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Fault-Tolerant Control Strategies of Five-Phase
Induction Motor Drives under Open-Switch Fault

L. Vancini, M. Mengoni, G. Rizzoli, L. Zarri, A. Tani

Abstract — When an open switch fault occurs, a power switch
in a converter leg is always open while the corresponding
freewheeling diode can still conduct. This type of fault is usually
caused by some problems in the driver circuits or the PWM
communication system.

An open-switch fault is usually treated as an open-phase fault,
but new control strategies with improved performance can be
developed specifically for this type of fault.

In this paper, four different control strategies against an open
switch fault are presented and compared in terms of stator Joule
losses and torque ripple. A motor control scheme for multiphase
induction motor drives is developed and assessed.

The feasibility of the proposed solution is verified by means of
experimental tests on a prototype of five-phase induction motor.

Index Terms- Multiphase machines, Induction motor drives,
Fault-tolerant control.

L INTRODUCTION

Multiphase ac machines and multiphase inverters are
feasible solutions in critical applications to increase fault
tolerance [1] - [3].

The larger number of degrees of freedom of multiphase
drives compared to the three-phase ones can be exploited in
different ways.

The first way is to improve the torque density. In
multiphase machines, the spatial harmonic components of the
magnetic field in the airgap can be controlled independently.
In motors with concentrated windings, if the third spatial
harmonic is synchronized with the fundamental one, the
torque capability of the machine increases, resulting in motor
drives with high-torque density [4] - [7].

Another possibility is to use the degrees of freedom to
diagnose the health status of multiphase machines.

For example, high-resistance connections can be detected
and located [8] - [11]. This problem can be caused by
mechanical stress, thermal cycling, or the chemical corrosion
of electrical connections. These conditions can lead to local
overheating and unbalanced motor supply voltages, affecting
system performance, efficiency, and reliability.

The inter-turn short circuit is another severe fault condition
in electrical machines. Usually, only a few turns are affected
by this fault, making the diagnosis a difficult task.
Nonetheless, this fault can be potentially destructive, creating
hot spots that may irreparably damage the motor. Only a few
papers have analyzed this type of fault in detail for multiphase
machines [12] - [15].

However, among all the possible faults, one of the most
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studied in the literature is the open-phase fault. This fault often
caused by damage to the power components or driver circuits
of the inverter. Multiphase drives are inherently robust to
phase faults, but the control systems must be able to
effectively determine and promptly locate faults. The papers
on this topic can be classified into contributions focused on
fault detection [16] - [18] and contributions presenting fault-
tolerant strategies [19] - [22].

Since it is implausible that two power switches placed in
the same converter leg can fail simultaneously, most of open
phase faults (OPFs) are actually open-switch faults (OSFs).

Usually, this situation is not analyzed in detail, and it is
preferred to cut the power in the faulty phase, but the presence
of a working freewheeling diode in the faulty switch could be
exploited. After an OSF, the current in the faulty phase can
only flow in one direction.

This work presents four different control strategies for OSF
in five-phase induction motor drives.

The Vector Space Decomposition (VSD) is used to develop
the fault-tolerant control technique and determine the
analytical expression of the stator current in the healthy
phases, ensuring disturbance-free operation and the minimum
value of the stator copper losses under both transient and
steady-state operating conditions.

This paper presents a control scheme for a five-phase
induction motor based on resonant regulators capable of
ensuring the motor operation during an OSF.

The manuscript is organized as follows. Section II
illustrates the equations of a five-phase induction motor and
includes the analysis of the motor based on the VSD. Section
IIT describes four different fault-tolerant strategies for OSF
and compare the performance in terms of stator Joule losses.
Section IV presents the developed motor control scheme.
Experimental results obtained with a five-phase induction
motor drive are presented in Section VI. The experimental
validation includes the analysis of the torque and line current
waveform and confirms the feasibility of the proposed
solutions.
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Fig. 1 — Open switch fault in a five-phase inverter.
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Fig. 2 — Qualitative scheme of a multiphase induction motor drive in healthy
operating conditions.

II. MACHINE EQUATIONS

The study of multiphase machines uses the mathematical
approach called Vector Space Decomposition (VSD). This
transformation extends the Clarke transformation for systems
with a phase number greater than three.

For a given set of 5 real variables X, ..., x5, a new set of
complex variables x,, X;, X3 can be obtained by means of the
following symmetrical linear transformations:

5 1
2
)Z'p = gz Xg &P(k—l)’

where @ = e/7/5,
The inverse transformations of (1) are as follows:

X = Xg + Z fp ' &p(k_l) , k= 1,2, . 5 (2)

p=13

where the symbol “-” represents the dot product, defined as the
real part of the product between the first operand and the
complex conjugate of the second.

According to the VSD, the model of a five-phase induction
machine can be represented by the following set of complex
equations in the fundamental and the third harmonic
subspaces:

_ . L d@s,

Vg1 = Rglg; +jwiPgy + T 3)
_ . . i Pr1

Dr1 = Rpilp1 +j (w1 — wy)Ppy + dt 4)
<_ﬁs1 = Ls1_is1 + Mli_Rl Q)
Pr1 = Myig; + LRllei B (6)

_ _ . Ps3
Usz = Rglgs + jwsPss + T (7
o _ ) _ d@ps 3
D3 = Rpalps +j(w3 — 3wp)Pps + T ®)
(_pss = L53_i53 + M; i_R3 )
(gR3 = M3ig3 + Lpzlgs (10)
T, = Ep(fﬂ “j@s1 + 33 jPs3) (11)

where U, and Ug, (p = 1,3) are the space vectors of the stator
and rotor voltages, I, and i, (0 = 1,3) are the space vectors
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Fig. 3 — Stator current waveform of kth phase in open-circuit fault. Current
waveform in open-phase fault a), current waveform in open-switch fault of
the lower switch b) current waveform in open-circuit fault of the upper
switch c).

of the stator and rotor currents, @s, and @g, (0 = 1,3) are the
space vectors of the stator and rotor fluxes, w,, is the electric
angular speed of the rotor, p is the number of pole pairs, Rg,
(p = 1,3) are the rotor resistances and Lg,, Lg, and M, (p =
1,3) are the self and mutual inductances of the stator and rotor
windings. The stator resistance Rg is the same for all
subspaces. The motor torque is the sum of the contributions
generated in each subspace. Equations (3) - (6) and (7) - (10)
are written respectively in the rotor-flux oriented reference
frames d; — q; and d; — g3 with angular speeds w; and ws.

The qualitative diagram of a current-regulated multiphase
motor drive is depicted in Fig. 2. The reference value of the
first current space vector, i.e., L‘gmf, is calculated by the
control system to satisfy the demand for torque and flux,
whereas the remaining current space vectors are usually set to
zero. In this way, the airgap MMF has a sinusoidal
distribution, the torque pulsation and the rotor losses are
strongly reduced, and the stator copper losses are minimized.

III. OPEN SWITCH FAULT

Open-circuit faults can be classified into open-phase faults
(OPFs) and open-switch faults (OSFs). The OPFs can be
caused by interruption of electrical continuity in the stator
windings or accidental disconnection between the power
converter and the electric motor. This fault forces a stator
phase current to zero. Therefore, due to this constraint, the
electrical machines affected by this issue undergo a power
derating.

The OSFs are typically dependent on converter faults
involving power switches or drivers. During this fault, the
current conduction of the upper or lower power switch of a
converter leg is no longer possible (Fig. 1). Anyway, the
corresponding freewheeling diode is not affected by the fault
and can conduct. Therefore, when an open switch fault occurs,
the corresponding current can flow only in one direction. This
constraint is slightly different from the one imposed by OPF
because it depends on the stator current path. If the fault
affects the upper switch, the corresponding output current can
only have a negative sign. On the contrary, if the lower switch
is faulty, the phase current can only be positive (Fig. 3). In
other words, the corresponding inverter leg becomes a buck or
boost leg, causing the current to flow in only one direction.

In both OPF and OSF situations, the general approach is to
isolate the fault by zeroing the phase current and allowing the
motor to operate with the remaining phases. This paper
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Fig. 4 — Qualitative scheme of a multiphase induction motor drive in faulty
operating conditions.
presents alternative solutions that improve the motor
performance by detecting the phase current sign.

During a fault of the lower power switch of kth phase, the
corresponding stator phase currents have to satisfy the
following constraint:

P =~ (k— R = (k-
Uf Ty ref * a* v >0 ip, = Isiref gtm

Otherwise ip, = Z Bprer - @l =0 (12)
p=13

where Tﬁp'ref is the pth reference current space vector in the
stationary reference frame. Equation (12) assumes that the
reference current space vectors Igg ,, ¢ is a degree of freedom
that the control system can arbitrarily assign to manage the
fault. In other words, (10) implies that T§3‘ref becomes a
function of T3y + when the reference current in the kth phase
is negative. Since the reference space vector rgmf is
calculated by the control system to track the torque and the
flux set points, (12) cannot be satisfied if i§3_ref is null.

Similarly, (13) describes the constrain on the stator currents
in the event of an upper switch fault.

e - . _ =S — (k-
if Tsiref* akv<o= lpk = lsiref ak-v

Otherwise ip, = Z Bprer - @l =0 (13)
p=13

It is worth noting that disturbance-free operation can be
achieved if the harmonic distribution of the Magneto Motive
Force (MMF), produced by the stator phase windings in the
air gap, does not change in pre and post-fault conditions. This
stringent requirement can be satisfied only for machines with
“sinusoidally” distributed stator windings. However, in the
general case, it is possible to keep at least the first spatial
harmonic undisturbed and preserve the reference space vector
Tgl,ref .

A disturbance-free control algorithm, which minimizes the
instantaneous stator copper losses in steady-state and transient
conditions, is developed in the next sections. Since Tgl‘ref is
calculated by the control system, the basic idea is to choose
the remaining reference current space vector T§3‘re s in such a
way to improve motor performance.

A.  Open-Phase Fault with Minimum Stator Joule Losses

The first control strategy that is presented treats the OSF as
an OPF. In this case, the line current of the faulty phase k is
zeroed by the motor control system.

iPk = l_gp . c_("(k_l) =0 (14)
p=13

Equation (12) leaves a degree of freedom that can be used
to minimize stator Joule losses.

Under the assumption that the open-phase fault affects only
the kth phase, the optimal instantaneous values of the current
reference space vectors that ensure the minimum stator copper
losses can be expressed in the stator reference frame as

follows:
Tg&ref = —g3tk-1 [Tgl,ref ' CY(k_l)]' (15)

A qualitative motor control scheme implementing the
proposed fault-tolerant strategies is presented in Fig. 4.

In steady-state conditions, the current space vector rgl,ref
rotates on a circular trajectory with constant angular speed w; .
With this strategy, when the upper switch of the first leg of the
converter is open, the trajectory of ng’ref is a degenerate
ellipse, i.e., a segment placed on the real axis (Fig. 5b).
Therefore, the remaining four stator currents are sinusoidal
and unbalanced, causing a nonuniform distribution of the
stator copper losses among the stator windings. Furthermore,
the stator Joule losses increase because the current amplitude
rises to keep the motor torque unchanged. This increase
depends on the magnetizing current and the requested motor
torque.

Among all the strategies for OPF, this solution guarantees
the minimum stator copper losses. However, in the case of
OSF, alternative control strategies can be formulated to further
improve the effectiveness of the fault tolerant control.

B.  Open-Switch Fault with Minimum Stator Joule Losses

This strategy is very similar to the one presented in
previous Section, but instead of zeroing a phase current
completely, it allows the unidirectional flow of the stator
current in the faulty phase. In other words, the freewheeling
diode of the faulty switch is used to reduce the disturbance
caused by the fault.

In fact, when the freewheeling diode is forward biased, the
five-phase induction motor operates in healthy condition
without torque disturbances or additional Joule losses.
Conversely, when the diode is reverse biased, the line current
is zeroed.

When the lower or the upper switch of kth converter leg is
faulty, this control strategy is described respectively by (16)
or (17).

if Tgl'ref @k > 0= TgB,ref =0 (16)
Otherwise T35 ,0p = —@>*V[if o - a® V]

if Tgl,ref ’ a(k_l) <0= TgS,ref =0
Otherwise To or = —a@> % D[ig, .- a®~1] (17)

Fig. 5¢ shows the trajectories of T3, ., and T35 ¢ in steady

state conditions when the upper switch of first leg of the
converter is open.
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Fig. 5 — Trajectories of the stator current space vectors in five-phase induction motor with open-switch fault. Healthy motor a). OPF with minimum stator Joule
losses b). Open switch fault with minimum stator Joule losses c¢). Semicircular trajectory d). DC Injection e).

Compared to the previous solution, this one reduces the
stator copper losses by decreasing the RMS value of the line
currents [19]. However, if the stator windings are not
sinusoidally distributed, this strategy, as in the previous one,
could lead to low-frequency torque pulsations.

C. Semicircular Trajectory

In order to eliminate these torque pulsations in fault
conditions, counter-rotating stator magneto-motive force
components should be avoided. This result can be obtained by
forcing the current space vectors Tgl‘ref and T§3‘ref to move
along semicircular trajectories, with constant angular speed,
as can be seen in Fig. 5d.

Among all strategies able to achieve this behavior, the one
with the lowest stator Joule losses is defined by the following
relationships:

if . g k—1) =S —
lf lsiref " & >0= Is3ref = 0 .
" _ s —2(k-1) (lower switch) (18)
Otherwise Tsz,or = —lg1ref@
if T er @* D <02T,,,,=0
strel = e x—1,(upper switch)  (19)
Otherwise T5z,or = —lg1ref@ (k-1)

The previous equations describe the current constrains of
the strategy with the minimum torque pulsation when the
lower or the upper switch of kth converter leg is faulty.

The results of this solution are shown in Fig. 5d.
Unfortunately, the waveform of current Tg5,.r is
discontinuous. Therefore, a high bandwidth of the current
regulators and a significant voltage margin in the DC bus are
required to track the current and suppress the torque
oscillations. For these reasons, although theoretically correct,
this solution does not provide satisfactory results in practical
applications.

All fault-tolerant control strategies should avoid
discontinuities in the trajectories of the current space vectors.

D. DC injection with minimum torque pulsation

The use of a direct current is another solution that cancels
the oscillations of the torque and avoids the occurrence of
discontinuities in the current setpoints [23].

The basic idea of this method is to include a DC component
in Tgwef to ensure that the current is unidirectional in the
faulty phase. The stator currents no longer have an average
zero value, and the line current of the faulty phase is strictly
positive or negative depending on the position of the faulty
switch. This solution is probably the simplest but leads to the
largest imbalance in copper losses among the stator phases.

Based on this control strategy, when the lower or the upper
switch of kth converter leg is fault, this control strategy is
described respectively by (20) or (21).

= —_ |5 =3 (k-
Is3ref = _|151,ref|a3( v (20)

=S — |5 =3(k-1)
lS3,ref - |151,ref|a .

ey

It is worth noting that this solution is still valid during
current transients caused by torque or speed transient.

In steady-state operating conditions, this control strategy
causes the current space vectors to have an equal magnitude
and T§3‘Tef to be constant over time (Fig. Se).

E.  Stator Joule Losses of Fault Tolerant Strategies

The fault-tolerant strategies described in the previous
sections in case of a faulty phase have been compared, in
steady-state operating conditions, in terms of stator copper
losses.

The instantaneous stator copper losses can be calculated as
follows:

5
Pis = Rs ) i3,(0) 22)
k=1

Expressing the currents in (22) in terms of space vectors
leads to the following result:

5 <2

p=13

(23)

Taking (15) — (21) into account and considering constant
|Ts11, it can be demonstrated that:

p JS,0PF = ;P JS,healthy (24)

Pis,0sF min loss = ; ]S, healthy (25)

Ps semicirc = ;P]S,healthy (26)

P]S,DC inj = % JS,healthy" 27

As can be seen, the best strategy is (25), whereas the worst

one is (27).

In the case of “sinusoidally” distributed stator windings,
only the stator copper losses should be considered because the
rotor quantities are the same as in healthy conditions. In the
case of non-sinusoidally distributed stator windings, the
comparison in terms of rotor copper losses, average torque,
and torque ripple depends on the operating conditions and is
strongly affected by the stator winding distribution. In other



words, if the fault tolerant strategy univocally determines the
stator Joule losses, the rotor and the iron losses are strictly
dependent on the motor operating point and the motor
parameters.

IV. MOTOR CONTROL SCHEME

The block diagram of the control system, based on a
conventional rotor-flux oriented control scheme in the
fundamental subspace, is shown in Fig. 6. The rotor speed is
adjusted by Proportional Integral (PI) regulator (a), while the
currents igyqrer and igyqrer are tracked by PI regulators (c)
and (b). For simplicity, the reference value igy g5 is constant
and equal to the motor magnetizing current, but the field
weakening capability can be obtained with some additional
control loops. For the proper behavior of the control system,
an anti-windup scheme is adopted in order to prevent the
saturation of PI regulator (a). As a consequence, the maximum
value of iy g yes is limited by ig;4ref and the amplitude of the
other current space vector Iz e r-

The quantity 4, is the maximum RMS value of the stator
phase current.

When the motor is healthy, the setpoint of reference current
Is3rer is zero. However, when a fault is detected, new setpoint
values are determined according to the fault-tolerant strategies
outlined in the previous sections.

Unfortunately, in fault operating conditions, the reference
signals of the stator currents can contain a remarkable inverse
sequence component at angular frequency —w,, which leads
to a relevant distortion of the waveforms.

The presence of harmonics at frequencies w; and —w; in
the reference signals can be easily solved by using resonant PI
regulators (PIRs). Therefore, the current reference Ig3,ef is
tracked by PIR (d) and (e) implemented in the stationary
reference frame a3 — 5.

In the case of DC injection only, the use of PIRs is not
necessary and simple PI regulators are sufficient.

The estimation of the rotor flux @3, is necessary for the
field-oriented control both in healthy and fault operating
conditions. The observer adopted in this paper is based on the
rotor equations and the measurements of the rotor speed and
stator currents.

Is1d

isid,ref * Vsid,req
<)

Is1

Is1g,max

TABLE I
PARAMETERS OF THE FIVE-PHASE MACHINE

Epc= 150V Isimax =7 A p =3

Lg; = 411mH Lgs = 68mH M; = 555mH

Ly = 939 mH Lps = 158 mH M; = 53mH
Ry = 170 Rp = 480 Rgs = 480

Finally, the PWM block calculates the gate signals of the
five inverter legs by using a five-phase space vector PWM
technique [1].

V. EXPERIMENTAL RESULTS

Some experimental tests performed on a five-phase
induction motor, whose parameters are listed in Table I, have
confirmed the performance of the developed fault-tolerant
strategies.

Preliminary experimental tests in steady-state conditions
have been carried out with a torque reference of 10 Nm and a
rotor speed of about 150 rpm. The results obtained in healthy
conditions are presented in Figs. 7a and 8a. As expected, the
stator currents are balanced and sinusoidal. In steady state
conditions, the current space vector Iy, in healthy or in fault
conditions moves along a circular trajectory. The torque
waveform, measured by a torque meter, and its spectrum are
illustrated in Fig. 9a. As can be seen, the torque is practically
constant. The only harmonic components are minimal on the
logarithmic scale and are due to mechanical causes.

As can be seen in Figs. 7b and 8b, the OPF strategy with
the minimum stator copper losses leads to sinusoidal and
unbalanced stator currents, and the torque behavior is
characterized by a torque ripple with a frequency twice that of
the currents (Fig. 9b). The current space vector Igz; moves
along a segment while the trajectory of Ty, remains practically
unchanged compared to the healthy motor.

The OSF strategy with the minimum stator copper losses is
illustrated in Figs. 7c and 8c. The phase currents remain
unbalanced, but their RMS value is significantly lower
compared to the previous case. The main harmonic component
of the torque ripple is at frequency f;, while the component at
twice the base frequency is attenuated compared to the
previous case (Fig. 9c).
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Fig. 7 — Experimental results. Waveforms of stator phase currents (2 A/div) in healthy conditions a), OPF with minimum stator Joule losses b), OSF with

minimum stator Joule losses ¢), semicircular trajectory d), and DC injection e).
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Fig. 8 — Experimental results. Waveforms and trajectories of stator current space vector ig,and Ig; (2 A/div) in healthy conditions a), OPF with minimum

stator Joule losses b), OSF with minimum stator Joule losses ¢), semicircular trajectory d), and DC injection e).
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Fig. 9 — Experimental results. Torque waveforms (2.5 Nm/div) and harmonic spectrum (33 dB Nm/div) in healthy conditions a), OPF with minimum stator
Joule losses b), OSF with minimum stator Joule losses ¢), semicircular trajectory d), and DC injection e).

Figs. 7d and 8d show the current waveform of the strategy
with a semicircular trajectory and as expected, there are
discontinuities. This behavior is very stressful for the current
regulators, which must therefore have a high bandwidth.

The difficulty of tracking the current setpoints causes many
oscillations in waveform of the torque (Fig. 9d). In conclusion,
this solution has the worst torque performance.

The effects of DC injection are shown in Figs. 7e and 8e.
Obviously, although the line currents do not have
discontinuities, they have a non-zero average value. The
current space vector g is a fixed point in the plane a3 — S5.

The RMS of line current is greater than the previous
solutions and the imbalance of Joule losses among the phases
is very high. However, the torque waveform is very similar to
that of the healthy machine (Fig. 9e¢).

VI. CONCLUSIONS

In this paper, a control scheme and four fault-tolerant
strategies for five-phase induction motor drives are presented.
The OSF is analyzed and compared with the OPF.

The theoretical analysis shows that it is possible to increase
motor efficiency and reduce the torque ripple by
distinguishing these two types of faults.

The analytical formulation of these fault-tolerant control
strategies represents the multiphase variables as multiple
space vectors and is valid in both steady-state and transient
operation.

A control scheme based on resonant controllers has been
proposed. The PIR controllers can be used to adjust the phase



voltage to track different current trajectories in the complex
plane.

Experimental tests have confirmed the correctness of the
theoretical analysis and the feasibility of the control scheme.
The developed fault-tolerant strategy can improve the
efficiency and reliability of multiphase drives.
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