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Abstract—A closed-form solution is presented for the
steady-state response of interior permanent magnet (IPM)
synchronous machines to symmetrical short circuits including
the effects of -axis magnetic saturation. Machine response to
single-phase asymmetrical short circuits is also investigated.
Experimental data are presented to verify predicted behavior
for both types of short circuits. It is shown that single-phase
asymmetrical short circuit faults produce more severe fault
responses with high pulsating torque and a significant threat
of rotor demagnetization. A control strategy that purposely
transitions such faults into symmetrical three-phase short circuits
can minimize the fault severity and associated demagnetization
risks. Implications for the design of IPM machines with improved
fault tolerance are discussed.
Index Terms—Interior permanent magnet synchronous machine, inverter shutdown, protection, short circuit fault, variable
speed drive.

I. INTRODUCTION

T

HE adoption of permanent magnet synchronous machines
in applications such as electric propulsion has been hindered by concerns about the special risks posed by short circuit faults in these machines. Interior permanent magnet (IPM)
synchronous machines, with magnets buried inside the rotor,
offer some important opportunities for minimizing such risks
by making degrees of design freedom available that do not exist
in other types of PM machines. More specifically, the presence of reluctance torque attributed to the magnetic saliency
of the IPM machine’s rotor provides machine designers with
freedom to adjust the relative contributions of the reluctanceand magnet-based torque components in a way that cannot be
matched in conventional surface PM machines.
Short circuits represent the most serious class of faults
in IPM machines. Early researchers developed computer
methods to simulate unbalanced short circuit faults in classic
wound-field synchronous machines [1], [2]. More recently,
simulation studies have also been extended to various faults

in a particular IPM machine [3]. Minimization of the severity
of certain faults was investigated from the standpoint of the
physical machine construction in [4]. The results of these
preceding studies are generalized in this paper to illuminate the
impact that the two major IPM machine design variables—rotor
magnet flux linkage and the inductance saliency ratio—have
on the machine’s short circuit behavior in an effort to minimize
these effects.
Two distinct types of short circuit faults are investigated
in this paper: 1) a symmetrical three-phase fault; and 2) an
asymmetrical single-phase fault. For the case of the symmetrical fault, closed-form equations are derived to describe the
machine response. The effects of -axis magnetic saturation
are included in the IPM machine model, and its significance
will be demonstrated for tested IPM machines. The asymmetrical single-phase fault is analyzed using dynamic simulation
techniques, with experimental results presented to verify the
simulations. Important insights are drawn from the investigation regarding the selection of IPM machine parameters that
will reduce the severity of these short circuit faults.
II. MACHINE MODEL
A magnetically-salient rotor is one of the key identifying
characteristics of an IPM machine. By designing the machine
with elevated levels of -axis magnetic permeance, high flux
densities can be developed in the rotor iron along the -axis flux
paths (i.e., orthogonal to the -axis magnet flux orientation).
However, the -axis inductance is typically susceptible to
magnetic saturation at medium to high current levels.
The electrical differential equations for an IPM machine in
reference frame (Fig. 1) [5], [6],
the synchronously-rotating
modified to include magnetic saturation, are given by
(1)
(2)
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where

is a function of the -axis current and
(3)

accounts for the change in magnetic stored energy in the -axis
due to saturation.
Equations (1) and (2) only include magnetic saturation effects along the -axis since the large effective air gaps along the
-axis created by the magnet cavities result in a nearly constant
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Fig. 1.
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IPM machine dq equivalent circuits.

-axis inductance that is independent of both the - and -axis
currents. Cross-saturation effects, manifested by current in one
axis affecting the inductance of the other axis [7], are not included in this model since this paper focuses on multi-barrier
IPM machines that have been shown to be relatively immune to
this phenomenon [8].
To complete the modeling of the IPM machine, (4) gives the
electromechanical torque produced by the machine
(4)
is the permanent
where is the number of pole pairs and
magnet flux linkage.
The -axis inductance can typically be modeled quite accurately in a piecewise fashion using a power series as follows:

Fig. 2.

Basic IPM machine drive configuration.

fault currents. Finally, physical damage to the cable connections
between the electronic drive and the motor may cause a symmetrical three-phase short circuit fault.
and
and setting the time
Introducing zero values for
derivatives in (1) and (2) to zero leads to expressions for
the steady-state values of the currents during symmetrical
. Solving for
short-circuit operation at a constant speed
the steady-state currents and developed torque under these
conditions yields
(7)

for
otherwise

(5)

and
are constants that characterize the saturation
where
is the unsaturated value of .
characteristics of , and
The derivative term in (3) can now be evaluated as

otherwise.

(6)

A power series was chosen to model the -axis saturation instead of a more common spline-based approach for several reasons. At low values of -axis current, the rotor barriers do not
exhibit saturation so a constant is appropriate. When the rotor
barriers begin to saturate at elevated -axis current values, the
-axis inductance decreases asymptotically with current, and the
power series of (5) matches the measured inductance characteristics of IPM machines quite well, as will be shown in Sections III–VI of this paper. Furthermore, (5) and (6) are smooth
functions that are conveniently compatible with the numerical
simulation techniques used in this investigation.
III. SYMMETRICAL SHORT CIRCUIT
Fig. 2 shows a simplified circuit diagram of the IPM machine
adjustable-speed drive. A symmetrical three-phase short circuit
is applied to the machine if either the three upper switches (T1,
T3, T5) or the three lower switches (T4, T6, T2) are permanently closed. Such a fault can result from active gating of the
inverter switches, caused either unintentionally by a serious controller error, or intentionally in response to some other detected
fault condition. The IPM machine will also see a three-phase
short circuit condition if the inverter dc bus is inadvertently
shorted, allowing the six free-wheeling diodes to conduct the

(8)
The results of (7) and (8) are shown graphically in Figs. 3
and 4 for two actual IPM machines, one rated at 35 kW and
the second at 70 kW (see Appendix for measured parameters).
It should be noted that the motor speed curve is plotted using
a logarithmic scale to highlight the curve shape at low speed.
Separate curves are provided for the 70-kW machine with and
without magnetic saturation to demonstrate its effect on shortcircuit performance. Saturation has only a minor effect on the
stator current and torque curves for the 35-kW machine, so only
one curve for this machine is provided in each of these figures.
In contrast, -axis saturation in the 70-kW machine depresses
the peak torque by approximately 15%.
These results include some interesting features. In particular,
Fig. 4 shows that the short-circuit torque actually peaks at a
. The negvery low speed corresponding to
ative -axis current reaches its maximum at this same speed.
This speed is approximately 100 r/min for the 70-kW machine
and 250 r/min for the 35-kW machine. Both the -axis current
amplitude and torque drop very significantly at higher speeds.
In contrast, the amplitude of the negative -axis current (and the
total stator current) monotonically increases with speed, asympat high speeds.
toting to a value of
The IPM machine is actually responding to the symmetrical
short circuit as a special type of inside-out induction machine
with the shorted stator windings playing the role of the rotor
windings in a conventional induction machine. Extending this
analogy, the permanent magnets serve as static excitation in the
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Fig. 3. Steady-state synchronous frame short-circuit currents for the 35-kW
machine and 70-kW machine.

Fig. 4. Steady state short circuit motor torque for the 35-kW machine and
70-kW machine showing effects of q -axis saturation.

rotor reference frame so that the machine’s steady-state
torque-speed curve looks much like that of a conventional
induction motor with zero-frequency stator excitation (i.e., dc
braking). The well-known shape of the induction machine’s
steady-state torque-speed curve emerges more clearly if Fig. 4
is replotted against a linear rather than logarithmic speed axis.
It should be noted that the short circuit torque amplitude is
proportional to the square of the magnet flux linkage as indicated by (8). Since the total machine torque is made up of the
sum of a magnet torque and a reluctance torque component as
indicated by (4), designing the IPM machine with a larger fraction of reluctance torque serves to minimize the magnet flux
linkage and the resulting short circuit current and torque. It can
be noted in Fig. 4 that the two machines develop nearly the
same short circuit torque even though their power ratings differ
by a factor of two. This is caused by the fact that the magnet
flux linkage of the 35-kW machine approaches the value for the
70-kW machine (see Appendix).
The dynamic simulation results presented in Figs. 5 and 6
for the 35-kW machine indicate that the transients following
application of a sudden short circuit are of short duration. For
both machines, these transients are completed within 50 mS
of the fault initiation. The peak torque reached by the 35-kW
machine during the transient is significant but not dangerously
high, reaching a value approximately 50% higher than its rated
value of 96 Nm. Dynamic simulation results (not shown) for
the 70-kW machine exhibit similar transient behavior to that
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Fig. 5. Synchronous frame currents following a three-phase short circuit for
the 35-kW machine operating at 35 kW and 3500 r/min (constant).

Fig. 6. Torque following application of a three-phase short circuit for the
35-kW machine operating at 35 kW and 3500 r/min (constant).

demonstrated in Figs. 5 and 6. Since this three-phase short circuit is a symmetrically balanced fault, the - and -axis fault
response is independent of the initial rotor position.
The Fig. 5 curves suggest that the rotor magnets may be
at some risk of demagnetization during the initial fault transient since the peak amplitude of the negative -axis current
. (Note that
reaches approximately twice the value of
is the value of
at which the total -axis flux
linkage reaches zero). The overshoot of the -axis current is
largest at high speeds where the amplitude of the -axis current
is reduced. As a result, the high-speed regime presents the
highest risks of demagnetization for this short-circuit condition.
However, it should be emphasized that demagnetization is ultimately a local phenomenon, and the actual threshold conditions
for bulk demagnetization depend on the IPM machine design
details [8].
IV. ASYMMETRICAL SHORT CIRCUIT
The failure of a single inverter switch in a closed position
results in an asymmetrical single-phase short circuit fault at the
terminals of the IPM machine. For this investigation, it was
assumed that switch T4 (Fig. 2) in phase is the failed switch.
It is assumed that inverter protection circuitry immediately
responds to open the complementary phase-leg switch (T1) to
avoid a dangerous shoot-through inverter failure. One possible
fault protection strategy is to immediately remove the gate
pulses from all of the unfaulted switches. This results in
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the two unfaulted phases being connected to the dc link via
their antiparallel diodes, with the faulted phase being directly
connected to one of the link rails via the shorted switch. This
condition corresponds to a special form of what has been
referred to as uncontrolled generating mode (UCG) operation
[9], [10].
Unlike the symmetrical three-phase short circuit condition
discussed before, the single failed switch condition does not
lend itself to a closed-form solution because of the rotational
asymmetry manifested on both the stator and rotor elements.
Results from a dynamic fault simulation for this fault response
strategy are shown in Figs. 7 and 8 for the 35-kW machine operating at its maximum operating speed of 8000 r/min. This corresponds to worst-case conditions since the machine back-emf
voltage exceeds the bus voltage by the largest amount at maximum speed. The resulting fault currents and torque waveforms
have large amplitudes, settling to their new steady-state values
after only 6 mS following application of the fault. The lower
antiparallel diodes in the two adjacent phases provide the circuit paths for phase-to-phase short circuit currents to flow, with
the internal machine back-emf voltages acting as the excitation
sources.
The polarity of the resulting phase machine fault current
is predominantly negative due to the presence of the anti-parallel diodes. Assuming that the machine neutral is floating, the
sum of the phase currents in phases and must be correspondingly positive to balance the negative phase fault current. The Fig. 7 current waveforms show that nearly the entire
fault current in phases and is positive, reflecting conduction
through the lower antiparallel diodes in these two phases. However, the phase fault current exhibits periodic negative values,
indicating that the back-emf voltage between phases and is
sufficiently large at high speeds to force the upper phase antiparallel diode into conduction for brief intervals each cycle.
Energy is returned to the dc link from the machine only during
these intervals, resulting in a low average braking power. Fig. 8
shows that the braking torque is highly oscillatory, but its average value is less than 25% of the machine’s steady-state torque
rating, and the peaks are within the peak transient torque rating
of the machine (232 Nm).
The predominant frequency components that appear in the
Fig. 7 current waveforms are dc and the second harmonic in
addition to the fundamental. These current harmonics interact
with the spinning rotor to create the Fig. 8 torque waveform that
is actually dominated by the fundamental frequency component
because of the interaction between the large stator dc component
and the rotor magnets. However, it should be pointed out that the
effects of magnetic saturation are significant for this fault due to
the very high current values. Overall, saturation is very useful
in this fault scenario since it serves to reduce the amplitudes of
the resulting fault currents and torque.
The peak amplitude of the negative -axis current predicted
by this simulation is much higher than the value of
205 A for the 35-kW IPM machine. As a result, the threat of
demagnetization of the rotor magnets under such conditions becomes a serious consideration. The amplitude of the fault currents are determined by the back-emf voltage divided by the
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Fig. 7. Stator currents following a single-phase short circuit for the 35-kW
= 350 V.
machine operating at 8000 r/min (constant) with V

Fig. 8. Motor torque following a single-phase short circuit for the 35-kW
= 350 V.
machine operating at 8000 r/min (constant) with V

machine reactance, aggravated for this fault condition by the
dc components associated with the diode action. Since both the
back-emf and reactance values are proportional to frequency,
the fault current and torque amplitudes change little over wide
ranges of rotor speed. It is only at low speeds that the current and
torque amplitudes drop when the resistive effects of the machine
become dominant.
Rather than removing the gating from the two unfaulted
phases, another possible controller response is to close the
remaining upper or lower switches from the other two phases,
creating a symmetrical three-phase short circuit as discussed
in the previous section of this paper. Although it may seem
counterintuitive, the results of this investigation suggest that
purposely transitioning to a symmetrical three-phase short will
reduce both the risk of demagnetization and the braking torque
compared to the asymmetrical single-phase fault. Simulation
results demonstrating the improvement achieved by using this
control action are shown in Figs. 9 and 10. Figs. 9 and 10 show
the system reaching steady state with the single-phase short
(gating signals removed from unfaulted switches) before the
three-phase short is initiated. A properly designed controller
could detect the shorted switch and command a three-phase
short via the inverter before dangerous demagnetizing current
amplitudes can develop.
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Fig. 9. Stator currents during a transition from a single-phase short at t = 0
to a three-phase short at t = 20 mS for 8000 r/min (constant).

Fig. 10. Motor torque during a transition from a single-phase short at t = 0
to a three-phase short at t = 20 mS. Speed = 8000 r/min (constant).

Fig. 12.
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Measured inductance data.

Fig. 13. Measured and calculated steady-state motor torque for a symmetrical
three-phase short circuit fault.

Fig. 14. Measured and calculated steady-state phase current for a symmetrical
three-phase short circuit fault.
Fig. 11. 2.2-kW three-barrier interior PM rotor with lamination and ferrite
magnet samples.

V. EXPERIMENTAL RESULTS
Laboratory tests were carried out to verify the predicted short
circuit fault characteristics developed in the preceding sections.
Unfortunately, the two IPM machines studied in the preceding
sections were unavailable for testing, so another IPM machine
[11] was used to develop this comparison. The 2.2-kW experimental machine uses a commercially available four-pole, 50-Hz
induction motor stator. The rotor (Fig. 11) incorporates a threebarrier design using ferrite block magnets (eight magnets per
pole) and is 93 mm in diameter.
The measured inductance data are shown in Fig. 12. This data
were obtained (in the second quadrant) by injecting increasing

values of current in one axis while holding the other axis current to zero. No evidence of significant cross-saturation effects
have been apparent in this machine. As seen in the figure, -axis
can be modeled accurately using a power sesaturation of
ries, with only a slight deviation at the onset of saturation. Even
characteristic exhibits slight saturation
though the measured
characteristics, a constant value of 60 mH was chosen for modeling purposes. Since the machine torque is influenced by the
and
, and
generally exceeds
difference between
by a large margin, saturation of
can generally be neglected
saturation effects are
for most IPM machines as long as the
properly captured.
Figs. 13 and 14 show the measured steady-state torque and
stator current data for a symmetrical three-phase short circuit
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Fig. 15. Simulated single phase short circuit currents at 1500 r/min (constant)
= 10 V. Phase a shorted to positive dc bus.
and V
Fig. 16.

Experimental single phase short circuit currents at 1500 r/min and

Fig. 17.

Simulated single phase short circuit at 240 r/min (constant) and

V
overlaid with predicted results using (7) and (8). The agreement
between predicted and measured results is excellent. The speed
in both of these figures is plotted along the horizontal axis using
a linear rather than a logarithmic scale, so the familiar shape
of the induction machine torque curve is much more readily
apparent than it was in Fig. 4.
Experimental tests for the asymmetrical single-phase short
circuit fault were carried out with machine phase short-circuited to the positive dc bus. All of the other inverter switches
were disabled, leaving only the anti-parallel diodes to conduct
current except in the faulted switch. Due to the threat of rotor
demagnetization, these tests were conducted with a reduced bus
voltage (10 V) to protect the machine. Figs. 15 and 16 show
the simulated and experimental results for the phase currents at
1500 r/min with excellent agreement in both waveshape and amplitude. Note that each of the phase current waveforms include
intervals with both current polarities, indicating that intervals of
power delivery back to the dc link are more extensive in this
case than in Figs. 7 and 8 due to the very low bus voltage.
Figs. 17 and 18 show the faulted phase current along with
the instantaneous torque at a lower rotor speed of 240 r/min.
This low speed was chosen to fall within the limited bandwidth
capabilities of the torquemeter. Waveshape agreement is generally excellent for both the current and torque, and the measured torque amplitude is within 10% of the predicted value. The
slight waveshape disagreement between the measured and simulated results can be attributed to the assumptions of a perfectly
sinusoidal winding distribution and back emf in the simulations.
Additional sources of these small discrepancies include the neglect of mechanical losses in the simulations and small errors
in the estimation of the machine parameters. The sensitivity of
the calculated torque to parameter errors is particularly high at
this speed which was specifically selected to fall near the peak
of the steady-state three-phase short-circuit torque curve.

V

= 10 V. Phase a shorted to positive dc bus. 2 A/div.

= 10 V. Phase a shorted to positive dc bus.

Fig. 18. Experimental single phase short circuit at 240 r/min and V
=
10 V 1 Top signal is i : 2 A/div. Lower signal is instantaneous torque: 1 Nm/div.

VI. DESIGN CONSIDERATIONS
The designer of an IPM machine has the freedom to adjust
the relative contributions of the rotor permanent magnets and
the rotor magnetic saliency to the machine’s torque production.
This design flexibility can be utilized to achieve a variety of objectives, such as providing wide speed ranges of constant power
operation [12]. However, it is also desirable to understand how

the IPM design choices influence its short circuit fault characteristics, particularly when the application calls for the minimization of these effects.
The design space for IPM machines can be conveniently represented by two principal rotor design parameters: the magnet
, and the rotor saliency ratio
. These
flux linkage
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Fig. 19. Contour plot of maximum steady-state three-phase short circuit
=L in per unit as a function of IPM machine design
current
parameters.

(= 9

)
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IPM machines designed for wide ranges of constant power operation (i.e., along the contour
defined in Fig. 19)
will have peak steady-state short circuit torque values of 0.5 p.u.
or less, with the exact value depending on the combination of
and
values. These contour plots suggest that deexceeding 1 p.u.
signing machines with high values of
(i.e., rated current) should generally be avoided in order to minimize inverter switch and mechanical load stresses caused by the
fault.
Dynamic simulations of both the three-phase and asymmetric
single-phase fault were conducted for various machine design
parameter combinations during both steady-state and transient
fault initiation conditions. These results suggest that high values
values) tend
of rotor magnetic saliency (i.e., high
to aggravate the demagnetization stresses by increasing the
. However, demagnetization is ultimately a
peak values of
localized phenomenon depending on the MMF experienced by
each segment of the rotor magnets, and further investigation is
required to evaluate the true extent of these demagnetization
effects.
VII. CONCLUSIONS

Fig. 20. Contour plot of maximum average steady-state three-phase short
circuit torque in per unit as a function of IPM machine design parameters.

parameters become particularly useful for providing broad insights into IPM design trade-offs when the machine variables
are normalized using a per-unit system based on the machine
ratings [13]. For example, Fig. 19 shows a contour plot for the
maximum value of steady-state three-phase short circuit curin the two-dimensional (2-D) IPM design
rent
and
. This plot shows that the peak
space formed by
short circuit current increases monotonically with both
and
, although these curves cannot be considered exact
since magnetic saturation effects are not included. Interestingly,
corresponds exactly
the contour associated with
to the locus of IPM machine designs with the widest possible
speed range of constant power operation [12]. Any machine designs lying to the right of this contour must tolerate short circuit
currents at high speed that exceed the machine’s rated current.
Fig. 20 shows that similar trends apply to the peak average
three-phase short circuit torque (steady-state) that occurs at low
or
inspeeds, with torque increasing as either
creases. Evaluation of this maximum torque using (8) indicates
that it is insensitive to the stator resistance , consistent with the
maximum torque in an induction machine that does not depend
on the rotor resistance. Inspection of these curves indicates that

This paper has investigated the short circuit characteristics
of IPM synchronous machines under both three-phase symmetrical and single-phase asymmetrical fault conditions, including
the effects of magnetic saturation. Both steady-state and transient fault initiation conditions have been considered. Key observations include the following.
• A three-phase symmetrical short circuit results in low
steady-state torque at moderate to high speeds, peaking at
low speeds where the stator resistance effects dominate.
• The steady-state three-phase short circuit current asympat high speeds, suggesting that the matotes to
pu in order
chine should be designed with
to limit post-fault inverter stresses.
• The stresses associated with the asymmetric single-phase
fault are noticeably worse than those for the three-phase
fault, resulting in highly oscillatory torque and high peak
currents, including significant demagnetization stresses.
• The seriousness of the single-phase fault emphasizes the
importance to escaping this condition as soon as possible
via protective control action that might include transition
into the symmetrical three-phase short circuit condition if
no other alternative exists for opening the faulted switch.
Experimental results have confirmed the key results of this
investigation. Despite this progress, significant work remains
to identify the most effective approaches for minimizing the
negative effects of short circuit faults on IPM machines in various
applications without degrading their desirable performance
characteristics during normal operation.
APPENDIX
A. Interior Permanent Magnet Machine Parameters
Machine 1: three phase, 35 kW peak, 96 Nm, 270 V, eight
pole, 3500 r/min with

mH

Wb
H/A

mH
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Machine 2: three phase, 70 kW peak, 139 Nm, 270 V, six
pole, 4800 r/min with

mH

Wb
H/A

mH

Machine 3: three phase, 2.2 kW rated, 14 Nm, 415 V, four
pole, 1500 r/min with

mH

Wb
H/A
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