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Abstract—With the increased use of power electronics in C%}”

aerospace, automotive, industrial, and energy generation sexs, ( Connector
the demand for highly reliable and power dense solutions has %
increased. Matrix converters become attractive when taking ind

account demands for high reliability and high power density. With Capacitor
their lack of large bulky DC-link capacitors, high power densities 30%
are possible with the capability to operate with high ambient
temperatures. When a power converter needs high reliability,
under tight weight and volume constraints, it is often not possible
to have an entirely redundant system. Taking into account these
constraints it is desirable that the power converter continue
to operate even under faulty conditions, albeit with diminished
performance in some regard. This paper presents an open circuit
switch fault detection and diagnosis system for matrix converters
which has been experimentally validated. The presented system
requires no load models, averaging windows or additional sensors,
this makes the proposed method fast and low cost.
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. INTRODUCTION
ITH the increased uptake in power electronic drives and
power supplies in the manufacturing, power generation, PCB

rail, automotive and aerospace industries there has been an 26%
increase in demand for highly reliable and power dense power
electronic solutions. For example the expected life of atpho Fig- 1. Failure Distribution in Power Electronids [5]
voltaic installation is around twenty years, but a typicatdg
connected power converter has an operational lifetime bf on
five years [1][2]. In such situations it is almost inevitable of failure; in a voltage source back-to-back configuration a
that at some point during the system lifetime, a fault will DC-link capacitor is required. The converter failures eals
occur in the power electronics. In those cases where it is nddy capacitor faults account f@&0% of total converter failures
possible for the faulty converter to be fully redundant,st i [5] as shown in Fig[ll. Where as semiconductor faults are
still desirable for the converter to continue to operatete@®f responsible for only21% of failures [5]. Matrix converters do
systems will allow continued operation during a fault with not have DC-Links and do not suffer from the single point of
less than optimal performande [3]. Continued operatiorhef t failure which afflicts the back-to-back configuration[d]8].
equipment under faulty conditions can be a desirable featurThis feature makes the matrix converter an attractive power
for mission critical systems, such as surface actuatiotesys converter for use in fault tolerant systems.
on aircraft or braking systems in automobiles [4]. A comparison of the relative Mean Time Between Failure

The focus for this paper is fault detection and diagnosis iflMTBF) of various AC-AC power converters is shown in
direct AC-AC matrix converters. Traditionally, the contear  Table.OJ [9]. The meaning of MTBF is often misunderstood,
topology used for AC-AC conversion is a back-to-back config-MTBF is not the time taken for a single unit to fail, it is
uration of a rectifier and inverter. Both the rectifier andeirter  the total failures divided by total operating populatiomei
are based on a three phase bridge circuit, making them simp[&0]. If a power converter had a MTBF of000 hours and
to control. Modern motor drives tend to use a back-to-backi000 units were in operation, then on average one would fail
configuration because it is a mature technology which is welevery hour [10]. In terms of MTBF the matrix converter is
understood. The main problem with inverter based drives imot quite as reliable as@pulse rectifier-inverter back-to-back
AC-AC fault tolerant applications is that in a back-to-back configuration as shown in Tablg. I, this is because the matrix
configuration, a DC-link is required, which is a single point converter has more controlled switches and thus more gate
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drives [9]. When compared to a8 pulse or PWM rectifier
back-to-back configuration the matrix converter is acyuall
more reliable, in terms of MTBF_[9][11]. This is because the
switches in the matrix converter topology have less voltage
stress than those in the PWM rectifier-inverter drivie[[9][11]

Output
PaBc

Failure Rate Mean Time
\) To Failure ((/A)
Topology Failures per Hour  Hours to Failure
Rectifier(6 Pulse) Inverter 26.0610~6 37592
Rectifier(12 Pulse) Inverter ~ 29.0210~6 34464
Rectifier(18 Pulse) Inverter 30.7210~6 32550
Rectifier(PWM) Inverter 31.0910~6 32166
Matrix Converter 28.6610~6 34894
TABLE I. COMPARISON OFAC-AC MOTORDRIVE RELIABILITY

Fig. 2. Circuit Diagram of the Matrix Converter with the Clar@rcuit

The switches that make up a matrix converter can eitherll. MATRIX CONVERTEROPERATION DURING AN OPEN
fail open circuit or short circuit, this work focuses on open CIRCUIT SWITCH FAULT
circuit switch faults. Common causes of open circuit switch  The matrix converter control requires accurate informa-

faults include gate drive faults, wire bond lift-off and cking  tion in order to safely commutate the inductive load current
of solder layers[[12][13]. Research has been carried out oBetween the input voltage sources. Either an input voltage
the continued operation of a matrix converters during anyirection commutation methof [23] or an output currentalire
open-circuit switch failure[[14][15]. These methods requi tion commutation method is needéd[24]. These two methods
a fault detection and diagnOSiS method that is both fast angehave diﬁerenﬂy during a commutation where the input
reliable. There are several existing methods in the liteeafor  yoltage or output current direction information is incatre
detecting open circuit switch faults in AC-AC convertersieD  the input voltage method creates a short circuit between the
method for open circuit fault detection in AC-AC convert&ss  jnput voltage sources and the output current method creates
the er_ror voltage method, in t_hese methods the node V0|tag% open circuit of an output current sourtel [25]. When using
of an inverter [[15][1V] or matrix converter [18] are compdre ejther commutation method a protection circuit is requited

to a set of reference voltages. The differences between thgrevent dangerous over voltage during a load open cifctit [2
estimated and actual voltages are then used for fault detect \Most matrix converters with @V A rating above2kV A use

and diagnosis. The problem with the output voltage methodg clamp circuit as the over voltage protection circiit [28]

is that the voltages sensors are not normally required fotrhis clamp circuit operates by providing a current path for
operation of the converter. These methods add to the coghe load current during an open circuit fault, thus preventi
and reduce the reliability of the converter. Spectral mesho gangerous over voltages. Matrix converters rated upé&rA
have also been applled to matrix converters but these mtho@an be protected using other energy absorbing devices such a
cannot diagnose the faulty device in direct matrix converte varistors I@] In the presented work the converter is rmm
[19][20]. Another method uses a low frequency estimate ofrom over voltage by a voltage clamp circuit and four step
the output current of the converter and compares this to thgytput current commutation was chosen so that during an

actual output current of the AC-AC converter [21][22]. Tees incorrect commutation sequence the converter is protedayed
low frequency methods use the existing output current $8nsothe voltage clamp circuit.

and do not alter the cost or re“ab”lty of the converter. §dne The C|amp circuit is connected in para||e| with the matrix
methods do not detect the fault when it poses the largesionverter, as shown in Figgl 2. The port connected to thegelta
risk to the converter; when the output current is close to thegyrces will be referred to, as the input port and caliegl..
nominal value. This is because at this point the error signafhe port connected to inductive load will be referred to, hes t
used in the low frequency methods is zero or close to ZerQutput port and calledsz¢.
Another drawback of the low frequency methods is that they puring an open circuit switch fault, the load current flows
require a load model, to estimate the output currents. If thehrough both the matrix converter and clamp circuit. In the
load is not well defined then this requirement can decrease trfo”owing example an open circuit is introduced on output
performance of the low frequency methods. phase A. This can cause current to be conducted both in &
This paper presents a fault detection and diagnosis metha@circulating manor through the output diodes of the clamp
which is fast, reliable, requires no additional hardwaetedts  circuit, see Fig[ 3. Another current path exists through the
and diagnoses the faulty device while it poses the largskt ri input diodes of the clamp circuit, through the matrix coteer
to the converter and requires no load model. The presenteahd finally returning to the load see Flg. 4. A final current
method has been experimentally validated using an customath exists through one of the input voltage sources, throug
built matrix converter rated atOkV A. the matrix converter then returning to the load, see[Biga alll



JOURNAL OF ETEX TEMPLATES, VOL. 1, NO. 1, JANUARY 2015

Fig. 3.

_/_
& Output
I — ] 1a PaBc
] ! ,l oYY\

Possible Current Path One Highlighted

Circuit Diagram of the Matrix Converter and Clamp Qitc With

Input -] Output
abe g, -1 14 PaBc
7 ] < J :/ P
1 o]

Fig. 4.

Possible Current Path Two Highlighted

Circuit Diagram of the Matrix Converter and Clamp Qitc With

JIanUt | POutput
abc Ig I P Ia ABC
i 1 1 . oo,
JI J LYY\

Fig. 5.

Possible Current Path Three Highlighted

Circuit Diagram of the Matrix Converter and Clamp Qitc With

Inout A B
npu :
\oltage C%Ar?\}g)r(ter RL-Load
Sources
Clamp
Circuit
Fig. 6. Block Diagram Showing Two Possible Matrix Conver@urrent

Sensor Locations

Clamp
Circuit
Input .
\oltage Matrix RL-Load
Sources Converter |IABc
Inference
System

Fig. 7. Block Diagram of the Proposed Fault Detection andybasis System

cases there is zero current flow through the faulty outpus@ha
of the matrix converter during the fault. The method present
in this paper uses this knowledge together with information

which devices are gated to detect the open circuit switch.fau

IIl. PROPOSEDDETECTION TECHNIQUE

Traditionally the load currents of the matrix converter are
measured for control purposés[30], as shown in[Hig. 6(case B
In this case the measured current is both the clamp curreht an
matrix converter current. In the proposed method the ctirren
sensors are moved ahead of the clamp circuit connection,
as shown in Fig[J6(case A). In this case only the current
flowing through the matrix converter is measured. During
normal operation the current measured in both cases A anc
B will be the same, meaning that the plant used for controller
design remains unchanged. However, during an open circuit
switch fault, the current measured in case A would be zero,
as the current flows through the clamp circuit instead. This
change in the current path can be used to accurately detec
an open circuit switch fault. This, together with infornaati
about the switch state of the matrix converter is required
in order to diagnose which bidirectional switch is faulty. |
should be noted that the new current sensor location does
not adversely effect traditional over current protectiantlae
converter current is measured directly. To elaborate atshor
circuit on the load port causes no over voltage. So the veltag
clamp circuit will not conduct, meaning all of the currentshu
flow through the bidirectional switches and the current sens
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Fig. 8. Graphical Representation of a Symmetrical SwitchiatePn for Space Vector Modulation

The experimental converter used Space Vector Modulatioaluring the zero-vectors.

(SVM) as described in[31]. In this modulation scheme four An idealised set of examples is shown in Fid. 9; only
active-vectors are used and three zero-vectors are used pwalf of the modulation period is shown as the other half is
modulation period. During the zero-vectors, all of the amitp symmetrical. The vertical dotted lines show the commutatio
phases should be connected to the same input phase by theints and the vertical solid lines represent the sampletpoi
matrix converter; however during an open circuit fault oneThe three examples Fif. 9[p)-9(d) show idealised casesewvher
output phase will be left open. If the converter currents arghe faulty device is only used in a single zero-vector and not
sampled during the zero-vectors then the switch state of thim the active-vectors. If the currents are sampled at thigl sol
matrix converter is known. With knowledge about the switchlines the faulty device can be detected and diagnosed dasily
state along with the current sensor location, fast and ateur taking the differences between the three samples and amglys
fault detection and diagnosis of open circuit switch fagks  the resulting residuals. The load current is always changin
be performed. In the experimental converter implementatio but if the modulation frequency is high enough then the load
a symmetrical modulation pattern was used and is shown iaurrent appears constant within one modulation pefiot, [82]
Fig.[g, herel’s is the modulation period. Using this modulation the difference between the output current samples should be
pattern each of the zero-vectors Z1, Z2 and Z3 are used twiceero. During a fault there is a difference between the output
per modulation period. The six sample poirtss are also current samples so the fault is detected when the residuals
shown. This means that during any modulation period all ef th are non-zero. Taking the difference between the outpuentrr
bidirectional switches of the matrix converter are useckast  samples taken during the same modulation period removes the
twice. So a fault can be detected withig /2 of its occurrence. load dependence from the proposed method. The faulty device
Since all of the output phases behave in the same manor durirggin be diagnosed by using the knowledge about which output
the zero-vectors, a detection and diagnosis scheme deekelopphase current contains the differences and the knowledyg ab
for a single output phase can be applied to all output phasebe zero-vector in which the difference was detected gives
of the converter. insight about which bidirectional switch in that output phas
faulty. So if all three zero-vectors are used in each modariat

A. Implementation Details period then th_e fault can be diagnose_:d within that modufatio

' period, assuming the output current is non-zero.

A simplified block diagram of the detection scheme is This method is not ideal because during the natural zero
shown in Fig.[7, the detection scheme uses the measureglossing of the output current the difference between tiieusu
matrix converter output currentd {zc) for fault detection current samples will be zero. During the zero crossing th fa
and diagnosis. The detection and diagnosis system useg expgannot be detected, because all of the residuals would be zer
knowledge about the converter current path during a faulivhich is the same as in the healthy case. So the performanct
together with the expert knowledge about the switch statef the presented method will depend on the instantaneous
of the converter during the zero-vectors. In the proposegnagnitude of the output current.
implementation the output currents are sampled once during
each of the six zero-vectors that are present in the symraétri IV. EXPERIMENTAL SETUP
SVM modulation pattern, see F[d. 8. Whdig; are the sample
points for the matrix converter output currents. To easé¢yaisa

only three samples will be used because the other three eampconverter was rated a0kV A and had a modulation frequency

are identical. y !
Information is taken directly from the modulator of the of 8kH 2. A block diagram of the developed matrix converter

matrix converter and used to strategically sample the autpS SHOWN in Fig[ID, which includes the switch matrix circuit
currents during a modulation period. These samples are theEH]d several peripheral circuits such as:

used to detect and diagnose the fault by checking for dif- ¢ Output Current Sensors

ferences in the currents flowing through the matrix converte e Input Voltage Sensors

This section describes the experimental matrix converter
|circuit along with its associated peripheral circuits. Thatrix
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P (a) Input Output Diagram of the Inference System

To accommodate the intentional open circuits introduced Used for Validation
during testing the clamp circuit was over-sized. The output I, Iio
connection of the clamp circuit was connected close to the To X Iis | phau
inductive load and the connection for the current sensors we P —Q-' Tat FIS |,
kept to a minimum distance to minimise the stray induc- — Diagnosed

tance of the connection. Current shunts were chosen as they (b) More Detailed Diagram of The Internal Structure of The
offered the required analog bandwidth and offered a higher Inference System

temperature operation than similar competing technotogie

The current sensors were interfaced with the control platfo Fig. 12. Implementation of The Fault Detection System

which controlled the sampling process in real-time. A photo

of the experimental setup used to validate the fault detecti

and diagnosis method is shown in Figl 11, the photo showgithin a modulation period is caused by an open-circuit shwit
the matrix converter power circuit, clamp circuit and cuaire fault. The presented method samples the output currents in
sensors. each zero-vector and compares them to one another to detec

One implementation issue of the proposed method is the usgnd diagnose the fault. As symmetrical modulation is used
of an optimal switching pattern. When an optimal switchingthere will be data duplication because each zero-vectcsés u
pattern is used, the order of the zero-vectors is changeglice. So only three samples are required for fault detactio
depending upon the input - output sector combinafion [3B& T and diagnosis.
experimental converter used an optimal switching pattein b~ As mentioned previously, the current sampled in the zero-
as the micro-controller implemented both the samplingesyst vector in which all of the output phases are connected totinpu
and the SVM, the order of the sampling points was reordere@hase; will be referred to ad;. A fault was introduced in each
along with the optimal switch patterns. This ensured that th of the bidirectional switches in output phase A conseciytive
detection and diagnosis system is always given the outputhe three converter current samples required for faultatiere
current samples in the correct order. The added complexitgre shown in Fig_13. The first plot Fig. 13(a), shows all three
of scheduling and simultaneous sampling is minimal becausgults. The difference in the currents is hard to see at this
most modern micro-controllers have integrated timer &rayscale. The remaining plots Fig. 13(b) - 13(d), show the same
which can be used to control the sampling points. data but are magnified. Here the anticipated difference dsstw
the output current of the converter can be seen, from this
initial inspection it is possible to detect and diagnosefthat
manually. In the first case the current sample correspording
the first zero-vector in the first output phase remains difier
from the other two samples so the faulty devicesisaA,
as this device is meant to be closed in this zero-vector.
The limitations of this method are also clear from this first
inspection, if the load current is zero then the difference
between the currents in the faulty zero-vector and the lmgalt
zero-vectors will also be zero. So detection and diagnosis w
not be possible during this condition.

A input-output diagram of the inference system is shown in
Fig.[12. The inference system shown in Fig. IP(b) could be an
expert system, a neural network, a fuzzy inference system or
any other system capable of making an informed decision. In
this work a Fuzzy Inference System (FIS) was chosen. In the
proposed method the inference system used the difference:
in the samples to evaluates whether there is an open circulif
Fig. 11. Photograph of the Experimental Rig, On the left is Metrix ~ fault and if so which switch is likely to be open circuit.
Converter Power Circuit, in the Upper Right is the Over-gigdamp Circuit ~ Taking the difference between the currents sampled during
and on the Lower Right are the Three Current Sensors the same modulation period means that the operating point of
the converter need not be taken into account by the inference
system. The results of this inference system are shown in Fig
[I4. An output value ofl indicates that a fault is likely and a

V. RESULTS value of0 indicates that a fault is unlikely. As anticipated the

The change in the load current during a modulation period isnference system cannot detect or diagnose the fault wreen th

small, so the only disturbance in the converter output csre load current is zero as shown in F[g. 13(c). In this case the
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fault was triggered during the natural zero crossing, thithe  [10]
worst case scenario for the presented method. However when
the load current is non-zero the proposed method performgi]
well at both detecting and diagnosing the fault as shown in
Fig.[I4(@) and Fig._T4(p) respectively. It should be noteat th

the proposed methods does not false trigger.

The performance of this detection method will depend on*?!
the accuracy and immunity to noise of the current sensors. It
should be noted that the currents shown here are unfilteidd an
taken directly from the converter current sensors. Theaipgy  [13]
point of the converter was quite low, with a peak value around
2A. This is important to note since with higher output current
the performance of the method would be much better as the
signal to noise ratio of the sensors would increase. (14]

VI. CONCLUSION

This paper has presented a novel open circuit fault detectio*®
and diagnosis method for matrix converters. The method has
been demonstrated experimentally. So long as the zerongect
of the matrix converter are used in each modulation peried th
modulation scheme itself does not matter as no informatiofis]
about modulation is needed by the inference system. The faul
detection method can be evaluated twice per modulatiogeri
when using SVM and a symmetrical modulation pattern. Th
method detects the open circuit switch fault when it pose 17l
the greatest risk to the other switches in the faulty phase, i
when the load current is non-zero. Future work should focus
on the expansion of the proposed method for a N by M matrix
converter. [18]

REFERENCES

[1] H. Wang, K. Ma, and F. Blaabjerg, “Design for reliabiliyf power  [19]
electronic systems,” iECON 2012 - 38th Annual Conference on IEEE

Industrial Electronics Society, 2012, pp. 33-44.
[2] PHOTON: Inverter Survey Sats 2012. PHOTON, Feb. 2012.

[3] R. Errabelli and P. Mutschler, “Fault-Tolerant Voltag®urce Inverter
for Permanent Magnet DrivesPower Electronics, IEEE Transactions
on, vol. 27, no. 2, pp. 500-508, Feb 2012.

[4] X. Pei, S. Nie, Y. Chen, and Y. Kang, “Open-Circuit FaultaDnosis
and Fault-Tolerant Strategies for Full-Bridge DC 2013;Dénterters,”
Power Electronics, |EEE Transactionson, vol. 27, no. 5, pp. 2550-2565,
May 2012.

[5] Examples of failures in power electronics systems. ECPE European
Center for Power Electronics e.V., Apr. 2007.

[6] S. Safari, A. Castellazzi, and P. Wheeler, “Experimental Analytical
Performance Evaluation of SiC Power Devices in the Matrix\eoier,”
Power Electronics, |EEE Transactions on, vol. 29, no. 5, pp. 2584-2596,
May 2014.

[7] M. Rivera, C. Rojas, J. Rodriguez, P. Wheeler, B. Wu, arfeispinoza,
“Predictive Current Control With Input Filter Resonancetigttion
for a Direct Matrix Converter,Power Electronics, IEEE Transactions
on, vol. 26, no. 10, pp. 2794-2803, 2011. [Online]. Available:
http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumb@2&xy. [24]

[8] J. Kolar, T. Friedli, J. Rodriguez, and P. Wheeler, “Revief Three-
Phase PWM AC-AC Converter Topologiesihdustrial Electronics,
IEEE Transactions on, vol. 58, no. 11, pp. 4988-5006, Nov 2011.

[9] M. Aten, G. Towers, C. Whitley, P. Wheeler, J. Clare, and Kadiey,
“Reliability Comparison of Matrix and Other Converter Topgies,”
Aerospace and Electronic Systems, | EEE Transactions on, vol. 42, no. 3,
pp. 867-875, 2006.

[20]

[21]

[22]

[23]

[25]

[26]

IEEE, “IEEE Guide for Selecting and Using Reliabilityre@lictions
Based on IEEE 1413, |IEEE, Tech. Rep., Feb. 2003.

P. Wheeler, J. Clare, L. De Lillo, K. Bradley, M. Aten, C. \itlay, and
G. Towers, “A comparison of the reliability of a matrix comvartand
a controlled rectifier-inverter,” ifPower Electronics and Applications,
2005 European Conference on, 2005, pp. 7 pp.—P.7.

M. Ciappa, “Selected failure mechanisms of modern
power  modules,” Microelectronics  Reliability,  vol. 42,
no. 4-5, pp. 653-667, 2002. [Online]. Available:

http://www.sciencedirect.com/science/article/pii/36071402000422

F. Auerbach and A. Lenniger, “Power-cycling-stalyiliof IGBT-
modules,” inindustry Applications Conference, 1997. Thirty-Second IAS
Annual Meeting, IAS’97., Conference Record of the 1997 IEEE, vol. 2,
Oct 1997, pp. 1248-1252 vol.2.

K. Nguyen-Duy, T.-H. Liu, D.-F. Chen, and J. Hung, “Impement
of Matrix Converter Drive Reliability by Online Fault Detigen and a
Fault-Tolerant Switching Strategyhdustrial Electronics, |IEEE Trans-
actions on, vol. 59, no. 1, pp. 244-256, 2012.

L. De Lillo, L. Empringham, P. Wheeler, S. Khwan-On, and @ré&ia,
“Emulation of faults and remedial control strategies in a rphldse
power converter drive used to analyse fault tolerant drix&esns for
Aerospace applications,” iRower Electronics and Applications, 2009.
EPE '09. 13th European Conference on, 2009, pp. 1-6.

R. de Araujo Ribeiro, C. Jacobina, E. Cabral da Silvad &n Lima,
“Fault detection of open-switch damage in voltage-fed PWM moto
drive systems,Power Electronics, |EEE Transactions on, vol. 18, no. 2,
pp. 587-593, Mar 2003.

M. Trabelsi, M. Boussak, P. Mestre, and M. Gossa, “Polkage based-
approach for IGBTs open-circuit fault detection and disgisin PWM-

VSI-Fed induction motor drives,” ilPower Engineering, Energy and

Electrical Drives (POWERENG), 2011 International Conference on,

May 2011, pp. 1-6.

S. M. A. Cruz, M. Ferreira, and A. J. M. Cardoso, “Diagiso®f
open-circuit faults in matrix converters,” iPower Electronics and
Applications, 2009. EPE '09. 13th European Conference on, 2009, pp.
1-11.

M. Ferreira, S. Cruz, and A. Cardoso, “Modeling and Siation of
matrix converter drives for diagnostic purposes,Electrical Machines,
2008. ICEM 2008. 18th International Conference on, 2008, pp. 1-6.

J. Andrade-Romero, V. Herrera, and J. Romero, “Openu@ifault de-
tection analysis for indirect matrix converter in Microture generation
systems,” inECON 2012 - 38th Annual Conference on |IEEE Industrial
Electronics Society, Oct 2012, pp. 627-631.

S. M. A. Cruz, A. M. S. Mendes, and A. J. M. Cardoso, “A Newault
Diagnosis Method and a Fault-Tolerant Switching StrategyMatrix
Converters Operating With Optimum Alesina-Venturini Moatidn,”
Industrial Electronics, |IEEE Transactions on, vol. 59, no. 1, pp. 269—
280, Jan 2012.

C. Brunson, L. De Lillo, L. Empringham, P. Wheeler, and Jar€|
“Fault location in matrix converters using low frequency miadion
matrices for SVM based modulation techniques,”|[ECON 2012 -
38th Annual Conference on IEEE Industrial Electronics Society, Oct
2012, pp. 6082-6087.

L. Wei, T. Lipo, and H. Chan, “Robust voltage commutatioh o
the conventional matrix converter,” iPower Electronics Specialist
Conference, 2003. PESC '03. 2003 |EEE 34th Annual, vol. 2, June
2003, pp. 717-722 vol.2.

N. Burany, “Safe control of four-quadrant switches)’lhdustry Appli-
cations Society Annual Meeting, 1989., Conference Record of the 1989
IEEE, 1989, pp. 1190-1194 vol.1.

L. Empringham, L. de Lillo, and M. Schulz, “Design Chaltgs in the
Use of Silicon Carbide JFETSs in Matrix Converter Applicatig’ Power
Electronics, IEEE Transactions on, vol. 29, no. 5, pp. 2563—-2573, May
2014.

P. Wheeler, J. Rodriguez, J. Clare, L. Empringham, and Angtein,


http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=5722041
http://www.sciencedirect.com/science/article/pii/S0026271402000422

JOURNAL OF ETEX TEMPLATES, VOL. 1, NO. 1, JANUARY 2015

[27]

[28]

[29]

[30]

(31]

(32

(33]

“Matrix converters: a technology reviewihdustrial Electronics, |IEEE
Transactions on, vol. 49, no. 2, pp. 276-288, Apr 2002.

L. de Lillo, L. Empringham, M. Schulz, and P. Wheeler, “A hig
power density SiC-JFET-based matrix converter,Pawer Electronics
and Applications (EPE 2011), Proceedings of the 2011-14th European
Conference on, Aug 2011, pp. 1-8.

E. Yamamoto, H. Hara, T. Uchino, M. Kawaji, T. Kume, J.-K. ri<g
and H.-P. Krug, “Development of MCs and its Applications imuistry
[Industry Forum],"Industrial Electronics Magazine, |IEEE, vol. 5, no. 1,
pp. 4-12, March 2011.

J. Mahlein and W. Springmann, “Overvoltage protectigoparatus
for a matrix converter,” Dec. 2002, uS Patent 6,496,343. if@l
Available:|http://www.google.com/patents/US6496343

B. Metidji, N. Taib, L. Baghli, T. Rekioua, and S. Bach&\ovel
Single Current Sensor Topology for Venturini Controlleddait Matrix
Converters,”’Power Electronics, IEEE Transactions on, vol. 28, no. 7,
pp. 3509-3516, July 2013.

D. Casadei, G. Serra, A. Tani, and L. Zarri, “Matrix center modu-
lation strategies: a new general approach based on spat®-vepre-
sentation of the switch statdfidustrial Electronics, |IEEE Transactions
on, vol. 49, no. 2, pp. 370-381, Apr 2002.

A. Alesina and M. \Venturini, “Analysis and design
of optimum-amplitude nine-switch direct AC-AC convert-
ers,” |EEE Transactions on Power Electronics, vol. 4,
no. 1, pp. 101-112, Jan. 1989. [Online]. Available:
http://ieeexplore.ieee.org/lpdocs/epicO3/wrapperdarnumber=21879

P. Nielsen, F. Blaabjerg, and J. Pedersen, “Space veatdulated ma-
trix converter with minimized number of switchings and a feedfard
compensation of input voltage unbalance,Power Electronics, Drives
and Energy Systems for Industrial Growth, 1996., Proceedings of the
1996 International Conference on, vol. 2, Jan 1996, pp. 833-839 vol.2.


http://www.google.com/patents/US6496343
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=21879

	Introduction
	Matrix Converter Operation During an Open Circuit Switch Fault
	Proposed Detection Technique
	Implementation Details

	Experimental Setup
	Results
	Conclusion
	References
	Biographies
	Christopher Brunson (M'2012)
	Lee Empringham
	Liliana De Lillo
	Patrick Wheeler
	Jon Clare


