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IGBT-Gating Failure Effect on a Fault-Tolerant
Predictive Current Controlled 5-Phase Induction
Motor Drive

H. Guzman, F. Barreo, Senior Member, |EEE, M. J. Duran

Abstract—M ultiphase machine drives are gaining importance
in high reliability applications due to their fault-tolerance
capability and their ability to cope with the post-fault operation
without any extra electronic components. Predictive current
controllers have been recently proposed for managing post-fault
operation of these drives when an open phase fault is considered.
However, the faulty situation assumes zero stator current while
free-wheeling diodes can continue conducting in a non-controlled
mode. This work analyses the post-fault operation of the five-
phase drive when the free-wheeling diodes of the faulty phase are
still conducting. Experimental results are provided using a
conventional 1GBT-based multiphase power converter to
quantify the effect of the freeewheding diodes, when an IGBT-
gating fault occurs, on the model-based predictive current
controlled drive.

Index Terms—M ultiphase drives, Post-fault operation, Fault-
tolerance, IGBT gating fault, Free-wheeling diodes, Predictive
controllers.

|. INTRODUCTION

ault-tolerance is ore of the most attradive feaures of
multiphase drives. The ability of multi phase machines to
continue working as long as three hedthy phaeses exist have
made them attradive for applicaions where post-fault
operdionis amain concem for econamicd/safety reasons[1].

Previous work has been dore regarding the fault-tolerance
of multiphase drives, including the eledricd drive design[2],
converter topdogies [3], postfault machine behavior [4],
modeling [5], and control strategies [6, 7]. More recently,
predictive control methods have been applied to multiphase
drives, showing their interestin pre- and pcst-fault operaion
of the system [8]. Nevertheless all this body d knowledge is
solely related to open-phase faults, whil e the effed of the free-
wheding condiction o the diodes included in standard IGBT
power stadks has only been mentioned in [2], bu it has nat
been addressed yet. Voltage sourceinverter (VSI) faults can
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be rougHy divided in two goups; open-phase (OPF and
IGBT gating faults (IGBT-GF) [2]. In the first case the current
canna flow throughthe faulty phase while in the latter, a non
controll ed current still flows throughthe diodes after the IGBT
gating fault appeass, uriess the faulty phase is disconreded
from the eledricd madhine using additiona eledric protedion
comporents [9]. This letter extends the analysisin [8], wherea
fault-tolerant finite-control-set model-based predictive (FCS
MPC) current control system is presented, quantifying the
effed of the free-wheding dodes of the faulty phase on the
controlled drive (IGBT-GF fault type). The paper is organized
as follows. Sedion Il summarizes the mathematicd model of
the 5-phase induction motor drive and dtails the operdion
states after the fault occurrence. The post-fault control is
presented in sedion Il and the OPF and IGBT-GF post-fault
operdion is experimentally tested and compared in Sedion
IV. Conclusions arefinally summarized in the last sedion.

Il. 5-PHASE CONVERTER IN IGBT-GF OPERATION MODE

Power converters arecommonly based onIGBT stadks due
to their ease of use and wide varety of power ranges. A
converter with the ability to dsconred the whole power
conwverter is nat interesting in a multiphase drive due to their
null fault-tolerant cgpability. Instead, phesedeg independent
power converters are preferral, wherea fault in a phase can be
managed whil e the madhine continues operaing. These powver
conwverters require also additional comporents if the faulty
phase must be disconreded from the eledricd machine when
the fault appears. Otherwise, the switching sequence on the
faulty phase stops, leaving the free-wheding dodes conreded
to the machine in a non-controlled mode of operdion. In the
latter case, the IGBT-GF postfault operdion mode is
adhieved and the stator current of the faulty phase canna be
asumed as zew (Fig. 1, switch S, in ON state). In what
follows, it will be assumed withou any lack of generdity that
phase “a” is the faulty phase. Then, its free-wheding dodes,
D, and D,, condct current to the pasitive (P) or the negative
(N) rail of the converter when they areforward-biased (1)-(2):

D,—ON: V,, =V, +Vg, — 05V 2V, (1)
D,-ON: Vp, =V +Vgy +05Vpe <V,
Vem = Ve _V;C :é'(VaN +Vin Ve +Vay +Vay )_V% (2)

where v, is the faulty phese voltage, V, is the diode forward
condwction vdtage, and Vcy is the common-mode voltage
(CMV) that relates the motor neutral voltage s to the DC-link
mid-paint O.
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Fig. 1. Two-level fivephase IGBT-based vdtage sourceinverter uncer IGBT-
GF (Syin ON state) or OPF (S, in OFF state) modes.

The voltages of the remaining hedthy pheses (Vin,
i={b,c,d,e}) depend onthe switching states S in the form
Vin=S-Vpc, being S=0 if the lower power switch is ON and the
upper is OFF and S=1 if the oppasite occurs. If nore of the
free-wheding dodes are condicting, the drive is functioning
in OPF mode and the phase voltage matrix is given by (3) and
(4), acording to [8]. Notice the absence of phase “a@” voltage
and the inclusion d the BEMF, (badk-emf of the faulty phase)
and the factor 1/4 instead of 1/5, dwe to appearance of the
BEMF, term onthe voltage equili brium equations [8]. The last
row in (3) expresses the voltage between the machine neutral
point and the inverter negative rail, providing the CMV in (4).
Phase voltages do nd have a fixed vadue for a cettain
switching state S, as it occurs in pre-fault condtion. On the
contrary, phase voltages depend on BEMF, in the OPF mode
of operaion, and consequently on the operaing pant of the
drive.

Ve 3 -1 -1 -1 -1 Vi
Vg -1 3 -1 -1 -1| V, (3)
Vi =% —1-1 3 -1 -1| V,

Ve ~1-1-1 3 -1 V,

A 1 1 1 1 1]BEMF,

Veu =% BEMF, Jr%(vbN +Vy +Viy +veN)—\%C (4)

However, if any of the condtionsin (1) aresatisfied, which
depends on the BEMF, value, the drive enters the IGBT-GF
mode of operaion where D; or D, ON state must also be
considered. In this case, iy is nat nul, as experimentally
verified in[9], althoughthe sum of the phase voltages is zero:

0=V, + Vi + Vg + Vg + Vg (5)
Considering (5), the resulting phase voltage matrix and Vg
value are obtained as foll ows:

Vs 4 -1-1-1-1 17v,
Vis -1 4 -1-1-1 1]y,
Vel 1/-1-1 4 -1 -1 1|V, (6)
s |_ L cN
Vg | 5/-1-1-1 4 -1 1|V
Vg -1-1-1-1 4 1|Va
Vg 11 1 1 1 -1]0
1
Ven :g(VaN +Vin +Ven +Van +VeN) M

Althoughthe switching state depends on the four hedthy
phases in the IGBT-GF mode of operaion, ndicethat the nor
controlled phese is conreded to the positive ral of the
converter (P) if D; is ON or to the negative rail (N) if D, is
ON. Then, the stator voltage of the faulty phase is fixed when
any o the free-wheding dodes is ON, and a degree of
freedom is lost In this case, the common-mode voltage of the
machine can be estimated using (2). Moreover, ndice that the

2

o OP a
g 12
04 {14 "8«
=N 1013
03z PANN%7
o Wi o

-0.§

‘1
( A\l
r 2§/« 11
07 2 5\ 11
04 ~F T I
3

-0.g

1 05 0 05
od X=y a
0.6 “¥10
04 ur 12
P 14

0.2 8 3 N

£9 015 64

28 N
0% LA\ 7,
rys ~¢13 P
04 { 4
of ¥5
o8

Fig. 2. Available voltage vedors in the a-f (upper plots) and x-y (lower plots)
planes. (a) OPFmode of operdion. (b) IGBT-GF mode of operaion, keing D;
ON and D, OFF (bladk ink) or D; OFF and D, ON (red ink).
non-controlled current will affed the machines stator neutral
voltage and the eledricd drive will be constantly changing its
configuration. Fig. 2 shows avail able voltage vedors in OPF
mode of operdion as stated in [8] (Fig. 2a), and available
voltage vedors that appear when any of the free-wheding
diodes is ON (Fig. 2. Two dfferent sets of available space
vedors appearin a-f-x-y planes in Fig. 2b, aépending onthe
conducting free-wheding dode; bladk lines represent the case
when D; is ON and D, is OFF, while red colored lines depict
the available vedors when D, is OFF and D, is ON. Then,
three different sets of spacevedors appearin a singe period
during IGBT-GF fault operaion mode, thase correspondng to
the OPF operdion mode where D; and D, are OFF (Fig. 2a)
plus those where one free-wheding dode is ON (Fig. 2b.
This is of grea importance when predictive methods are used
due to the imperaive need of an acarrate plant model. Thus, it
is necessary to verify and quantify the effed of an IGBT-GF
fault on the proposed open-phase fault-tolerant FCSMPC, as
it is stated in [8].

. PosT-FAULT CONTROL

The postfault control consists of an ouer speed control
loopthat provides the [-[] reference currents to an inner FCS
MPC current control (Fig. 3). The y current reference is set
acording to a predefined critefion. Minimum copper losss
(MCL) operaion is achieved with [, [ [, bu the urequal
magnitude of phase currents limits the maximum achievable
[-[] currents to [0 of the nominal pre-fault current [8].
On the other hand, minimum deraing (MD) is achieved by
setting [, [ CICTICCTT . In this case all phase currents have

equal magnitudes and this symmetry eevates the maximum
achievable [I-[J currents to (1011 of the nominal pre-fault
current [8]. As a result, the maximum achievable torque is
higherwith MD than with MCL criterion. Regardiess of the
seleded control criterig, thelossof phase “a” results in a fixed
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Fig. 3. Implemented post-fault control with an inner finite-control set model-
based predictive current control scheme and an outer speed control loop.
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Fig. 4. Experimental test bench formed by two conventional 3-phase VSls, a
fivephase indwction machine anda Tl F28335 Iased edronic cortrol board.
relation between the [0 and [ comporents ([d; O [04,).
Considering the [, [J and y current references as inpus (Fig.
3), the inner FCSMPC current control uses a model of the
system (in an open-phase fault) to predict the future currents
of the drive and seleds the switching state that minimizes a
cettain cost function, which in this case only aimsto minimize
the current error [8]. The optimum switching state is applied
during the whole sampling period avoiding the moduation

stage.

IV. OPFVSIGBT-GF PosT-FAULT OPERATION MODES

The effed of an IGBT-GF fault is now evaluated in the
open-phase fault-tolerant control. The faulty phase diodes are
not included in the predictive model, all owing to estimate the
effeda of the noncontrolled current [9], in the propased
control and compare its performance with OPF operaion.
Then, the same experimental setup asin [8], Fig. 4, tas been
used, with a maximum switching frequency of 10 KHz and a
DC-link vdtage of 300V. The stator current reference in d-
axis is set to 0.57A, while in g-axis is set to either 2.43 A
(pre-fault), 1.6 A (post-fault with MCL) and 1.71A (post-fault
with MD).

First, a post-fault speed resporse test is performed (Fig. 5.
The spedl (first and third pots) and g current comporent
(second and fourth plots) are compared implementing the
MCL (Fig. 5a) and the MD (Fig. 58 methods, for OPF and
IGBT-GF fault states. A spead change from 0 to 500rpm is
dore at abou t = 0.1 s, then a constant load torque (T.) of

3

approximately 28% the nominal torque (T,) is demanded by
means of amechanicaly couged DC-machine. It can be noted
that the effea of free-wheding dodes is mostly negledable
since the eledricd drive is working below its maximum post-
fault rating. This situation dffersif the drive is operded close
to the maximum ratings as it will be shown next.

A seoond test is performed to olserve the pre- and pat
fault transition duing OPF and IGBT-GF faults,
implementing the MCL (Fig. 6a) and MD (Fig. 60 criteria,
with a speal reference of 500 rpm. The OPF and IGBT-GF
faults are generated in phase “a@” at t = 0.2's, using the power
relay to open the faulty phase or interrupting the IGBT’s
switching scheme, respedively. The cortrol system is
reconfigured instantaneously after the fault occurrence
Consequently, the transient state during fault detedion is nat
considered. Two dfferent working pants are analyzed for
ead control method, maintaining the demanded load torque
within the post-fault ratings of ead criterion, (T, = 0.56T,)
for MCL and (T, = 0.64-T,)) for MD [8]. Notice that for low
load torque condtions (firstand third pots), the effead of the
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Fig. 5.Post-fault speed resporse testsduring OPF or IGBT-GF faults. First, a
step in the reference speed from 0 to 500 rpm is applied at abou t=0.1s.
Then, a load torque (28% of the rated torque) is impased at t=1.8 s. Speed
(upper Fig. 5a and 5b pots) and g current resporse (lower Fig. 5a and 5b
plots) for the MCL (a) and MD (b) criteria.
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non-controlled current can be bardy observed and the control
performance is similar for OPF and IGBT-GF faults.
However, when the drive is operaed close to the maximum
working capability for ead control criteria, the spea
referece is nat achieved after the fault occurrence,
maintaining a maximum speed of approximately 490 rpm
(second and fourth plots) with an increment in the rms
currents of 1% in the hedthy phases. This deterioration in the
performance is further increaed when the fault detedion
delay is considered (Fig. 7), where a fault detedion delay of
40 ms is emulated and the minimum deraing criterion is
implemented. Observe that the delay in the post-fault control
of the eledricd drive results in an error of the cortroller
performance (achievable post-fault speed was 480rpm with a
referance spead of 500rpm). As aresult, the non-inclusion d
the effect of the IGBT’s free-wheding dodesin the predictive
modeling d the fault-tolerant FCSMPC cortroll er outcomes
in a deterioration o the postfault eledricd drive ratings,
mainly due to the difference between the considered and the
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Fig. 6. Pre- and postfault system performance when an OPF or IGBT-GF
fault appeas. Speed response with dfferent load torque condtions (T.) is
considerad. The fault appeas at t = 0.2 s. Post-fault operéion is managed
using the MCL (a) and MD (b) criteriawith areferencespeed of 500rpm.
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Fig. 7.Fault detedion delay effed. Speed (left plot) and g-current (right plot)
areshown when a fault ocaurs at t=0.2 s implementing the minimum deréing
method duing pcst-fault operaion with a constant load torque of T, before
and after the fault occurrence The fault is deteded 40msafter its occurrence
applied vdtage vedors (Fig. 2). This deterioration increases
with higher values of the load torque or fault detection celay,
but the obtained experimenta results state that it is limited to a
smell percentage of the overdl performance Then, it can be
considerad as an extema cortroller perturbation, which
reduces the cost of the required power conwerter avoiding
additional eledric comporents to manage the fault.

V. CONCLUSION

In the event of a phase fault condtionin a multiphase VS,
two main situations can be found open-phase and IGBT
gating fail ure states. Open-phase situation requires additional
eledric comporents in the VSI to manage the fault which
increases the cost and complexity of the power converter. The
IGBT gating fault case reduces this extra cost and complexity,
introduwcing an additional noncontrolled oscillation in the
stator neutral voltage. This paper analyzes from theoreticd
and experimental perspedives the effeds of this oscill ation
due to a non-controll ed stator phase. The cortrol performance
of the entire system in pcst-fault situation is studied when the
free-wheding dodes areconsidered, concluding that nat using
extra comporents in the power conwerter increases the
deterioration o the faulty multi phase drive when it is operaed
at its maximum post-fault ratings and some detedion celay is
considered. However, the degradation in the control
performance is limited and can be considered as an extemal
perturbation o the controller. The free-wheding dode stator
currents slightly reduce the torque prodiction and increae
copper losses, maintaining the basic feaures of the post-fault
operdion controll ed system.
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