage space phasor 
that causes the movement of 𝜓𝑠 away of the 𝜓𝑟  is chosen to 

increment the load angle 𝛿𝜑. Conversely, if a decrease of the 

torque is needed, the voltage space phasor should cause the 
reduction of the load angle 𝛿𝜑 and is accordingly chosen. The 

control of the induction machine under a DTC scheme does not 
require either modulator or coordinate transformation and 
obviates the current controllers being very attractive because of 
its simplicity and higher dynamics. 

 

Fig. 2. Principal scheme of the DTC for an 3L-NPC VSI fed induction 

machine 

B. DTC for a 3L-NPC VSI fed induction machine 

Fig. 2 shows the principal DTC scheme for an induction 
machine (IM) fed by a 3L-NPC inverter. The controlled varia-
bles in this case are the torque 𝑇𝑖 , the magnitude of the stator 

flux space phasor |𝜓𝑠| and additionally the voltage of the mid-

dle point of the inverter 𝑈𝑁𝑃 (see Fig. 7). The actual values of 

torque 𝑇𝑖  and of magnitude of the stator flux space phasor |𝜓𝑠| 

are computed based on the measured currents and on the 
switching patterns together with the measured DC-link voltage. 
The ripple of the neutral point is measured and together with 

the actual values of 𝑇𝑖  and of |𝜓𝑠|  are compared with their 

reference values by the hysteresis controllers to generate the 
switching pattern, so that the controlled variables are kept 
within their respectively predefined tolerance bands.  

As the 3L-NPC VSI can generate 27 different switching 

states that correspond to the space phasor diagram in the -
plane with 12 sectors as depicted in Fig. 3, where the notation 
“–“ refers to connection of one phase of inverter to the negative 
DC bus, “0” to neutral point, and “+” to the positive DC rail. 
The output space phasors can be classified into 4 groups: long-, 
medium-, short- and zero- space phasors that are depicted in 
black, red, blue and green respectively. The long space phasors 
in black are non-redundant and do not affect the neutral point. 
The medium space phasors in red are also non-redundant and 
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connect one phase of inverter to the neutral point, thus they  
affect the neutral point voltage and can cause its unbalance. 
The short space phasors in blue are redundant and come always 
in pairs, e.g. 18/24 generating identical line-to-line voltage. 
The redundancies of these space phasors can be used to control 
the neutral point, to redistribute losses, etc. Finally, the zero 
space phasor in green has three redundant states and has no 
impact on neutral point voltage. Due to the redundant states, 
only a total of 19 different line-to-line output voltages from a 
total 27 switching states can be synthesized by the inverter. 

In the DTC scheme, the choice of the voltage space phasor 
to be applied to the machine is based on the value of the out-
puts of the torque-controller, of the stator flux-controller, and 
on actual sector where stator flux space phasor is located. Fur-
thermore, a switching table that considers the influence of each 
voltage space phasor on the direction of movement of the flux 
space phasor has to be used for making the appropriate choice. 
If the optimum voltage space phasor to be applied to the ma-
chine is a redundant one, e.g. space phasors 15/21, an addition-
al degree of freedom is given that can be used to control the 
neutral point voltage. As explained later, the selection of the 
appropriate redundant switching state is based on the output of 
the neutral point controller and on the sign of total current 
flowing into the neutral point of the DC-link. 

 

Fig. 3. Space phasor diagram of the 3L-NPC VSI 

The switching table for realizing DTC with the 3L-NPC 
VSI is shown in TABLE I. in the appendix. The three first 
columns of the table correspond to the outputs of the hysteresis 
controllers for each variable flux, torque and neutral point 
voltage respectively. The sectors I to XII correspond to the 
location of the flux space phasor at the sampling instant ac-
cording to Fig. 3.  

The design of the hysteresis controllers of the DTC for 
multi-level voltage source inverters can be derived from the 
design used for two level inverters by considering the addition-

al output voltage levels [10][11]. Thus, for an inverter with n 
levels, the torque controller has a characteristic that comprises 
(2n-2) hysteresis bands to deliver (2n-1) discrete output values 
[11]. 

Fig. 4 shows the structure of the torque controller for the 
3L-NPC VSI that is used in this work. By choosing 𝑛 = 3, the 
outputs OutT=[-2; -1; 0; +1; +2] are obtained and correspond to 
the second column in TABLE I. The thresholds 𝐻𝑇1 and 𝐻𝑇2 
determine the width of the hysteresis band of torque and are set 
based on empirical or calculated values. For |𝑂𝑢𝑡𝑇| = 2, the 
long- and medium- voltage space phasors are applied to the 
inverter. As mentioned above, the use of medium voltage space 
phasors has a negative impact on the control of neutral point 
voltage. An improvement can be achieved by avoiding the 
medium voltage space phasors at the expense of higher switch-
ing losses and lower current quality that in the practice is not 
favored. In case of  |𝑂𝑢𝑡𝑇| = 1, short voltage space phasors 
are employed and their redundancies can be also used to con-
trol the neutral point voltage or to redistribute the losses. Final-
ly in the case of 𝑂𝑢𝑡𝑇 = 0, the zero voltage space phasor is 
used and the switching state 25(000) is applied to control in-
verter. In order to improve the switching loss performance of 
the inverter, the switching states 26(---) and 27(+++) are not 
utilized. Obviously, when |𝑂𝑢𝑡𝑇| = 2 or 𝑂𝑢𝑡𝑇 = 0, the short 
voltage space phasors are not employed, thus the control of the 
neutral point voltage is inactive. 

 

Fig. 4. Characteristic of the 5 level hysteresis torque controller  

In principle the flux controller could take the same structure 
as for in a DTC scheme for a two level inverter, in which the 
flux controller has two outputs [-1;+1]. However if the same 
characteristic is used, the performance of the flux control be-
comes  poor in the case of output of torque control OutT=0 
because only the zero voltage phasors are used. To enhance the 
function of the flux controller, its characteristic is extended 
with two additional outputs [-2;+2]. In this way, the short volt-
age space phasors are used to reduce the flux error, although 
the torque controller requires the zero voltage space phasors. 
The ripple of the voltage of the neutral point of the DC-link is 
also reduced as the use of short voltage space phasors is in-
creased. The characteristic of the flux controller is shown in 
Fig. 5, here the thresholds 𝐻𝐹1 and 𝐻𝐹2 determine the width of 
the hysteresis band for the amplitude of the stator flux space 
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phasor and the output of flux controller OutF corresponds to 
the first column of TABLE I.  

 

Fig. 5. Characteristic of the 4 level hysteresis stator flux controller 

Fig. 6 depicts the characteristic of the 3-level hysteresis 
controller for the voltage of the neutral point of the DC-link. 
The output can take the values OutNP = [-1; 0; +1] and the 
thresholds 𝐻𝑁𝑃1  and 𝐻𝑁𝑃2  determine here the ripple of the 
voltage of the middle point of the DC-link.  

For OutNP = [-1; +1] the redundancies of the space phasors 
have to be taken into account. For these purpose TABLE I. is 
used. SignI in the third column of the table is the sign of the 
total current flowing into the middle point of the DC-link, 
which is considered for the control of the voltage of the neutral 
point. The assignment of SignI for each short voltage space 
phasor is shown in TABLE III. The combined product 
OutNP·SignI in the third column of TABLE I. is eventually 
used for the proper choice of the redundant switching state of a 
particular short space phasor to be applied to inverter. If the 
output of neutral point controller 𝑂𝑢𝑡𝑁𝑃 = 0 ,  a switching 
among the redundant switching states is not necessary and 
consequently the switching losses are reduced.  

 

Fig. 6. Characteristic of the 3 level hysteresis controller for the voltage of 

the neutral point voltage 𝑈𝑁𝑃 = 𝑈𝐶1 − 𝑈𝐶2 

III. USE OF REDUNDANT STATES TO REDISTRIBUTE THE 

LOSSES AMONG THE DEVICE 

As explained above the short voltage space phasors in the 
vertices of the shaded hexagon in the diagram in Fig. 3 are 
redundant, e.g. 18/24. For the control of the torque as well as 
the stator flux, it is irrelevant if the switching states e.g. 18 or 
24 are used. However, their impact on the neutral point and on 
the loss distribution among the switches of the inverter is not 
the same. Usually the redundancies are used for the control of 
the voltage of the neutral point. In the following, the strategy 
for the use of the redundant states to redistribute the losses 
among the switches of the 3L-NPC VSI will be presented. 

 

Fig. 7. 3L-NPC VSI with the neutral point voltage 𝑈𝑁𝑃 = 𝑈𝐶1 − 𝑈𝐶2 

Without loss of the generality, it can be assumed that the 
upper leg of phase U, switches 1 and 2 in Fig. 7, is exposed to 
excessive thermal load that has to be reduced in order to avoid 
the thermal breakdown. For the first approach, the redundant 
states can be used to reduce the conduction losses of IGBT 1 
and 2 at the cost of higher switching losses for the same 
switches. The other approach is the opposite one: reduction of 
the switching losses at the cost of increasing the conduction 
losses at the same switches. As a result of extensive simula-
tions and experimental measurements in [7][8], the second 
approach has proven to be the proper choice for the high modu-
lation index range that is depicted as white region in Fig. 3. 
The ALE strategy for the low modulation index (shaded region 
in Fig. 3) has to be treated in a different way and will not be 
discussed in this paper. 

In order to reduce the switching losses in the upper leg of 
phase U, the number of switching actions of this leg should be 
minimized by favoring those switching states, in which the 
upper leg of phase U remains connected to the positive DC-
rail. For example with the pair (18/24) in Fig. 3; the switching 
state 24 (+0+) is preferred instead of the 18 (0-0), if the reduc-
tion of switching losses is aimed. Obviously, in the case exam-
ined here the use of the voltage space phasor 24 increases the 
conduction losses in the switches 1 and 2.  

The increase of conduction losses depends mostly on the 
modulation index, because the duty cycle of the redundant 
space phasors (the short ones in the Fig. 3 spanning the inner 
hexagon) vary with the modulation index. The results present-
ed later show that in spite of higher conduction losses a reduc-
tion of total losses is still achieved. 

TABLE I. in the appendix shows the voltage space phasors 
for the control of the 3L-NPC VSI under a DTC scheme. The 
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highlighted fields refer to the switching states affecting the 
losses production on IGBT 1 and 2: highlighted in blue are the 
non-redundant voltage space phasors that require the connec-
tion of the upper leg of phase U to the positive DC-rail (see 
Fig. 7). In contrast, the short voltage space phasors that can be 
used to redistribute the losses from the IGBT 1 and 2 to the 
other switching devices are highlighted in green and are num-
bered as 13, 14, 18, 19, 20 and 24 (numbering rule see Fig. 3). 
Here, the switching states 13, 14 and 18 connect the phase U to 
neutral point. Conversely, the switching states 19, 20 and 24 
connect phase U to positive DC bus. Thus if a thermal overload 
is detected in IGBT 1 or IGBT 2 , then an alternative switching 
table is applied to generate the switching patterns aiming at 
reduction of switching losses of IGBT 1 and IGBT 2. This new 
switching table in TABLE II. is a modification of TABLE I. , 
in which the switching states 13, 14 and 18 are replaced by 19, 
20 and 24 respectively.  

By using the modified TABLE II.  the switching losses of  
IGBT 1 and IGBT 2 are reduced because the switching be-
tween redundant states that is used for the control of the volt-
age of the middle point is inhibited. Of course the drawback is 
the increase of the ripple. 

This substitution could be carried out for all 12 sectors of 
the switching table. However in order to reduce the impact of 
the ALE strategy on the neutral point performance, the substi-
tution is only applied in some sectors. Based on different simu-
lation studies, it has been shown that a substitution limited to 
the sectors VII to XII yields the best compromise between loss 
reduction and ripple of neutral point voltage. 

IV. CALCULATION OF THE SEMICONDUCTOR LOSSES FOR 

THE OPERATION UNDER ALE 

A. Thermal Model 

 
Fig. 8. Thermal model used for the calculation 

Fig. 8 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 TJunction =
ΔTjc + ΔTch + ΔTha + TAmbient  , the subscripts jc, ch and ha 

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 ΔTha 
can be used to estimate the total loss of a particular IGBT in-
cluding its antiparallel diode, hence Ptotal,loss  ≈  ∆Tha/Rha, in 

steady-state. Hereby Rha  is the thermal resistance of the 
heatsink given by manufacturer.  

B. Loss Calculation 

For the theoretical validation of the proposed enhanced 
switching strategy a calculation of the losses is used. The ap-
plied method for calculating the losses of the semiconductor 
devices is described in [7] and was experimentally verified in 
[8]. It provides good accuracy with moderate calculation ef-
forts.  The conduction losses of IGBTs are calculated as: 

𝑃𝑐𝑜𝑛𝑑𝑢𝑐𝑡 = 𝑈𝐶𝐸 . 𝐼𝐶 = (𝑈𝐶𝐸,0 + 𝐼𝐶 ∙ 𝑟𝐶𝐸) ∙ 𝐼𝐶 , (4) 

𝐼𝐶  denotes the instant collector current through the IGBT. The 

Collector-Emitter voltage 𝑈𝐶𝐸,𝑜  and the differential resistance 

𝑟𝐶𝐸  are extracted directly from the on-state characteristics 
curve. The calculation of the switching loss energy in IGBTs is 
formulated as: 

𝐸𝑠𝑤𝑖𝑡𝑐ℎ = 𝐸𝑠𝑤𝑖𝑡𝑐ℎ,0 ∙
𝑈𝑑𝑐/2

𝑈𝑏𝑎𝑠𝑒
∙

𝐼𝐶

𝐼𝐶,𝑏𝑎𝑠𝑒
, (5) 

the base switching loss 𝐸𝑠𝑤𝑖𝑡𝑐ℎ,0 is obtained from the data 
sheet for a given condition with the base commutation 
voltage of 𝑈𝑏𝑎𝑠𝑒  and with base collector current of 𝐼𝐶,𝑏𝑎𝑠𝑒 . 
The 𝐸𝑠𝑤𝑖𝑡𝑐ℎ  stands for either turn-on or turn-off loss ener-
gy. The average switching loss power is derived subse-
quently as (6), if the sample time  𝑇𝑠𝑎𝑚𝑝𝑙𝑒  of the inverter is 
known, typically for DTC scheme 𝑇𝑠𝑎𝑚𝑝𝑙𝑒 = 25µ𝑠. 

𝑃𝑠𝑤𝑖𝑡𝑐ℎ = 𝐸𝑠𝑤𝑖𝑡𝑐ℎ/𝑇𝑠𝑎𝑚𝑝𝑙𝑒 (6) 

finally the overall losses are computed as the sum of all losses: 

𝑃 = 𝑃𝑐𝑜𝑛𝑑𝑢𝑐𝑡 + 𝑃𝑠𝑤𝑖𝑡𝑐ℎ,𝑜𝑛 + 𝑃𝑠𝑤𝑖𝑡𝑐ℎ,𝑜𝑓𝑓 . (7) 

In a similar manner, the conduction losses and recovery 
losses of the diodes are easily calculated with (4-7). 

V. RESULTS 

The simulation of the 3L-NPC VSI fed Induction Machine 
is conducted in Matlab/Simulink to examine the performance 
of the drive with the DTC scheme. The simulated drive system 
corresponds to the one used in the test-bench in the lab to veri-
fy the Active Lifetime Extension (ALE) strategy by using the 
PWM in the earlier works [8][9]. For the calculation of the 
losses, the thermal model of 3L-NPC VSI explained above and 
proposed in [7] was implemented in Matlab/Simulink. As al-
ready stated, this thermal model has been extensively verified 
by experimental measurements [8] and is considered as suffi-
ciently accurate. The parameters of the thermal model can be 
obtained from the TABLE IV.  as well as from the datasheets 
of the components. In the following, the performance of 3L-
NPC VSI fed induction machine  will be examined for differ-
ent operational points, here the sectors VII to XII of the switch-
ing table are modified as TABLE II. (marked as red), in which 
the switching states 13, 14 and 18 are replaced by the 19, 20 
and 24 respectively. 

Fig. 9 shows the loss distribution among the IGBTs at rated 
operation of the induction machine, the numbering of the 
switches can be seen in the Fig. 7. The columns in blue refer to 
the conduction losses of IGBTs by applying the normal DTC 
scheme, columns in red refer to the conduction losses of IGBTs 
by applying modified DTC scheme with ALE strategy, and the 
grey columns on the top show the switching losses. As ex-
pected in the normal operation for the high modulation index 
(high speed range), the outer IGBTs, e.g. IGBT 1, produce 
more total losses than the inner IGBTs, e.g. IGBT 2. But by 
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analyzing the distribution of the conduction losses (columns in 
blue), the inner IGBTs causes higher conduction losses than 
the outer ones, because the inner IGBTs are required for both 
connections of one phase either to the neutral point or to the 
DC rail, in contrast, the outer IGBTs are required only for the 
connection of one phase to DC rail and have consequently 
shorter on-time. These results matched the experimental meas-
urement very well and proved the sufficiency of the used ther-
mal model of 3L-NPC VSI [7][8].  

 

Fig. 9. Loss distribution among the IGBTs at rated operational point; the 

left columns refer to normal DTC and right columns to DTC with ALE. 

 The red columns present the conduction losses of IGBTs 
for DTC scheme with ALE strategy. The total losses of IGBT 1 
are reduced considerably by 14% as the losses of IGBT 2 
stayed nearly the same. The IGBTs 5 and 8 suffer higher heat-
ing because of the redistribution of the losses from the IGBT 1. 
If the losses in IGBT 1 have to be further reduced, more sectors 
in TABLE I should be modified in order to decrease the 
switching actions of IGBT 1. Of course, this yields an addi-
tional reduction of loss on IGBT 1 but it increases at the same 
time the ripple at the neutral point. Consequently, the current 
quality becomes worse. Hence, a trade-off between ALE strat-
egy for loss reduction and the neutral point performance has to 
be achieved.  

The upper trace of Fig. 10 shows the waveform of neutral 
point voltage in normal operation. The lower trace shows the 
higher ripple at the neutral point due to the modification of 
sectors VII to XII in TABLE II.  The waveforms seem to be 
similar to the case of applying ALE strategy with space vector 
modulation [7][8]. 

 

Fig. 10. Performance of neutral point for DTC with ALE at rated operation 

Additionally the performance of the induction machine fed 
by 3L-NPC VSI was examined for different values of torque 
and modulation index: 

𝑚 =
𝑈𝐿𝐿,1

𝑈𝐷𝐶/√2
 , 

(8) 

Where ULL,1 is the rms value of the fundamental of the line-
to-line voltage at the output terminals of the inverter and UDC is 
the DC-link voltage. The significant reduction of the total loss-
es on IGBT 1 and the change of ripple of the neutral point for 
different operational points are shown in Fig. 11 and Fig. 12 
respectively. In Fig. 11 𝑃𝐿𝑜𝑠𝑠,𝑁𝑜𝑟𝑚𝑎𝑙  are the total losses in 

IGBT 1 in normal DTC-operation and 𝑃𝐿𝑜𝑠𝑠,𝐴𝐿𝐸   the corre-

sponding losses in the modified DTC with ALE. The high 
ripple on neutral point increases the harmonic distortion in the 
currents, but it is acceptable as the system is working in the 
fault tolerant control mode to reduce the thermal overload. 

 

Fig. 11. Reduction of total losses on the IGBT 1 

 

Fig. 12. Ripple of the neutral point for different operational points 

VI. CONCLUSION 

 In this paper, an ALE strategy for the active loss redistri-
bution among the switches of 3L-NPC VSI has been examined 
for the case of a DTC as extension to the research presented in 
previous works in which a field oriented control scheme and a 
modulator was assumed [7][8][9]. The performance of the 
proposed method has been examined by means of simulation 
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for different operational points. The performed calculations 
show a considerable reduction of losses at that stressed switch-
ing device while maintaining the stability of the neutral point. 
The ongoing work is dedicated to the verification of the meth-
od with experimental measurements. 

APPENDIX 

TABLE I.  SWITCHING TABLE FOR 3L-NPC VSI FED INDUCTION 

MACHINE 

OutF OutT 
OutNP 
*SignI 

Sector 

I II III IV V VI VII VIII IX X XI XII 

 

+2 

+2 x 2 9 3 10 4 11 5 12 6 7 1 8 

+1 
+1 20 20 15 15 22 22 17 17 24 24 13 13 

-1 14 14 21 21 16 16 23 23 18 18 19 19 

0 
+1 13 13 20 20 15 15 22 22 17 17 24 24 

-1 19 19 14 14 21 21 16 16 23 23 18 18 

-1 
+1 24 24 13 13 20 20 15 15 22 22 17 17 

-1 18 18 19 19 14 14 21 21 16 16 23 23 

-2 x 12 6 7 1 8 2 9 3 10 4 11 5 

 

+1 

+2 x 2 9 3 10 4 11 5 12 6 7 1 8 

+1 
+1 20 20 15 15 22 22 17 17 24 24 13 13 

-1 14 14 21 21 16 16 23 23 18 18 19 19 

0 
+1 

25 
-1 

-1 
+1 24 24 13 13 20 20 15 15 22 22 17 17 

-1 18 18 19 19 14 14 21 21 16 16 23 23 

-2 x 12 6 7 1 8 2 9 3 10 4 11 5 

 

-1 

+2 x 9 3 10 4 11 5 12 6 7 1 8 2 

+1 
+1 15 15 22 22 17 17 24 24 13 13 20 20 

-1 21 21 16 16 23 23 18 18 19 19 14 14 

0 
+1 

25 
-1 

-1 
+1 17 17 24 24 13 13 20 20 15 15 22 22 

-1 23 23 18 18 19 19 14 14 21 21 16 16 

-2 x 5 12 6 7 1 8 2 9 3 10 4 11 

 

-2 

+2 x 9 3 10 4 11 5 12 6 7 1 8 2 

+1 
+1 15 15 22 22 17 17 24 24 13 13 20 20 

-1 21 21 16 16 23 23 18 18 19 19 14 14 

0 
+1 22 22 17 17 24 24 13 13 20 20 15 15 

-1 16 16 23 23 18 18 19 19 14 14 21 21 

-1 
+1 17 17 24 24 13 13 20 20 15 15 22 22 

-1 23 23 18 18 19 19 14 14 21 21 16 16 

-2 x 5 12 6 7 1 8 2 9 3 10 4 11 

 

The voltage space phasors in green refer to the short space phasors 
that have an effect on the loss production on the IGBT 1 and 2. In 
contrast, the ones in blue are the non-redundant space phasors.  The x 
in column NP means that no redundant state is available, a 0 in the 
output of the NP controller demands no change in the output voltage. 

TABLE II.  MODIFIED SWITCHING TABLE FOR 3L-NPC VSI FED 

INDUCTION MACHINE 

OutF OutT 
OutNP 
*SignI 

Sector 

I II III IV V VI VII VIII IX X XI XII 

 

+2 

+2 x 2 9 3 10 4 11 5 12 6 7 1 8 

+1 
+1 20 20 15 15 22 22 17 17 24 24 19 19 

-1 14 14 21 21 16 16 23 23 24 24 19 19 

0 
+1 13 13 20 20 15 15 22 22 17 17 24 24 

-1 19 19 14 14 21 21 16 16 23 23 24 24 

-1 
+1 24 24 13 13 20 20 15 15 22 22 17 17 

-1 18 18 19 19 14 14 21 21 16 16 23 23 

-2 x 12 6 7 1 8 2 9 3 10 4 11 5 

 

+1 

+2 x 2 9 3 10 4 11 5 12 6 7 1 8 

+1 
+1 20 20 15 15 22 22 17 17 24 24 19 19 

-1 14 14 21 21 16 16 23 23 24 24 19 19 

0 
+1 

25 
-1 

-1 
+1 24 24 13 13 20 20 15 15 22 22 17 17 

-1 18 18 19 19 14 14 21 21 16 16 23 23 

-2 x 12 6 7 1 8 2 9 3 10 4 11 5 

 

-1 

+2 x 9 3 10 4 11 5 12 6 7 1 8 2 

+1 
+1 15 15 22 22 17 17 24 24 19 19 20 20 

-1 21 21 16 16 23 23 24 24 19 19 20 20 

0 
+1 

25 
-1 

-1 
+1 17 17 24 24 13 13 20 20 15 15 22 22 

-1 23 23 18 18 19 19 20 20 21 21 16 16 

-2 x 5 12 6 7 1 8 2 9 3 10 4 11 

 

-2 
+2 x 9 3 10 4 11 5 12 6 7 1 8 2 

+1 +1 15 15 22 22 17 17 24 24 19 19 20 20 

-1 21 21 16 16 23 23 24 24 19 19 20 20 

0 
+1 22 22 17 17 24 24 19 19 20 20 15 15 

-1 16 16 23 23 18 18 19 19 20 20 21 21 

-1 
+1 17 17 24 24 13 13 20 20 15 15 22 22 

-1 23 23 18 18 19 19 20 20 21 21 16 16 

-2 x 5 12 6 7 1 8 2 9 3 10 4 11 

 

The voltage space phasors in green refer to the short space phasors 
that have an effect on the loss production on the IGBT 1 and 2. In 
contrast, the ones in blue are the non-redundant space phasors.  The x 
in column NP means that no redundant state is available, a 0 in the 
output of the NP controller demands no change in the output voltage. 

 

TABLE III.  THE CONSIDERATION OF PHASE CURRENT FOR NEUTRAL 

POINT CONTROLLER 

Redundant switching 

states 

SignI 

(16/22), (13/19) 𝑠𝑖𝑔𝑛(𝐼𝑈) 

(15/21), (18/24) 𝑠𝑖𝑔𝑛(𝐼𝑉) 

(14/20), (17/23) 𝑠𝑖𝑔𝑛(𝐼𝑊) 

 

TABLE IV.  PARAMETERS OF THE SIMULATED SYSTEM 

3L-NPC VSI 𝑈𝐷𝐶 560V 

𝐶𝐷𝐶 4,4mF 

𝐼𝑟𝑎𝑡𝑒𝑑 40A (rms) 

Induction machine 

(ABB M2AA160L4) 

𝑃𝑟𝑎𝑡𝑒𝑑 15kW 

𝑈𝑟𝑎𝑡𝑒𝑑 400V 

𝐼𝑟𝑎𝑡𝑒𝑑 31,1A 

𝑛𝑟𝑎𝑡𝑒𝑑 1455r/min 

𝑀𝑟𝑎𝑡𝑒𝑑 98 Nm 

IGBT for 3L-NPC VSI 

(IXYS IXGR72N60A3H1) 

𝑉𝐶𝐸 600V 

𝐼𝐶,110 52A 
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