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Abstract—This paper compares the many fault tolerant three-
phase ac motor drive topologies that have been proposed to provide
output capacity for the inverter faults of switch short or open-cir-
cuits, phase-leg short-circuits, and single-phase open-circuits. Also
included is a review of the respective control methods for fault tol-
erant inverters including two-phase and unipolar control methods.
The output voltage and current space in terms of components
is identified for each topology and fault. These quantities are then
used to normalize the power capacity of each system during a fault
to a standard inverter during normal operation. A silicon over-
rating cost factor is adopted as a metric to compare the relative
switching device costs of the topologies compared to a standard
three-phase inverter.

Index Terms—Inverter faults, phase-leg short-circuits, sil-
icon overrating cost factor (SOCF), single-phase open-circuits,
three-phase inverter, three-phase ac motor drive topologies.

I. INTRODUCTION

THE RELIABILITY of adjustable speed ac motor drives
is an area of great interest for all members of the drives

community and marketplace. This is particularly the case for
the military, aerospace and automotive industries that are in-
creasingly adopting variable speed drives in order to improve
overall system efficiency and performance. There are certain
safety critical applications such as steering, fuel pumps, and
brake-by-wire systems, where operation of the drive is of para-
mount importance and continuous operation of the system must
be insured. As a result, parallel redundancy is often employed
for these systems, although at a high system cost.

The need for these fault tolerant systems has inspired much
research in the area. Analysis, modeling, and simulation of var-
ious inverter and machine faults have been presented in many
papers, and overviews of these results are given in [1] and [2].
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Fig. 1. Standard three-phase ac drive structure.

Modular parallel redundant systems have been proposed as a
means of providing fault tolerance, as in [3]. Machine design
modifications have also been proposed for improving the drive
system fault tolerance, [4]. Systems with phase numbers higher
than three have also received considerable attention as an ap-
proach to providing drive system redundancy [5], [6].

A great deal of research has been done on intelligent control
methods for standard three-phase induction, permanent magnet,
or synchronous reluctance motors to achieve some degree of
fault tolerance. These control techniques have been combined
with modified versions of the standard inverter bridge configu-
ration (see Fig. 1) to create systems that are tolerant to one or
more types of faults. Papers that report fault tolerant systems
include [6], [12]–[15], and [18]–[21]. These papers all right-
fully claim to provide fault-tolerant capabilities under the con-
ditions specified. It is the goal of this paper to analyze each of
the topologies and the control methods presented in these papers
in order to compare the features, implementation costs, and per-
formance limitations of each of the methods. New contributions
in this paper include a comparison of silicon device ratings for
each topology to that of a standard three-phase inverter and iden-
tification and normalization of the equivalent three-phase output
capacity of each system in terms of the space vector voltage and
current limits for each given fault.

II. FAULT TOLERANT SYSTEMS

A. Definitions and Comparison Metrics

The concept of a fault tolerant drive system is that it will
continue to operate in a satisfactory manner after sustaining a
fault. The term “satisfactory” implies a minimum level of per-
formance after the fault, and will therefore be heavily influ-
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Fig. 2. Inverter faults considered: (a) single switch short-circuit, (b) phase-leg
short-circuit, (c) single switch open-circuit, and (d) single-phase open-circuit.

enced by system requirements. While faults contained within
the motor and dc link capacitors are serious events, this paper
will limit itself to comparing fault tolerant topologies where the
faults remain within the power inverter stage.

The faults under consideration (see Fig. 2) are
1) single inverter switch short-circuit;
2) phase-leg short-circuit;
3) single inverter switch open-circuit;
4) single-phase open-circuit (internal or external to inverter).
In an effort to quantify the cost associated with each of the

topologies studied, and proposed, it will be useful to compare
the rating requirements and output capacity of the topologies
when compared to that of a standard three-phase inverter
topology (Fig. 1). To quantify the output capacity of each of the
systems in the presence of a fault, a fault power rating factor
(FPRF) is proposed. This is defined as

FPRF
maximum kVA output during fault

max. kVA output of std. unfaulted inverter
(1)

This FPRF rating is a normalization of the amount of power
(kVA) that can be produced during the fault to the amount of
power (kVA) that the standard inverter can produce during
normal, unfaulted operation. Since the faulted output power
rating is generally less than the unfaulted output power rating,
the inverse of the FPRF can be used to determine a necessary
additional overrating factor for all of the inverter components
if the full rated output power is needed for the specified fault
tolerant topology.

To compare the cost associated with the extra silicon devices
in the fault tolerant topologies, a silicon overrating cost factor
(SOCF) is proposed and defined as

SOCF
weighted kVA rating of all switches

kVA rating of standard inverter switches
(2)

By this definition, the standard inverter would have a SOCF
of 1.0, meaning that it does not have any additional switches
present. For this calculation, it is assumed that each switch in
the standard inverter has to block the dc bus voltage of 1 per
unit (pu) and carry a peak phase current of 1 pu. Throughout
the paper, the additional device ratings and output voltage
and current capacities will be presented in terms of these base
quantities.

The switch of choice in a modern drive is the IGBT (or
MOSFET). Many of the topologies being compared add
extra devices with the functional form of SCRs and TRIACs,
which will likely be implemented as a pair of SCRs, con-

Fig. 3. Reference frame definitions.

nected back-to-back. Since these are lower-performance and
lower-cost switches, this needs to be considered when calcu-
lating the SOCF. For this comparison, it will be assumed that

SCR IGBT (3)

TRIAC IGBT (4)

For topology comparison purposes, the required anti-parallel
diode for the IGBT is considered to be packaged inside the
power switch module.

The relationships in (3) and (4) will be used to adjust the kVA
rating of the extra components. These relationships reflect engi-
neering approximations to the actual cost of the required com-
ponents that also include the estimated cost impact of additional
bus structures, control logic, and/or sensors. Looking forward,
it is worth noting that the major conclusions of this paper do
not depend on the precise values of these factors, and interested
readers are invited to explore the impact of other values.

For purposes of modeling and control, it is convenient to
use the familiar direct and quadrature axis representation of the
output capacity of the inverters. The reference frame definitions
used in this paper are shown in Fig. 3. The transformations be-
tween the and coordinates are then given as

(5)

(6)

where represents any voltage, current, or flux. The superscript
represents the stationary frame, and the superscript repre-

sents the synchronous frame.
Using these definitions, the limits of the fundamental torque

producing and axis voltage and current for the standard in-
verter are shown in Fig. 4. In the figure, the switching states
of the inverter are also shown with “p” representing an upper
switch turned on while “n” represents a lower switch turned
on. Therefore, the state “pnn” has switches , and
turned on as labeled in Fig. 1. The standard inverter under un-
faulted operation is capable of producing a fundamental peak
phase voltage of 0.577 pu with space vector PWM without over-
modulation. It is further capable of controlling a peak phase cur-
rent of 1 pu as shown in the figure.

B. System Issues

The ability of a three-phase induction motor to operate with a
single-phase excitation has been studied in many papers for well
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TABLE I
CHARACTERISTIC RATINGS OF FAULT TOLERANT INVERTER TOPOLOGIES

Fig. 4. Phase fundamental voltage and current limits of the standard inverter
during normal unfaulted operation.

over 50 years. However, when operating with single-phase exci-
tation, the torque produced is pulsating in nature. Furthermore,
the motor has no starting capacity in this configuration. As a re-
sult of these limitations, it will be assumed that the standard
three-phase inverter has no output capacity for a three-phase
motor in the presence of a single-phase open-circuit fault or any
of the other three inverter faults under consideration. In contrast,
all of the other topologies and control methods presented in this
paper are capable of self-starting and smooth torque production
since they are capable of producing circular stator current tra-
jectories in the plane.

It should also be noted that system efficiency will typically
be reduced during faulted operation. Since faulted operation
represents an emergency operating condition, system efficiency
is assumed to be a secondary concern as long as the system
is thermally able to accommodate increased losses. These
incremental losses during post-fault operation are typically
modest and dependent on the selected topology. Any topolog-
ical changes that affect efficiency during normal operation are
noted in Section III.

Any fault tolerant inverter drive topology is just one key part
of a larger machine drive system. A fault tolerant system needs
to incorporate an appropriate control architecture that includes
a monitoring system, fault detection strategy, and controller re-
configuration for fault handling and subsequent post-fault oper-
ation. Several methods are available to detect open-circuit type
faults [7], [8]. Short-circuit type faults can be detected by incor-
porating logic in conjunction with desaturation hardware pro-
tection [9], [10]. Controller reconfiguration has also been ad-
dressed, [11]. While necessary and important for a complete
fault tolerant machine drive system, these control system con-
siderations are beyond the scope of this paper and will not be
discussed further here.

III. FAULT TOLERANT DRIVE TOPOLOGIES

Table I summarizes the capacities and requirements of the
various fault tolerant topologies that have been proposed in the
literature. Also included, for comparison, is the standard three-
phase inverter. For this comparison, the capacity of the system
under fault is given in terms of the unfaulted system capacity
using the adopted fault power rating factor.

It should be noted that the voltage and current limits which
characterize the output capacity of the various topologies are
presented in terms of the fundamental frequency components.
Several of the control methods use a zero sequence current com-
ponent to maintain a circular flux trajectory after the fault. This
detracts from the available fundamental current component due
to the inverter switch current limits and is accounted for. How-
ever, the zero sequence voltage required to drive the zero se-
quence current is neglected. In typical ac machines, the zero se-
quence circuit consists of a very small impedance. Furthermore,
there is no speed voltage term associated with the zero sequence
circuit as there is with the fundamental frequency circuit. As a
result, any zero sequence currents can be induced with, at most,
a few percent of the total output voltage capacity of the inverter.

A. Switch-Redundant Topology

An early attempt to add fault tolerant capacity to a standard
three-phase inverter topology for induction motors was pre-
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Fig. 5. Switch-redundant topology.

sented in [13] and [14]. This topology will be referred to as
the switch-redundant topology and is shown in Fig. 5. This
topology incorporates four TRIACs or back-to-back connected
SCRs and three fast acting fuses. The fuses are connected in
series with the load phases. Since this topology is a combination
of topologies and control methods to accommodate an opened
phase [13], and a shorted switch [14], they will be considered
separately.

In the case of an opened phase fault [Fig. 2(d)], only TRIAC
needs to be present in the topology of Fig. 5, and the pres-

ence of the three series fuses is not required. When the system
detects an opened phase fault, TRIAC is fired in order to
connect the neutral of the motor to the midpoint of the dc bus.

In order to maintain a constant flux trajectory and insure dis-
turbance free operation of the system, the phase currents of the
unfaulted phases need to be increased in magnitude by a factor
of and phase shifted 30 away from the axis of the faulted
phase. The phasor diagram of this for an open-circuit fault on
phase is shown in Fig. 6. This increase in phase current is in
the form of a nontorque producing zero sequence current and
is necessary to achieve a circular flux trajectory. As a result,
the available torque producing current is reduced by a factor of

, assuming a post-fault phase current of one pu. Since the
motor neutral is connected to the midpoint of the dc link in the
post-fault condition, the system still has the capacity to apply

of the dc link voltage across each of the remaining phases.
This implies that, in terms of the original three-phase system, the
space vector voltage capacity of the system has decreased from
0.577 pu to 0.5 pu.

The voltage and current operating space of the switch redun-
dant topology for an open-phase fault is shown in Fig. 7. Due
to the zero sequence current, the TRIAC needs to be rated
for pu current as indicated in Table I. Overall, the system
has a FPRF of 0.5 and SOCF of 1.29.

Fig. 6. Current phasor relationships before (I ; I ; I ) and after (I ; I )
an open phase fault on phase a.

Fig. 7. Phase fundamental voltage and current limits of the switch-redundant
inverter after a single-phase open-circuit fault.

In the case of a short-circuit switching device failure in switch
[Fig. 2(a)], the circuit of Fig. 5 operates as follows. It is as-

sumed that some type of hardware based short-circuit protection
in the inverter will automatically open the complementary tran-
sistor, , in order to avoid a shoot-through failure by short-cir-
cuiting the dc bus. Using this signal and additional control logic,
the controller turns on TRIAC, . This causes a short-circuit
through the lower half of the dc bus, the failed-shorted switch,
the TRIAC, and the fast blow fuse. As a result, the fuse will
open and clear the shorted switch out of circuit. The TRIAC

, is subsequently controlled to be continuously on during
this post-fault condition. The equivalent circuit is now topolog-
ically identical to the four-switch three-phase inverter, or B4
topology [22]. In this post-fault operating condition, the inverter
is capable of impressing one-half the phase voltage of the stan-
dard unfaulted inverter and the full rated current of the inverter
as shown in Fig. 8. In terms of motor capacity, this topology will
allow for the full rated motor torque production, but the system
will enter the field weakening mode at approximately one-half
speed compared to when the system has full voltage capacity.
Hence, the faulted system is capable of producing up to one-half
of the rated system power.

In order to protect against a shorted switch, only the three
TRIACs, , and are required to be present. It
should also be noted that this topology has a drawback in that it
requires access to the center point of the dc bus.

While not considered in [14] where the switch-redundant
topology was proposed, it is possible for the topology to
work for the case of a single-phase open-circuit fault and a
single switch open fault. In both of these cases, the post-fault
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Fig. 8. Phase fundamental voltage and current limits of the switch-redundant
inverter after a single-switch short-circuit fault.

performance capacity will be the same as proposed in the
paper for the single switch short-circuit fault. Due to topology
constraints, the circuit can only accommodate an opened phase
fault if the open phase occurs in the circuit between the leg
terminal and the TRIAC terminal. Essentially, this would imply
that the fuse has blown open accidentally or has been physically
disconnected. In the case of an opened switch fault, the inverter
could simply command the TRIAC in the faulted phase to close
and command the IGBTs in the faulted phase to turn off.

It is further possible to combine the topologies proposed in
these two papers, [13], [14], along with the method highlighted
here for the opened switch fault to produce a to topology that is
fault tolerant to a single shorted switch, a single opened switch,
and an opened phase fault. This resultant topology would be as
drawn in Fig. 5 and is included in Table I.

B. Double Switch-Redundant Topology

A fault redundant topology for permanent magnet motors was
presented in [15]. This topology will be referred to as the double
switch-redundant topology and is shown in Fig. 9. The topology
consists of a four-leg inverter with additional components for
fault tolerance driving a four terminal motor. The additional
components needed for fault tolerance include two fuses and
two SCRs per phase leg. Also, one pair of capacitors, , is
needed in order to clear the fuses and isolate a short-circuit path.
This circuit is unique in that it is capable of providing fault toler-
ance to a phase-leg short-circuit [Fig. 2(b)]. In fact, this circuit
is capable of providing fault tolerance to any of the four fault
conditions being considered.

After detecting a fault, (phase for example), the control
sends signals to and to turn on. For each IGBT
in the phase leg, this causes a transient short-circuit through
the main dc link, the auxiliary capacitor , the SCR, and fuse.
Using the charge transferred to the auxiliary capacitor, the fuse
clears and the faulted phase-leg is removed from the circuit.
The auxiliary capacitors need to be sized large enough that a
sufficient amplitude and duration of current to clear the fuse
is induced. The two capacitors are necessary so that a dc bus
shoot-through short-circuit is not induced through the SCRs and
IGBTs in the phase. Essentially, the capacitors create a means

Fig. 9. Double switch-redundant topology.

Fig. 10. Phase-redundant topology.

for the current in the SCRs to decay so that they can turn off.
While the SCRs themselves are not in the circuit conducting
current in the post-fault control, they have to have a sufficient
current rating so they can clear the fuses. As a result, each SCR
current rating will be on the order of the rated phase current of
the inverter.

The post-fault control strategy in terms of commanded
currents of the double switch-redundant inverter is identical
to that of the switch-redundant inverter to an opened phase
fault. One difference however is the fact that the motor neutral
is connected to a fourth inverter leg as opposed to a direct
connection to the center point of the dc link. This serves two
significant purposes. First, the system is free of the dc midpoint
balancing problems and minimum capacitance sizing issues
that were addressed in [13]. Second, the control method of
shifting the voltage at the neutral point of the machine that has
been developed for single-phase induction motors [16], [17]
can be applied to the three-phase system with an opened phase
fault. Since the three-phase motor windings are displaced by
120 as opposed to 90 for the single-phase motor, the benefits
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Fig. 11. Cascaded inverter topology.

are not as dramatic. Nevertheless, the space vector voltage in
terms of the equivalent three-phase system can be increased
to 0.577 from 0.5 using this technique. As a result, the double
switch-redundant topology has a FPRF of 0.58 and SOCF of
2.24. It is important to note that it is possible for a fault to occur
in the neutral leg, which does not carry any current during
normal operation but is being modulated by the control. If this
occurs, the SCRs in that leg will isolate the neutral leg of the
system and the remaining system will operate as the standard
three-phase inverter capable of producing 1-pu output power
without any fault tolerant capacity.

C. Phase-Redundant Topology

The ability to isolate a faulty phase-leg opens the possibility
of introducing a spare inverter leg for improved fault tolerance
as shown in Fig. 10. The configuration [15] will be referred to
as the phase-redundant topology. This circuit topology incorpo-
rates the fault isolating SCRs and fuses in only the three active
legs of the inverter. A spare fourth leg of the inverter is con-
nected in place of the faulty phase-leg after the fault isolating
devices have removed that leg from the system. During normal
operation, this spare phase-leg is inactive and not switching. As
a result, the three TRIACs shown in the topology act as static
transfer switches to connect this output to the faulted phase only
when needed. This topology, which was not tested in the paper,
has the unique ability to maintain rated output power in the

post-fault operating mode which is a substantial improvement
over the 0.58-pu output capacity when a two-phase control ap-
proach is adopted. The phase-redundant topology has a SOCF of
2.33 and is fault tolerant to each of the four faults being consid-
ered. It is also the only topology being considered that does not
require additional stator leads to be brought out of the motor.
This topology, without any of the fuses or SCRs, was experi-
mentally demonstrated in [18] for the case of an opened phase
and opened switch fault on an induction motor.

It is important to note that the presence of the fuses in these
two topologies will have the effect of increasing the dc bus in-
ductance. Since great care is normally taken when physically
laying out the bus structure in order to minimize the parasitic
bus inductance, the addition of inductance due to the fuses and
fuse holders must be considered during the system design. Also,
careful selection of the fuse is required to avoid nuisance faults
due to fuse failure while simultaneously guaranteeing the ex-
pected post-fault operating capacity.

D. Cascaded Inverter Topology

The concept of parallel redundancy was one of the first means
for providing fault tolerance in an induction motor drive system
[6]. In this paper, a general -phase motor was proposed for
use with each phase being driven by an individual single-phase
drive unit. The use of an individual single-phase inverter for
each phase of the motor was also employed in [19], while dual
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three-phase inverters in a modular system were employed in [3].
A novel variation on this idea was proposed in [25], and [26].
While these papers did not deal with the issue of fault redun-
dancy, they addressed performance improvements that can arise
from the use of individual phase drive units. As an example,
[26] showed that the voltage space of the cascaded inverter is the
same as a three-level inverter. The proposed cascaded inverter
topology is simply a repartitioning of the phase legs found in a
standard single-phase or three-phase inverter, and is shown in
Fig. 11.

The cascaded inverter allows for the full bus voltage to be ap-
plied to each of the motor phases. As a result, it is necessary to
adjust the number of turns in the motor to keep the kVA rating of
system constant when compared to the standard topology [23].
When done properly, the cascaded inverter will have the same
voltage and current space as the standard inverter as illustrated
in Fig. 4, after the turns ratio adjustment is considered. Even
though the number of devices is doubled, the required kVA of
the topology is increased only 15% compared to a standard in-
verter since this topology has a SOCF of 1.15 as given in Table I.
It should be noted that the SOCF of this converter is not equal
to 1 as a direct result of the lower switch utilization ratio of the
single-phase converter [24]. The turns ratio adjusts the output
current and voltage for constant kVA between the converters.
However, the switches still need to be rated to block the full dc
voltage even though the phase voltage has only been increased
by , and thus, the lower switch utilization ratio and increased
SOCF.

The fault tolerance capacities of the cascaded inverter shown
in Fig. 11 are somewhat limited. The inverter provides fault
tolerance for an opened phase fault as indicated in Table I.
In this case, the two-phase control method previously applied
to the switch-redundant topology, double switch-redundant
topology and phase-redundant topology would be used. How-
ever, protection for a short-circuited switch fault cannot be
provided by turning off the remaining switches in the phase
because a current circulating path remains consisting of the
winding, the shorted switch, and a diode in the unfaulted
inverter. Mutual coupling between the phases induces current
to flow in the faulted winding, producing undesirable pulsating
torque in the machine. This was considered a major factor in
the machine design presented in [4]. For an open-switch fault,
a path through the anti-parallel diodes is also present, but it
includes the dc link. Any voltage induced in the faulted phase
would have to be larger than the dc link voltage before current
would be induced in the winding. As a result, fault tolerant
operation for a single switch open-circuit fault will be limited
to speeds which place the motors peak line-to-line back-emf
less than the dc link voltage.

It is recognized that the use of multiple single-phase or cas-
caded inverters provides the potential for fault tolerance due to
single switch open and single switch short-circuit faults. How-
ever, additional components are needed to isolate the faulted
unit or phase from the system, as were employed in [6]. A po-
tential isolating device would be a TRIAC inserted in series
with each output phase as highlighted in Fig. 11. With a TRIAC
available to isolate the faulted phase from the system, this con-
figuration of the cascaded converter is capable of being fault

Fig. 12. Four-leg inverter topology.

tolerant to single switch short-circuits, single switch open-cir-
cuits, and phase-leg open-circuits. In all of these cases, the re-
sultant control method used after the fault is cleared would be
the two-phase control method outlined earlier. As a result, this
system would have a fault power rating factor of 0.58. The
SOCF for this system is 1.44 as listed in Table I. It should fur-
ther be noted that this configuration would result in increased
inverter losses during normal operation due to the series switch.

E. Four-Leg Inverter Topology

The use of a four-leg inverter as shown in Fig. 12, to improve
the fault tolerance of induction motor drives was demonstrated
in [20] and [21]. In [20], the same two-phase control method
for a single-phase open-circuit fault was utilized as discussed
previously for the phase-redundant topologies. It has a post fault
power rating of 0.58 pu and a SOCF of 1.58. An advantage of
using this topology over the switch-redundant topology for a
single-phase open-circuit fault is that the four-leg topology does
not require access to the midpoint of the dc bus.

A different approach to fault tolerance using a four-leg in-
verter was taken in [21]. The fault considered in this paper was
for an opened switch fault, which could occur as a result of a
gate drive unit failure. The method presented could accommo-
date an opened switch fault on all three phases so long as all
of the faults occurred in the upper or lower switches, but not a
combination of upper and lower switches. Note that a fault in the
neutral leg could not be accommodated. The post-fault control
action consisted of commanding a three-phase set of unipolar
currents, with two of three phases always conducting a nonzero
current. This control method had previously been exploited to
produce a three-phase motor drive with only three switches [27].
The unipolar currents control method does not change the avail-
able voltage space of the converter, but does negatively impact
the current space. Due to the presence of a zero sequence cur-
rent, the torque producing currents are reduced to 0.58 pu as
shown in Fig. 13. It should be noted that the currents have been
calculated assuming a pre- and post-fault phase current peak
value of 1 pu and this distinction is necessary since the post-fault
currents are not sinusoidal in shape. The neutral leg in this fault
tolerant control scheme will then carry 1.73-pu current.
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Fig. 13. Phase fundamental voltage and current limits of the four-leg inverter
after a single switch open fault.

IV. CONCLUSION

This paper has reviewed the fault tolerant three-phase
ac motor drive topologies that have been presented in the
literature. An approach based on the fundamental inverter
output space in terms of axis limits has been adopted as a
basis to identify the potential performance limits of each of
the topologies. From these limits, a fault power rating factor
(FPRF) has been defined which normalizes the faulted system
capacity to a standard three-phase inverter during normal
unfaulted operation. To compare the relative cost of adding the
fault tolerant capacity in each of the topologies, this paper has
defined a SOCF which relates each circuit’s weighted switch
capacity to that of a standard three-phase inverter.

This review of the alternative topologies and control methods
makes it clear that there is significant cost associated with pro-
viding fault tolerant operation. All of the topologies require ad-
ditional components in the form of silicon switches and/or fuses
to provide this capacity in the presence of a fault that would oth-
erwise not be present in a standard three-phase inverter drive.
Among the topologies and faults considered, key results include
the following.

1) The switch-redundant topology provides the full
post-fault current rating for both a single-switch short or
single switch open fault at a modest cost increase (ap-
proximately 50%) and is a good candidate provided the
midpoint of the dc link is available for use. Furthermore,
this topology can be adapted to accommodate open phase
faults with an additional TRIAC.

2) The double switch-redundant topology with a four
terminal motor is fault tolerant to all four inverter
faults considered: Single switch short-circuit, phase-leg
short-circuit, single switch open-circuit, and single-phase
open-circuit. It has a post-fault kVA delivery factor
(FPRF) of 0.58.

3) The phase-redundant topology with a three terminal
motor is fault tolerant to all four of the considered faults
and has a FPRF value of 1.0. This superior solution also

has the highest component cost of any fault tolerant
topology at 233% of that of a standard inverter.

4) The use of single-phase units or cascaded inverters has the
smallest cost penalty factor (SOCF) at 115% of the cost
of a standard inverter but only provides fault tolerance to
open phase faults. With the addition of TRIAC in each
phase, this system is fault tolerant to single switch open,
and short faults, and single-phase open-circuits. This in-
creases the SOCF cost factor to 144% for a FPRF value
of 0.58.

5) Four-leg inverters provide fault tolerance only to open
phase or open switch faults at a relatively high cost.

In conclusion, a careful assessment of the likelihood of each
type of fault and the required post-fault capacity is necessary to
determine which topology is best suited for each application.

REFERENCES

[1] D. Kastha and B. K. Bose, “Investigation of fault modes of voltage-fed
inverter system for induction motor drive,” IEEE Trans. Ind. Applicat.,
vol. 30, pp. 1028–1038, July/Aug. 1994.

[2] N. Bianchi, S. Bolognani, and M. Zigliotto, “Analysis of PM syn-
chronous motor drive failures during flux weakening operation,” in
Conf. Rec. IEEE Power Electronics Specialists Conf., vol. 2, 1996, pp.
1542–1548.

[3] N. Ertugrul, W. Soong, G. Dostal, and D. Saxon, “Fault tolerant
motor drive system with redundancy for critical applications,” in
Conf. Rec. IEEE Power Electronics Specialists Conf., vol. 3, 2002,
pp. 1457–1462.

[4] A. G. Jack, B. C. Mecrow, and J. A. Haylock, “A comparative study
of permanent magnet and switched reluctance motors for high-perfor-
mance fault-tolerant applications,” IEEE Trans. Ind. Applicat., vol. 32,
pp. 889–895, July/Aug. 1996.

[5] J. R. Fu and T. A. Lipo, “Disturbance-free operation of a multiphase
current regulated motor drive with an opened phase,” IEEE Trans. Ind.
Applicat., vol. 30, pp. 1267–1274, Sept./Oct. 1994.

[6] T. M. Jahns, “Improved reliability in solid-state ac drives by means of
multiple independent phase-drive units,” IEEE Trans. Ind. Applicat., vol.
IA-16, pp. 321–331, May/June 1980.

[7] R. Peuget, S. Courtine, and J.-P. Rognon, “Fault detection and isolation
on a PWM inverter by knowledge-based model,” IEEE Trans. Ind. Ap-
plicat., vol. 34, pp. 1318–1326, Nov./Dec. 1998.

[8] R. L. de A. Ribeiro, C. B. Jacobina, E. R. C. da Silva, and A. M. N.
Lima, “Fault detection of open-switch damage in voltage-fed PWM
motor drive systems,” IEEE Trans. Power Electron., vol. 18, pp.
587–593, Mar. 2003.

[9] R. S. Chokhawala, J. Catt, and L. Kiraly, “A discussion on IGBT short-
circuit behavior and fault protection schemes,” IEEE Trans. Ind. Ap-
plicat., vol. 31, pp. 256–263, Mar./Apr. 1995.

[10] A. Bhalla, S. Shekhawat, J. Gladish, J. Yedinak, and G. Dolny, “IGBT
behavior during desat detection and short circuit fault protection,” in
Proc. Int. Symp. Power Semiconductor Devices ICs (ISPSD), 1998, pp.
245–248.

[11] R. B. Sepe, Jr., B. Fahimi, C. Morrison, and J. M. Miller, “Fault tolerant
operation of induction motor drives with automatic controller reconfig-
uration,” in Conf. Rec. IEEE Int. Electronic Machines and Drives Conf.
(IEMDC), 2001, pp. 156–162.

[12] R. Spée and A. K. Wallace, “Remedial strategies for brushless dc drive
failures,” IEEE Trans. Ind. Applicat., vol. 26, pp. 321–331, Mar./Apr.
1990.

[13] T. H. Liu, J. R. Fu, and T. A. Lipo, “A strategy for improving reliability
of field-oriented controlled induction motor drives,” IEEE Trans. Ind.
Applicat., vol. 29, pp. 910–918, Sept./Oct. 1993.

[14] J. R. Fu and T. A. Lipo, “A strategy to isolate the switching device
fault of a current regulated motor drive,” in Conf. Rec. IEEE IAS Annu.
Meeting, vol. 2, 1993, pp. 1015–1020.

[15] S. Bolognani, M. Zordan, and M. Zigliotto, “Experimental fault-tol-
erant control of a PMSM drive,” IEEE Trans. Ind. Electron., vol. 47,
pp. 1134–1141, Oct. 2000.



1116 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 19, NO. 4, JULY 2004

[16] D. G. Holmes and A. Kotsopoulos, “Variable speed control of single and
two phase induction motors using a three phase voltage source inverter,”
in Conf. Rec. IEEE IAS Annu. Meeting, vol. 1, 1993, pp. 613–620.

[17] E. R. Benedict and T. A. Lipo, “Improved PWM modulation for a per-
manent-split capacitor motor,” in Conf. Rec. IEEE IAS Annu. Meeting,
vol. 3, 2000, pp. 2004–2010.

[18] R. L. A. Ribero, C. B. Jacobina, E. R. C. da Silva, and A. M. N. Lima,
“A fault tolerant induction motor drive system by using a compensation
strategy on the PWM-VSI topology,” in Conf. Rec. IEEE Power Elec-
tronics Spec. Conf., vol. 2, 2001, pp. 1191–1196.

[19] D. Qin, X. Lua, and T. A. Lipo, “Reluctance motor control for fault-
tolerant capability,” in Conf. Rec. IEEE Int. Electronic Machines and
Drives Conf. (IEMDC), 1997, pp. WA1-1.1–WA1-1.6.

[20] M. B. de R. Corrêa, C. B. Jacobina, E. R. C. da Silva, and A. M. N. Lima,
“An induction motor drive system with improved fault tolerance,” IEEE
Trans. Ind. Applicat., vol. 37, pp. 873–879, May/June 2001.

[21] R. L. A. Ribero, C. B. Jacobina, A. M. N. Lima, and E. R. C. da Silva, “A
strategy for improving reliability of motor drive systems using a four-leg
three-phase converter,” in Conf. Rec. IEEE APEC’01, vol. 1, 2001, pp.
385–391.

[22] H. W. Van Der Broeck and J. D. Van Wyk, “A comparative investigation
of a three-phase induction machine drive with a component minimized
voltage-fed inverter under different control options,” IEEE Trans. Ind.
Applicat., vol. 20, pp. 309–320, Mar./Apr. 1984.

[23] D. W. Novotony and T. A. Lipo, Vector Control and Dynamics of AC
Drives. London, U.K: Oxford Univ. Press, 1996.

[24] N. Mohan, T. M. Undeland, and W. P. Robbins, Power Electronics: Con-
verters, Applications and Design. New York: Wiley, 1995.

[25] H. Stemmler and P. Guggenbach, “Configurations of high-power voltage
source inverter drives,” in Conf. Rec. 5th Eur. Conf. Power Electronics
Applications (EPE’93), 1993, pp. 7–14.

[26] K. A. Corzine, S. D. Sudhoff, and C. A. Whitcomb, “Performance
characteristics of a cascaded two-level converter,” IEEE Trans. Energy
Conv., vol. 14, pp. 433–439, Sept. 1999.

[27] B. A. Welchko and T. A. Lipo, “A novel variable-frequency three-phase
induction motor drive system using only three controlled switches,”
IEEE Trans. Ind. Applicat., vol. 37, pp. 1739–1745, Nov./Dec. 2001.

Brian A. Welchko (S’98–M’04) received the B.S.
and M.S. degrees from Ohio University, Athens, in
1994 and 1996, respectively, and the Ph.D. degree
from the University of Wisconsin-Madison, in 2003,
all in electrical engineering.

During his Ph.D. studies, he worked summers
with the Otis Elevator Company, Farmington, CT, in
1997 and 1998, and with General Motors Advanced
Technology Center (GMATC), Torrance, CA, in
2000, 2001, and 2002. He joined GMATC in 2004.
His current research interests are in novel power

converter topologies and control methods applied to interior permanent magnet
synchronous machines.

Dr. Welcho regularly reviews conference and TRANSACTIONS papers in
his area of expertise and served as the Technical Program Co-Chair for the
2003 IEEE International Electric Machines and Drives Conference (IEMDC),
Madison, WI.

Thomas A. Lipo (M’64–SM’71–F’87–LF’04) was
born in Milwaukee, WI. He received the B.E.E.
and M.S.E.E. degrees from Marquette University,
Milwaukee, in 1962 and 1964, respectively, and
the Ph.D. degree in electrical engineering from the
University of Wisconsin, Madison, in 1968.

From 1969 to 1979, he was an Electrical Engineer
in the Power Electronics Laboratory, Corporate
Research and Development Center, General Electric
Company, Schenectady, NY. He became Professor
of electrical engineering at Purdue University, West

Lafayette, IN, in 1979, and in 1981 he joined the University of Wisconsin in the
same capacity, where he is presently the W. W. Grainger Professor for Power
Electronics and Electrical Machines Co-Director of the Wisconsin Electric
Machines and Power Electronics Consortium, and Director of the Wisconsin
Power Electronics Research Center. He has published over 400 technical
papers and has 32 U.S. patents.

Dr. Lipo received 21 IEEE prize paper awards from three different IEEE Soci-
eties, including Best Paper Awards for a publication in the IEEE TRANSACTIONS

ON IDUSTRIAL APPLICATIONS in 1984, 1994, and 1999, the Outstanding Achieve-
ment Award from the IEEE Industry Applications Society for his contributions
to the field of ac drives in 1986, the William E. Newell Award of the IEEE Power
Electronics Society for contributions to field of power electronics in 1990, and
the 1995 Nicola Tesla IEEE Field Award “for pioneering contributions to sim-
ulation of and application to electric machinery in solid-state ac motor drives.”
He was made a Fellow of the Royal Academy of Engineering (U.K.) in 2003 and
has served in various capacities for three IEEE Societies including President of
the IEEE Industrial Applications Society in 1994.

Thomas M. Jahns (F’93) received the S.B., S.M.,
and Ph.D. degrees from the Massachusetts Institute
of Technology (MIT), Cambridge, in 1974 and 1978,
respectively, all in electrical engineering.

He joined the faculty of the University of
Wisconsin, Madison, in 1998 as a Professor in
the Department of Electrical and Computer En-
gineering, where he is also an Associate Director
of the Wisconsin Electric Machines and Power
Electronics Consortium (WEMPEC). Prior to
coming to UW-Madison, he was with GE Corporate

Research and Development, Schenectady, NY, for 15 years, where he pursued
new power electronics and motor drive technology in a variety of research and
management positions. His research interests include permanent magnet syn-
chronous machines for a variety of applications ranging from high-performance
machine tools to low-cost appliance drives. From 1996 to 1998, he conducted
a research sabbatical at MIT, where he directed research activities in the area
of advanced automotive electrical systems and accessories as codirector of an
industry-sponsored automotive consortium.

Dr. Jahns received the William E. Newell Award from the IEEE Power
Electronics Society (PELS) in 1999. He has been recognized as a Distinguished
Lecturer by the IEEE Industry Applications Society (IAS) from 1994–1995
and by IEEE-PELS during 1998–1999. He has served as President of PELS
(1995–1996) and as a member of the IAS Executive Board from 1992 to
2001. From 2002–2003, he was the Division II Director on the IEEE Board of
Directors.

Steven E. Schulz (S’88–M’90–SM’02) received
the B.S. degree (with highest honors) from North
Carolina State University, Raleigh, in 1988, and
the M.S. degree from Virginia Polytechnic Institute
and State University, Blacksburg, in 1991, both in
electrical engineering.

In 1991, he joined Hughes Aircraft Space and
Communications Group, where he worked on
spacecraft power supply design and modeling. Since
1992, he has been with General Motors Advanced
Technology Vehicles Center, Torrance, CA. From

1992 to 1997, he designed and developed inductively coupled battery chargers
for electric vehicles. He is currently working in the area of variable speed
motor drives as applied to electric and hybrid vehicles. His interests include
power electronics, ac motor drives, digital controls, power factor correction,
and magnetics design.


