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Abstract – This paper characterizes six-leg inverters to mitigate
short-circuit faults for interior permanent magnet (IPM)
synchronous machines.
Key differences between bus
structures in six-leg inverters are identified. For six-leg
inverters employing two isolated dc links, it is shown that up to
75% of rated output power could be produced following a
single-switch short-circuit fault. A magnet flux nulling control
method is proposed as a response to stator winding type shortcircuit faults. This control method results in a zero-torque
fault response by the motor. The important influence of the
zero sequence in both the motor and inverter structure is
identified and developed for this class of fault. Simulation and
experimental results are presented verifying the proposed
magnet flux nulling control method.

I.

I

INTRODUCTION

PERMANENT MAGNET (IPM) synchronous
machines are attractive for a variety of applications
because of their high power density, wide constant power
speed range, and excellent efficiency [1], [2]. However, the
adoption of permanent magnet synchronous machines in
applications such as electric propulsion has been hindered
by concerns about the special risks posed by faults in these
machines. During normal operation, the magnets provide an
inherent flux in the machine so that a larger percentage of
the applied current can be used to produce torque. In the
presence of any type of system fault, either originating in the
machine or the electronic drive, the magnets become an
immediate liability since their location in the spinning rotor
produces a source of flux which cannot be turned off at will.
The area of fault analysis and fault mitigation is quite
broad due to the seemingly infinite number of possibilities
which can occur. Essentially, any undesired event outside
of normal operation can be considered a fault. One serious
fault which is likely to occur due to a software error is an
Uncontrolled Generator Mode (UCG) fault [3], [4]. For this
fault, the gating signals are removed from the inverter
switches and the machine may regenerate energy back to the
dc link. Various faults originating due to failures in
different parts of the electronic drive have been investigated,
of which, [5] provides a good example for PM machine
drives. A more detailed study of open-circuit type faults
was investigated in [6], while a similar detailed analysis was
carried out for short-circuit type faults in [7].
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In [7], it was shown that the preferred post-fault control
strategy for a single-switch short-circuit fault was to employ
the remaining healthy drive switches to command a
symmetrical three-phase short-circuit on the terminals of the
IPM motor. This had the effect of reducing the post-fault
currents and motor breaking torque. For open-circuit type
faults, [6] showed that commanding UCG response resulted
in the lowest obtainable currents and (braking) torque. Both
of these strategies are reactionary in nature. That is, the
system detects a fault and performs an action (close or open
switches) and then waits for further instruction, which is
presumably, a system shutdown.
This paper presents an active response to system-level
faults so that the system can continue to operate with some
reduced capacity. The paper specifically shows that by
employing a cascaded inverter topology, up to 75% of the
rated system power can be achieved following a singleswitch short-circuit fault. Topological similarities between
a single inverter switch short-circuit fault and a motor
winding short-circuit fault are also identified. These
similarities are used to develop a control method to null the
magnet flux by active control of the remaining healthy
motor phases in order to produce a zero-torque response by
the motor in a post-fault condition.
II. DRIVE SYSTEM TOPOLOGY
The use of single-phase inverters for each phase of an ac
machine is relatively common if the machine is of the
switched reluctance type, due to the rectangular phase
currents which must be employed. For PM motors, the use
of multiple single-phase inverters provides a higher degree
of flexibility and redundancy when compared to a standard
six-switch, three-phase inverter. Many different possible
implementations of this class of topology are possible, each
with subtle differences. Therefore, consider a general sixleg inverter driving a three-phase ac motor. Note that in all
cases, it is a requirement that both ends of each stator phase
winding are available.
The most general format of the six-leg inverter topology
is shown in Fig. 1. In this configuration, each phase of the
motor is excited by a single-phase inverter. Using this
building block approach, three isolated dc supplies are
required.
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It is possible to simplify the topology of Fig. 1 by
repartitioning the phase-legs into three-phase groups. The
result has previously been referred to as a cascaded
converter and is shown in Fig. 2. It is possible to obtain this
implementation of the topology simply by using two
standard three-phase inverters and changing the control
method. This configuration with isolated dc links is
sometimes used as an alternative implementation of a threelevel inverter [8], [9].
In some instances, isolation between the dc links of the
cascaded converter is either not available, or undesirable.
As a result, the cascaded converter system of Fig. 3 is
obtained. Due to the presence of only a single dc link, the
configuration of Fig. 3 could be repartitioned into a true sixleg inverter system as shown in Fig. 4.
The inverter configurations in Fig. 1, Fig. 3, and Fig. 4
are functionally equivalent while the configuration of Fig. 2
is unique. The critical difference is in the isolation between
the two dc links in Fig. 2. In this case, the system can apply
a true square wave voltage excitation across each phase of
the motor. A square wave excitation produces triplen
harmonic voltages. In all of six-leg inverter circuits, the
zero sequence return path is through the dc links. If the two
links are isolated, the circuit is not complete and the triplen
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Fig. 5. Inverter voltage profiles showing applied voltage, fundamental, and
third harmonic components.
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and zero sequence voltages do not induce any currents. If
there are one or three dc links, the zero sequence voltage
must be precisely controlled so that zero sequence currents
are minimized or eliminated. This also has the effect of
reducing the maximum fundamental output voltage
component which can be generated [10]. Fig. 5 shows the
overmodulation voltage limits for six-leg inverters along
with the familiar six-step limits for standard three-leg
inverters as a reference.
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III. INVERTER OUTPUT CAPACITY
The voltage space of the six-leg inverter system can be
represented in space vector format as shown in Fig. 6 (Vdc1 =
Vdc2). The figure shows that the system has the identical
space vector diagram as a three-level neutral point clamped
(NPC) converter. Employing nomenclature used for the
NPC inverter, a level-2 output indicates the largest positive
voltage connected across the phase load, a level-0 output
indicates the largest negative voltage across the phase load,
and a level-1 output indicates that zero volts is being applied
across the phase. Not shown in the figure are the high
numbers of redundant states in the cascaded system. In this
space vector diagram, there are 19 distinct inverter states.
For the six-leg topology, there are 43 = 64 output states,
compared with 33 = 27 outputs for a traditional NPC
inverter. The increased number of states is a result of two
possible level-1 output states in each leg.
In the presence of a short-circuit type fault applied to the
lower switch in phase a (switch Sa1n), the six-leg inverter is
capable of outputting a level-1 output on the faulted phase
by closing the adjacent switch in the faulted H-bridge. It is
also possible for the faulted phase to command a level-0
output. The resulting voltage space in space vector format
of the cascaded converter system, with a single-switch shortcircuit fault, is also shown in Fig. 6 as the shaded area.
Following the single-switch short-circuit fault, it is still
possible to control both the d- and q-axis voltages
simultaneously, since a circle centered at the origin can be
inscribed in the distorted hexagon. This circle is half as
large as during normal operation. It is further possible to
increase the size of the circle, which can be inscribed inside
the faulted hexagon, to 75% of the original size, by
employing a shift in the neutral voltage, as shown in Fig. 6.
Shifting the neutral point of the motor, in the case of the
open winding machine, is strictly a mathematical
representation, since there is no physical neutral point from
which to measure a voltage. As a result, it is a useful
control technique to extend the operating range of the
system with a single-switch short-circuit fault.
The
interested reader is referred to [11] for additional
background information on the general case for multi-level
systems.
However, as with any promising technique, the potential
drawbacks must be considered. In this case, the technique is
only applicable to the dual bus system of Fig. 2 due to the
presence of a zero sequence component which would induce
large currents in systems containing three or one dc links.
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Fig. 6. Voltage space limits for pre- and post-fault single-switch shortcircuit conditions for the six-leg inverter.

IV. MAGNET FLUX NULLING CONTROL
One of the more severe faults that can occur in any motor
drive system is a shorted or partially shorted coil in one of
the motor’s stator windings. This fault requires immediate
attention to prevent the motor from overheating. This type
of fault has been investigated in terms of operation with a
shorted coil for synchronous reluctance machines [12].
A. Current Control Method
For considerations of modeling, it will be assumed that
the phase a coil is fully shorted. This serves two purposes.
In the case of a partially shorted winding coil, the coil can
be made to appear fully shorted via active control of the
faulted phase by simply closing two of the switches in the
six-leg inverter. In the case of a single-switch short-circuit
fault, the control action could also close the complimentary
switch, which would also make the system appear as if one
of the stator windings was shorted out.
In the presence of a shorted or partially shorted stator
winding, it is desirable to make the current in the faulted
phase as small as possible. Therefore, it is required to make
the flux linkage in the shorted coil as constant as possible.
From the machine model of an IPM motor, the flux linkages
are given as
e

e

λd = Ld i d + Ψmag
e

e

e

e

(1)

λq = Lq i q

(2)

λ0 = L0 i 0 .

(3)

Since the fault occurs in the stationary frame, it is
required to transform the synchronous fluxes back to the
stationary reference frame. Applying the transformation
gives
s

e

(

e

λd = −(sinθe)Lq i q + (cosθe) Ld i d + Ψmag

)

(4)
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s

(

e

e

λq = (cosθe)Lq i q + (sinθe) Ld i d + Ψmag
s
λ0

=

)

(5)

e
L0 i 0 .

(6)

It will be assumed that the fault occurs in phase a. From the
reference frame definitions and (4) − (6), the phase a flux
linkage is given as

(

e

)

e
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iqe* +

Ψmagcosθe =

e
Lq i q sinθe

−

e
Ld i d cosθe

−

e
L0 i 0

e

e

(9)

Setting the q-axis current to zero and solving (9) for the daxis current yields
Ψmag
e
id = − L .
d

(10)

Equation (10) indicates that setting the d-axis current to the
motor’s characteristic current will null the magnet flux.
Without a q-axis current, the net torque of the motor will be
zero. This result is a significant improvement over the
previously proposed method of creating a symmetrical
three-phase short-circuit as a response to short-circuit type
faults, as the symmetrical three-phase short-circuit produced
a potentially significant amount of braking torque [7], while
this proposed method produces zero torque.
B. Voltage Control Limitations
While current is the quantity which is typically controlled
in any vector controlled motor drive, it is only indirectly
controlled, as voltage from the switch states is ultimately the
manipulated variable. Fig. 7 shows the block diagram for a
standard synchronous frame current regulator for an IPM
synchronous machine [13].
Included in the current
regulator, are cross-coupling decoupling terms and a backemf decoupling term. In addition, the zero sequence current
regulator is shown, since that must be a controlled quantity
in the six-leg inverter without two dc links.
Consider the phase a voltage command which results
from the current regulator. After transformation back to the
stationary reference frame, it is given as
*

*

*

vas = vds + v0s .

+

kpd
−

(8)

Equation (8) indicates the conditions required to yield a
phase a flux linkage of zero. Since the zero sequence
inductance of the motor is typically quite small when
compared to either the q- or d-axis inductance, it can
momentarily be neglected for the proceeding control
method. As a result, (8) simplifies to
Ψmagcosθe = Lq i q sinθe − Ld i d cosθe .

ide*

(11)

i0e*
+

−

kid
s

Kp0
ki0
s

+

1
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−

^
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e
^
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−

+ +
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+
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ωeiq

λa = −(sinθe)Lq i q + (cosθe) Ld i d + Ψmag + L0 i 0 . (7)
The simplest case of a constant flux linkage in phase a
occurs when the flux in the phase is zero. Using this, (7)
can be rearranged as
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Fig. 7. Block diagram of the cross-coupling decoupling synchronous frame
current regulator for IPM motor drives.

Under the proposed control method for the shorted coil
fault, vds* will be some time varying quantity while v0s* will
be zero. Due to the constraint of the short-circuit, it is
required that vas* ≡ 0 at every instance. As a result, (11)
indicates that it is not possible to independently control the
q-, d-, and 0-axis voltages simultaneously during the faulted
condition. In an unfaulted system, it is possible to
independently control the q-, d-, and zero sequence voltages
within a sphere centered at the origin [14]. If the d-axis
voltage is the controlled quantity and the phase is shorted
due to the fault, (11) indicates that the applied zero sequence
voltage will be
*

*

v0s = − vds .

(12)

In six-leg inverter systems which employ one or three
isolated dc links, a zero sequence current path is present.
Employing the constraint of (12), the steady-state zero
sequence current induced in the shorted phase is

i0_ss =

|v de*|


ωL0
∠ 180° − atan r  .
2

 s 

r s2 + (ωL0)

(13)

Equation (13) indicates that for small values of L0 (ideally
zero) and low frequencies, the induced zero sequence
current will ideally be the negative of the stationary frame daxis current needed to null the magnet flux, torque, and
induced current in the shorted phase. For non-ideal values
of L0, some current will be induced in the shorted phase.
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Fig. 8 and Fig. 9 show the steady-state amplitudes of the
zero sequence current and current induced in the shorted
phase as a function of speed for various values of zero
sequence inductance for the IPM motor of reference [15]
(see appendix). In general, the figures and analysis show
that the zero sequence current induced at low speed is
approximately the characteristic current (93.3 Apeak for this
example) and asymptotes toward zero at high speed. For the
current in the shorted phase, the opposite is true; the current
at low speed is low and asymptotes to the characteristic
current at high speed. It is important to note that even
though the zero sequence current is induced and
uncontrolled, the torque will still be zero due to the
synchronous frame control on the d- and q-axis currents.
V. SIMULATION AND EXPERIMENTAL RESULTS
The proposed control algorithm to null the magnet flux
following a short-circuit fault in phase a was simulated in
Simulink® with data post-processing in MATLAB®. Both
the simulation and experimental results employed the IPM
motor (of the appendix) and the dq0 synchronous frame
current regulator of Fig. 7 tuned to a bandwidth of 700 Hz.
The d-axis inductance used for the simulation was obtained
by measuring the open-circuit magnet flux based back-emf
and symmetrical three-phase short-circuit current at high

speed. From these measured values, the d-axis inductance is
given as 91.5 µH. The zero sequence inductance was found
to be 45% of this value, or 41.2 µH.
As proposed, the flux nulling control method employs a
six-leg inverter. The available experimental dynamometer
setup employed a standard three-phase, three-leg inverter.
As a result, it was necessary to reconfigure the system, as
shown in Fig. 10, in order to test the proposed flux nulling
control method. Phase a of the motor was externally shorted
together as shown to emulate a level-1 output by phase a of
the desired six-leg inverter. The center point, s, of phases b
and c, was tied together and connected to the traditional
phase a output of the inverter to allow for independent
control of the currents in phases b and c. For the tests, all
three of the phase currents were measured, and used by the
controller as needed. The motor speed was controlled
externally by the dynamometer.
Simulation and measured experimental results for both
low-speed (150 rpm) and high-speed (1000 rpm) operation
are shown overlaid on one another in Fig. 11 and Fig. 12. It
should be noted that the experimental torque results
presented were not directly measured, but calculated using
the measured currents and estimated motor parameters.
In both cases, the measured value of the phase currents,
and hence the synchronous frame dq0 currents, match very
closely in both shape and amplitude to the simulation
results. The phase a current which is induced due to the
zero sequence inductance, contains evidence of a third
harmonic component which is likely due to the slotting
effect of the stator winding and magnet cavities, and has
been neglected in the simulations.
The value of the zero sequence current decreases as the
speed increased as predicted in SECTION IV. Also as
predicted, the current in the shorted phase increases as the
speed increases. Both of these are due to the coupling effect
of the zero-sequence inductance. From this result are two
very important implications which must be considered.
First, it has the effect of unbalancing the two remaining
active healthy phases. While the unbalance is not really
important, the relative amplitudes of the currents in these
two phases are; because they are both larger than the
characteristic current of the motor given by Ψmag/Ld (93.3
Apeak). If the zero sequence inductance was the ideal value
of zero, these currents would be larger than the
characteristic current by a multiple of 3 , which represents
an upper limit for the value of the current in the healthy
phases. This observation implies that in order to have the
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option of employing the proposed flux nulling control
method, the system has to be designed such that the motor’s
characteristic current is less than 1/ 3 times the value of the
rated current of the inverter so that the inverter current limit
is not exceeded. The second important observation is that
when synchronous frame dq0 current control is employed, the
current in the shorted phase will asymptote out to the value of
the characteristic current at high speeds.
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Fig. 12. Experimental and simulated results at 1000 rpm.

In terms of torque production, the measured estimated
torque is pulsating in nature, but always less than 1 Nm in
amplitude, while the simulated torque is always zero due the
synchronous frame current control and an ideal motor model.
The average measured torque obtained by a torque meter was
found to be +0.59 Nm and −0.27 Nm for the 150 rpm and
1000 rpm cases respectively. This compares to a measured
torque of −4.69 Nm and −1.63 Nm which was obtained when
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a symmetrical three-phase short-circuit was employed as a
response to a short-circuit condition as was proposed in [7].
As a result, the proposed flux nulling control technique
produces a near zero-torque response in response to a shortcircuit fault or shorted winding type fault which is an
improvement over previously proposed solutions.
VI. CONCLUSIONS
This paper has investigated the modeling and control of
fault mitigation strategies for interior permanent magnet
synchronous machines driven by a six-leg inverter. As
possible implementations of the six-leg inverter, four
configurations were considered with the difference being in
the number and isolation of the dc links in the system. Faults
considered were switch-short circuit faults and full or partial
stator winding short-circuit faults.
It was shown that if a cascaded converter is employed with
isolation between the two dc links, the system is able to
output the full rated system current at up to 3/4 the rated
system voltage in the presence of a single-switch short-circuit
fault. Due to zero sequence voltage limitations, this benefit is
not possible with other implementations of a six-leg inverter.
A flux nulling control method was proposed as a method to
produce a zero-torque response by the motor following a
single-switch short-circuit fault, or a full or partial stator
winding short-circuit fault. The influence of the zero
sequence inductance on the induced current in the faulted
phase was characterized for systems which contain a zero
sequence conduction path. At low speeds, the healthy phase
currents are limited to 3 Ψmag/Ld or less while at high speeds
the current in the faulted phase asymptotes to Ψmag/Ld. Both
simulation and experimental results confirmed the proposed
flux nulling dq0 synchronous frame current control method.
As a final note, this paper has reinforced the notion that the
machine design and control must be carefully coordinated.
This is necessary to insure desirable fault response properties
so that the system meets fault tolerance requirements while
maintaining the desirable qualities of IPM machines during
normal operation.
APPENDIX
INTERIOR PM MACHINE PARAMETERS
3 phase, 6 kW peak at 6000 rpm, 12 pole machine with
rs ≈ 0.0103 Ω
Lqmax ≈ 305 µH

Ψmag ≈ 5.91 mWrms Ld ≈ 91.5 µH
C1 ≈ 0.0058 H/Amp C2 ≈ −0.605

where the q-axis inductance is approximated as
Lq ≈ Lqmax or
whichever is smaller.

| |

C1 i qe

C2
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