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Abstract—As inverters are often used in critical applications,
reliability is an important issue. Especially the power electronic
switches and gate drivers, the most essential components of the
inverter, are vulnerable parts in real live operation. Therefore
this paper focuses on open switch fault detection for multilevel
inverters. When a single-switch open circuit fault occurs in one of
the power electronic switches, the algorithm can detect the fault
and the switch that is causing it. The detection is worked out for
both a linear resistive inductive load and an induction motor.
The proposed algorithm is an extension of an already available
finite-set model based predictive control algorithm. Therefore
no extra hardware or measurements are required. The paper
also discusses a suggested method for reconfiguration after fault
detection. Computer simulation and experimental verifications
validate the proposed methods.

Index Terms—Fault detection, MBPC, single-switch fault,
FPGA implementation, induction machine

I. INTRODUCTION

In the past few years there has been a tremendous interest in
the model based predictive control of power electronics, as is
clear from the large number of articles [1], [2], special sections
in journals, books [3] and dedicated conference sessions [4].

Although many different approaches have been described,
there seems to be some convergence on the use of finite-set
model based predictive control (FS-MBPC) [5], where the
finite number of converter switch states is exploited to enable
an implementation using an explicit (often exhaustive) search.
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Several papers have presented research on the design of the
cost function [6], [7] and prediction models that can be used.
As model based predictive control for power electronics is
a computationally intensive scheme, attention has been paid
to the implementation technology and methodology as well
[6]. It has been shown that in particular an approach using
programmable digital electronics to construct a dedicated
prediction calculation core offers an efficient implementation.

MBPC has proven to be a powerful tool to control the
switches of a power electronic converter. It is an especially
attractive control scheme for inverter topologies with a large
number of switching states where conventional PWM or SVM
modulation scheme’s are not obvious. It is however more
than a modulation scheme. Besides creating a desired output
voltage, MBPC can directly control the load of the inverter.
For example in [8], [9] predictive control is used to directly
control the torque and flux of an induction machine. Another
favorable property is that the control scheme can handle
constraints in a natural way. Where other schemes often use
hard limitations, MBPC can calculate the optimal switching
states, taking the constraints into account [1]. Finally MBPC is
typically used to control MIMO systems. Therefore it can also
be used to simultaneously control internal inverter states like
capacitor or neutral point potentials. Well known examples
for which MBPC has proven to be useful are the flying-
capacitor inverter [6], [10], the (active) neutral-point-clamped
inverter [11]-[13], the cascaded H-brigde inverter [14], [15]
and matrix converter [16].

However, as these inverter topologies have a large number
of switches, the possibility of a failure of a power electronic
switch or driving circuit rises, and with it the need for a
fast and reliable fault detection algorithm. Statistical data
show that around 38% of the faults in industrial induction
machine drives are due to failure of the power electronics [17],
whereas 34% of the failure of such power devices is caused
by semiconductor component and soldering faults [18]. Liter-
ature proposes different open-switch fault detection strategies
comparing current or voltage measurements to theoretically
expected values as summarized in [17]. In [19] an FPGA was
used for real-time fault detection, but the method is based on
a voltage-criterion, requiring extra voltage measurements. In
[20] open switch faults are detected by looking at the change
of the Park’s current vector phase. When this value drops
under a certain threshold, a fault is assumed. The faulty switch
is localized by looking at the polarity of the currents over one
fundamental period. This however means that it takes at least
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one period before the fault can be localized.

The fault detection method introduced here, and presented
in a previous paper [21], is an extension of the MBPC
algorithm controlling the switches of the converter, so no
extra sensors or hardware are needed. It has the additional
advantage that measurements and calculations that are already
being performed for the control can be recuperated for the
fault detection algorithm. The use of an FPGA (field pro-
grammable gate array) makes it possible to perform additional
calculations used for the online detection in parallel with the
control algorithm, so the overall calculation time does not
increase. The method can detect open-switch faults in the
inverter, and can assign the switch that is causing the fault.
In [21] only the basic ideas were given and tested on a linear
resistive inductive load used as a simple and comprehensive
reference frame. In this paper the detection method is applied
to an induction motor, an industrial more relevant application.
Although an induction motor is far more difficult to model,
the experimental results show fast and reliable fault detection.

This method can be expanded to include a switch-over
to fault tolerant operation. The concept of fault tolerant
drive system is defined in [22] as the ability to continue
to operate in a satisfactory manner after sustaining a fault.
In this definition the term “satisfactory” implies a minimum
level of performance after the fault has occurred and thus
depends on the system requirements. It allows the drive to
continue operation till next maintenance or till a safe stop is
possible. Multilevel inverters have the advantage of inherent
redundancy that can be exploited for post-fault operation [23],
[24]. In [25]-[27] the fault tolerant behaviour of multiphase
drives are investigated under an open-phase fault. In [28] also
inter-turn and short circuit faults are investigated. Multiphase
drives have the advantage that no extra hardware is required to
achieve fault tolerant operation. In [25] a predictive controller
selects the optimal switching state taking into account the
loss of one phase. In most cases however where conventional
three-phase drives are used, extra hardware is added to be able
to switch to a fault tolerant mode after fault detection. The
extra hardware added depends on the type of faults the inverter
has to be able to face. This can be a redundant inverter leg
[29], but also other more cost-effective topologies are possible
depending on the considered faults as in [30]. In this paper,
the switch redundant topology of [31] is used, since only
single-switch open circuit faults are considered. The authors
suggest to decouple the leg containing the faulty switch, and
to connect the affected phase to the midpoint of the DC-
bus. Automatic controller reconfiguration for subsequent post-
fault operation is done by adapting the model in the MBPC
controller to the altered inverter configuration. This paper
gives measurement results of this kind of reconfiguration.

II. MODEL BASED PREDICTIVE CONTROL FOR
FLYING-CAPACITOR MULTILEVEL INVERTERS

MBPC is an attractive tool to control flying-capacitor
multilevel inverters for several reasons. Multilevel inverters
typically have a large number of switches to be controlled.

These switches have to be controlled in such a way that
not only the control objectives are attained, but also that the
inverter capacitors remain balanced. MBPC can handle this
multiple-input-multiple-output control problem by combining
the variables to be controlled in an appropriate cost function.
The strategy cannot be seen as just a replacement of existing
control schemes like PWM or SVM. The objective of these
schemes is to track a desired output voltage or current. The
reference values to be tracked are then delivered by another
control scheme like for instance a field oriented control
scheme for torque and flux control on electric machines.
Instead, MBPC directly controls the control variables as will
be shown later. The output voltage or current of the inverter
is not a goal on itself but a means to reach the control
objectives. Another reason to use MBPC is that it can handle
restrictions in a natural way. Where other schemes often use
hard limitations, MBPC minimizes a cost function taking into
account the restrictions.

A. Three level flying-capacitor inverter

The topology of a three level flying-capacitor inverter can
be seen in Fig. 1. A flying-capacitor inverter is a kind of
multilevel topology meaning that the device can, other than
the positive and negative half bus-bar voltage, synthesize
several output voltages with respect to the neutral point of
the DC-bus. Due to the smaller difference in discrete voltage
levels, a voltage wave form with much lower ripple can be
achieved. Also much higher voltages can be obtained using
conventional switches. This is because several switches are
used in series, each of them switching a part of the overall
voltage.

Fig. 1: Topology of a three level flying-capacitor inverter

As can be seen in Fig. 1, this inverter uses two pairs
of complementary controlled switches per phase: (S;1,S5,1)
and (S.2,5,2), with 2 € {1,2,3}. One extra voltage level
can be obtained by controlling the switches in such a way
that the flying-capacitor is connected in series with the DC-
voltage source. The voltage over the capacitor is balanced
to half of the dc-bus voltage. This way an output voltage of
zero volts with respect to the neutral point of the DC-bus is
obtained. This is the case when [Sy1, Sz2] = [1,0] and when
[Sz1,Sz2] = [0,1]. This extra voltage level can be used to
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synthesize the desired output waveform. The inverter also has
redundant switching states which makes it easier to balance
the capacitor voltages.

In general, the output voltage is a linear combination of the
bus-voltage and the capacitor voltage in that phase:

Vbe
Vgn = SDci + Svcvzc

5 ey

Vpe is the DC-voltage and v,. is the voltage over the
capacitor in phase z.

The variables Spc and S, are a function of the switching
state:

T € {a,b,c}

Spc =28z —1 (2

S’uc = Szl - S:I:Z (3)

B. Finite-Set Model Based Predictive Control

Finite-Set Model Based Predictive Control is a specific type
of MBPC that can be used to control several outputs. In the
case of current tracking control this is the output current and
the voltage over the capacitors of the inverter. In the case of
predictive torque control (PTC) the output variables are the
torque of the motor, the stator flux and the voltage over the
capacitors of the inverter. This control algorithm consists of
three important steps.

1) ESTIMATION: based on measurements of phase cur-
rents, bus voltage and capacitor voltages at the current
update instant £ an estimation is made for the state at
the next update instant k + 1. To this end the optimal
switching state, calculated in the previous time step, is
considered. This step compensates for the finite time the
controller needs to execute the algorithm.

2) PREDICTION: starting from the estimated values at k+
1, the output at update-instant k + 2 is calculated for
every possible switching state.

3) OPTIMISATION: for each switching state a cost func-
tion is calculated. In this function the relative weight of
the different control variables can be chosen, depending
on the form of the function. The state with minimum
cost is actually applied at time instant k& + 1. All other
calculations are removed and the algorithm is iterated.

III. ANALYSIS OF OPEN-SWITCH INVERTER FAULTS IN
FLYING-CAPACITOR CONVERTERS

A. Types of inverter faults and consequences

Power switch failures can be divided into open-switch and
closed-switch faults [20]. In this paper a method is presented
to detect open-switch inverter faults in a flying-capacitor
inverter. An open-switch fault is a situation where a switch
does not conduct when a closing signal from the controller
is given. This can be due to a fault in the switch itself or
a fault in the gate drivers. When this happens, the system
model in the controller does not reflect the actual behavior

anymore. The estimation and prediction will be wrong and
the control will be lost. Note that closed-switch faults are not
considered here. In this case the faulted switch does not cease
to conduct. This can cause shoot-through and the DC-voltage
source to short-circuit. When this happens fuses will decouple
the faulty leg from the inverter, reducing the situation to be
detected again to an open-switch fault.

B. Modeling of faulty topology

First a model of the system with a fault in each of the
switches needs to be derived. To be able to calculate the
current through the load in fault condition, the voltage over the
load should known. For a three level flying-capacitor inverter
the output voltage depends on the switching state, the faulty
switch and the sign of the current as will be shown here. In
general, the output voltage is a linear combination of the bus
voltage and the capacitor voltage in that phase, as shown in
equation (1). In a fault situation however, the formulas (2) and
(3) are not valid anymore. Instead, the variables Spc and Sy
must be determined for each of the twelve fault situations. In
each fault situation one of the switches is considered defect.
Since the output voltage does not depend on the exact values
of the current, values for these variables can be tabulated off-
line and can then be used in the detection algorithm. To show
how the values of Spc and S, are obtained, an example is
shown here. Suppose the switch S o of the phase z is defect,
the current is positive and that the controller orders both S,
and S s to close.

(a) Faultless
iz >0

(c) Faultless
iz <0

situation,(d) Fault in Sy2, i, < 0

Fig. 2: Modeling of faulty topology
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The faultless situation is shown in Fig. 2a, where the path
of the current is drawn. The output voltage is +Vg—c. When
a fault occurred in switch Sx2 or its driver, Sx2 will not
conduct as demanded by the controller. However, because of
the inductive load, the current will continue to flow. Here
the freewheel diodes of the switches come into play. As the
diode of S,; is backward polarized due to the capacitor, the
currents flows as in Fig. 2b. Now the output voltage of phase
T is —% + Uge, OF

[SDCa SUC] = [_17 1} (4)

In the other case, when the current was negative, the current
flows as in Fig. 2c for the healthy situation. In case of a fault
in S;o the current flows as in 2d. In this case there is no
difference with the faultless situation. The output voltage of
phase z is %, en thus

[SDC7S’UC] = [170] (5)

Finally, if the current crosses zero during the considered
update period, it will remain zero since the corresponding
freewheel diode will cease conducting.

The fault situations are summarized in table 1.

TABLE I: Fault situations (adjacent switch = switch on the same side of DC
bus)

Faulty switch iz adjacent switch  [Spc, Svel

Szl >0 1 [1,-1]
0 [-1,0]

<0 1 [1,0]

0 [-1,1]

Se1 >0 1 [—1,0]
0 1, —1]

<0 1 [-1,1]

0 [1,0]

Sz2 >0 1 [—1.,1]
0 [—1, 0]

<0 1 [1,0]

0 1, —1]

Sa2 >0 1 [—1.,0]
0 [-1.,1]

<0 1 [1,—1]

0 [1.0]

IV. ESTIMATION-BASED FAULT DETECTION

The proposed fault detection algorithm is based on the
comparison between theoretically expected currents and the
corresponding measured currents on that time instant. A
faulty switch will cause the current path in the inverter to
change. This will result in a different voltage applied to the
terminals of the load, and thus a different phase current. The
detection algorithm calculates what this current would be for
every possible open-switch fault. Since there are 12 switches
in a three-level flying-capacitor inverter, this results in 12
calculated current vectors. Each current vector thus contains
the currents in the three phases that would theoretically occur
on the next sampling instant if the corresponding switch would

be defect. A 13" current vector contains the estimated phase
currents for the faultless situation. This vector is also needed
for the control, and thus is already available. This is shown
in Fig. 3. In the dotted line the normal FS-MBPC algorithm
is depicted. Starting from a measurement on update instant
k, an estimation of the state on k + 1 is made. Starting
from this estimation, the state on k + 2 is predicted for all
possible switching states. This creates a finite set of possible
future states, from which the optimal state is selected using
a cost function. The solid line represents the extension of
the algorithm for fault detection. The controller looks at
every switch separately and assumes it defect. Then using
the measurement of the voltage over the capacitors, the dc-
voltage and the sign of the current on update instant k, the
phase currents on k + 1 are estimated for every faulty switch.
To this end the table I of output voltages for the different
fault situations is used. This results in the 13 current vectors.
Twelve vectors contain the three phase currents when one of
the twelve switches is defect. The 13'" vector contains the
current in the three phases for the faultless situation.

Alx
k+2
8| Xs,

k+2
S - .9 X32

k+2

2

Finite Set

Prediction

I i i »
>

Estimation

k+2 t

k k+1
Fig. 3: Principle of fault detection as an extension of the estimation step of
the MBPC-algorithm

A

R .

false fault assignment

threshold
—moving average

e fault function

fault not detected

7 =

Ll

Fig. 4: Principle of fault conclusion. When the moving average of the fault
function of a switch exceeds the threshold value, a fault in this switch has
occurred.

Typical fault situation k

On update instant £+ 1 a new measurement of the currents
comes available. Now the 13 vectors are compared with this
measured current vector. This is the minimization step. If
the current vector containing the estimated currents for the
faultless situation is closest to the measured vector on k+1 it
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(a) Simulation of the cumulative sum of the fault function for the different
switches when no fault is present.

Fig. 5: Fault detection method: simulation results

is assumed that none of the switches is defect. If however
one of the twelve fault-vectors is closest to the measured
vector on k + 1, it is possible that the corresponding switch
is defect. A fault is not immediately concluded, because
measurement noise and modeling uncertainties could cause
a false conclusion. Instead a fault function is associated to
each switch. This function has the value 1 on time instant £ if
the corresponding switch was chosen in the minimization step
on update instant k. Otherwise this function is zero. On each
instant a moving average of this function is calculated for each
switch to filter out the false fault assignments, as can be seen
in Fig. 4. Also in some cases the fault cannot immediately
be detected since there is no difference between the faulty
and faultless situation, as seen in section III-B. When the
moving average exceeds a certain threshold, a fault in the
corresponding switch is assumed.

V. FAULT DETECTION ON A THREE LEVEL
FLYING-CAPACITOR INVERTER WITH LINEAR RESISTIVE
INDUCTIVE LOAD

To test the detection algorithm, the simulations and experi-
mental verifications were first carried out on an RL-load. This
load has the advantage that it is straightforward to model
so the focus can be laid on the detection of faults. The
load has a resistance of R = 4.5€), and an inductance of
L = 0.0145H. The three level flying-capacitor inverter has
capacitors of C' = 110uF. This value is a trade off between
controllability of the voltage and cost/weight. The inverter is
fed with a DC-voltage of 100V, the rated voltage of the three
level flying-capacitor inverter.

A. Simulation Results

Simulations, carried out in a Matlab-Simulink environment,
are performed to check whether the detection algorithm selects
the right switch. To do this the cumulative sum of the
faultfunction is plotted in Fig. 5. This function tells how often
a certain switch has been chosen by the minimization step
of the fault detection algorithm. To test the algorithm this
cumulative sum which corresponds with the twelve switches

1400 -

1200 -

1000 -

800 -

cumulative sum

0 0.02 0.04 0.06 0.08 0.1 0.12
time [s]

(b) Simulation of the cumulative sum of the fault function for the different
switches, a fault in S11 is simulated.

together with the faultless situation, was simulated for dif-
ferent fault situations. First a simulation was made with no
faulty switches. The result is given in Fig. 5a. As expected,
the faultless situation was chosen every time.

Next, a fault in switch S;; was simulated. The result is
shown in Fig. 5b. It is clear that the detection algorithm detects
the fault as the cumulative sum of Sy; rises fast. Also the
faultless situation is selected a lot of times. This is because
S11 is not used all the time. Wen S71 is not used, there is no
difference between the faultless and the fault situation.

B. Experimental Verification

To verify the results, the detection algorithm was imple-
mented in a Xilinx Virtex-II FPGA, as can be seen in Fig.
6 where the measurement setup is shown. The FPGA was
programmed using ISE 10.1 design suite from Xilinx. The
used FPGA has 13696 slices of which 32% are used for the
current control, and an additional 10% for the fault detection.

—m—

3L-FC-VSI

DC voltage source YYYY A

Ve | Vee [Veo|Vea

Computer

Fig. 6: Measurement setup

To emulate a faulty switch, the switch Soo could be shut
down. The result is shown in Fig. 7. The current reference
wave is plotted together with the actual current. At ¢ = 0
ms a fault in switch So5 was emulated by sending a constant
zero signal to its gate. From this moment, the currents start to
deviate from their reference. The moving average of the fault
function of this switch starts to rise, and reaches the threshold
value. The controller concludes there is a fault in switch S,
and some action can be undertaken as will be shown later. The
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time between fault introduction and detection is 1.22ms here.
This value of course depends on the threshold value. If this
value is chosen lower, the fault can be detected earlier. On the
other hand the risk that a false fault conclusion is made rises.
Here a threshold of 0.60 was chosen from trial and error. This
value is far higher than the maximum of the moving average
in faultless situation, making the algorithm robust to false
alarms. On the other hand the value is lower than the moving
average in fault situation making the detection sensitive to
faults. The time between fault introduction and detection also
depends on the value of the reference signal at the moment
of fault introduction. In Fig. 8 for instance, the fault was
introduced at negative reference value. The currents keeps
following the reference, until the reference becomes positive.
This can be explained by looking at the inverter topology. If
the current is negative, the switch Sso is hardly used because
the current flows mainly through So1 and Soo to the negative
terminal of the DC-bus. The faulty switch is only used to
balance the capacitor in phase b. This is why it takes about
4ms before the fault is detected. This is not really a problem
since most of this time the current tracks the reference.

fault introduction

threshold

= = = current reference [pu]
measured current [pu]

—A— moving average

time [ms]

Fig. 7: Experimental verification, fault on switch Sao.

fault introduction

threshold

= = = current reference [pu]
measured current [pu]

—A— moving average

Fig. 8: Experimental verification, fault on switch S22. Fault introduction at
different angle with respect to reference current.

C. Reconfiguration after Fault Detection

After a fault in a switch has been detected, some actions
can be undertaken to minimize the effect of the fault on the
output current of the inverter. In this paper a proposed method
[31] in which the affected phase is connected with the neutral
point of the DC-bus is investigated. All measured waveforms
are plotted in Fig. 9. The measurement setup of Fig. 6 was
used (RL-load). Fig. 9a shows the current waveforms when a
fault in switch S5 occurs and no further action is undertaken.

From the moment of fault introduction all currents start to
deviate from the reference values. Since phase b cannot be
connected to the positive DC-bar due to the fault in Sy, the
current in that phase always remains negative or zero. In Fig.
9b the affected phase is, after the fault has been detected,
fully decoupled from the inverter. Obviously the current in this
phase always remains zero. The controller does not manage
to control the two other currents either. Finally, Fig. 9c shows
what happens when the affected phase is connected to the mid-
point of the DC-bus using a bidirectional switch. The fault is
detected after 1.4 ms. From that moment the current of phase
b flows through the bidirectional switch. This information
is passed to the controller, and the model of the inverter
is altered. The phase voltage of b is always set to zero in
the model independent of the switching state. Using this new
model the currents can be controlled in an acceptable way.
This could be a temporary solution until the faulty switch is
replaced.

1.5

i
a

——ip
i
c

—fault introduction

measured current [pu]
°

15 . . . . . . . . ,
1:‘![5 -10 -5 0 5 10 15 20 25 30
time [ms|

(a) Current waveform with faulty switch Sao

1.5

i

¢
—fault introduction
- - -fault detection

measured current [pu]
°

15 . . . . . . . . ,
15 -10 -5 0 5 10 15 20 25 30
time [ms]

(b) Decoupling of the faulty leg

i
a

i

b

i
c

—fault introduction
- - -fault detection

measured current [pu]
°

15 . . . . . . . . ,
s -10 -5 0 5 10 15 20 25 30
time [ms]

(c) Connecting the affected phase with the neutral point of the DC-bus and adapting

the model

Fig. 9: Reconfiguration after fault detection, measurement data.
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VI. FAULT DETECTION ON A THREE LEVEL
FLYING-CAPACITOR INVERTER CONTROLLING AN
INDUCTION MACHINE

Now that it is shown that the principle of fault detection
makes sense, an industrially more relevant application is
considered. In the section below a three level flying-capacitor
VSI is used to drive an induction motor. MBPC is used to
directly control the torque and flux of the motor [8], [9]
along with the voltage over the capacitors of the inverter. The
inverter is fed with a DC-voltage of 100V, the rated voltage
of the three level flying-capacitor inverter. A DC-machine is
connected to the 380V induction machine to serve as load in
order to keep the speed and thus the back-emf low so that no
overmodulation takes place. The speed of the machine is in all
simulations and experimental verifications kept at 150 r.p.m.
The considered induction motor is a Leroy Somer motor of
the type LS112MT of which the parameters are given in table
II.

TABLE II: Motor parameters converted to stator.

Leroy Somer Induction Motor

Type LS112MT

Nr. 061300JM017

Rs = 1.23Q R, =1.05Q
m = 0.212H Ls =L, =0.220H
Prom = 4kW Npom = 2815rpm

A. Simulation results

First, simulations were performed to see whether the
detection algorithm is robust enough to cope with model
imperfections. Again the cumulative sum of the fault function
is plotted. A fault in switch S7; was simulated at ¢ = 0.5 s.
The result is shown in Fig. 10. It is clear that the detection
algorithm detects the fault as the cumulative sum of S7; rises
fast. Also the faultless situation is selected a lot of times.
This is because S7; is not used constantly. When S7; is not
used, there is no difference between the faultless and the fault
situation.

14000

—}

1
= = = other switches

12000 ..., faultless

10000

8000

6000 [~

cumulative sum

4000 -

2000

0 0.1 0.2 03 0.4 0.5 0.6 0.7
time [s]

Fig. 10: Simulation of the cumulative sum of the fault function for the
different switches, a fault in S11 is simulated at ¢t = 0.5 s.

B. Experimental Verification

To verify the results, the detection algorithm is implemented
in a Xilinx Virtex-II FPGA along with the PTC algorithm

to control the inverter. The measurement setup is the same
as in Fig. 6 but with an induction machine as load. The
experimental test rig is shown in Fig. 11.

NN\

Fig. 11: Measurement setup

1) Pre-fault behaviour: A very important feature of a
fault detection algorithm is its ability to avoid false fault
conclusions. To this end the detection was tested for a negative
and positive step in the torque reference. The result can be
seen in Fig. 12 where the torque, the stator flux and the fault
detection are shown. The predictive controller tracks the steps
in the torque accurately while maintaining the desired flux
level between its boundaries. In figure 12c the maximum value
at each instant of all filtered fault functions are shown. From
the figure it is clear that no false fault conclusions are made,
even when sharp torque transients are imposed. The maximum
value is 0.55, while the threshold is chosen to be 0.80. These
values might change when another inverter or machine is used.
So the moving average and the threshold is something to be
tuned, which is a disadvantage of this method. However when
the right tuning variables are obtained, a robust fault detection
results.

2) Fault detection: The next feature to be tested is the
detection algorithm’s sensitivity to a fault. To emulate a faulty
switch, the switch S7; can be shut down. The result is shown
in Fig. 13. At t = 0 ms a fault in switch S7; was emulated
by sending a constant zero signal to its gate. The moving
average of the fault function of this switch starts to rise, and
reaches the threshold value. From this moment the controller
concludes there is a fault in switch Sq;. The time between
fault introduction and detection is 49 ms here. The controller
however can keep track after the fault introduction until the
torque drops after 45ms, as can be seen in Fig. 13a. The reason
for this is that the controller does not need the faulty switch
a lot during this period to regulate the torque and the flux.
So the time between fault-introduction and loss of control is
only a few milliseconds. This value of course depends on the
threshold value.
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earlier. On the other hand the risk that a false fault conclusion
is made rises. Here a threshold of 0.80 was chosen which is
larger than in the case of an RL-load in order to compensate
for model imperfections. Also the maximum moving average
of the fault function of all other switches is plotted in Fig.
13c to show that these functions do not reach the threshold
when a fault occurs in Si7.

3) Reconfiguration after fault detection: As explained in
V-C, some action can be undertaken to minimize the effect of
the fault on the torque and flux control. Fig. 14 shows what
happens when the phase containing the fault is decoupled from
the inverter and connected to the midpoint of the DC-bus. Fig.
14a shows that the torque shows a small dip caused by the
delay needed to detect the fault, but that the torque can be
controlled accurately in fault tolerant mode. Note that in fault
tolerant mode the fault function of S7; does not cross the
threshold anymore since the model of the inverter is altered
to the new configuration.

4) Post-fault behaviour: To check the torque response in
fault tolerant mode, some torque transients were imposed in
figure 15. Even with only two inverter legs, predictive torque
control is able to accurately control the torque and the flux.
The machine can thus continue to operate in this mode until
a safe stop is possible. No extra pressure is put on the other
working switches. The detection algorithm is now able to
detect other faults in the remaining switches. After a second
fault is detected, only one phase remains. In this case post
fault operation is not possible anymore.

VII. CONCLUSION

In this paper a model-based fault detection algorithm is
proposed. The method is an extension of the estimation step
in the FS-MBPC algorithm. The fault in one of the switches
is detected by comparing the real measured current with the
currents theoretically expected. It is concluded that a fault
in a power switch and the switch responsible for it can be
detected in a fast and reliable way both on a linear inductive
resistive load and on an induction machine. On the contrary
to other fault detection methods in the literature, no additional
hardware is needed. Furthermore, the method is not only cost-
effective but can also systematically be expanded to topologies
with a higher number of switches. When a fault is detected,
the faulty leg can be decoupled and the affected phase is
connected to the midpoint of the DC-bus. Experimental data
shows that the torque can still be controlled in an affordable
way.
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