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Abstract- Achieving a self-reconfigurable fault-tolerant 
control in multiphase machines requires a fast fault 
detection and localization. Most fault detection 
techniques inherit the three-phase approach by defining 
fault indices in a per-phase basis. A recent approach 
suggests an alternative fault detection mechanism based 
on vector space decomposition (VSD) variables, but the 
study is limited to open-phase faults (OPFs) for a six-
phase drive that is regulated under field oriented control 
(FOC). It is known however that i) the open-switch faults 
(OSFs) in the converter are more likely than the OPF in 
the machine and ii) the drive performance in the event of 
an open-circuit fault is more critical when model 
predictive control (MPC) is used. This work extends the 
study of the VSD fault detection method to multiphase 
machines with different number of phases (five), control 
strategy (MPC) and type of faults (OPF and OSF). 
Although experimental results show that MPC 
misbehaves after the fault occurrence, the fast detection 
provided by the VSD approach allows a satisfactory 
transition to post-fault mode of operation. 

Index Terms — Five-phase induction motor drives, model 
predictive control, open-switch fault detection. 

 

I.  INTRODUCTION 

The focus on multiphase electric drives has been 

intensified since the beginning of the 21th century both in 

industry and academia. The steady increase in the studies and 

proposals from the scientific community has created a body 

of knowledge that provides further confidence to replace the 

three-phase standard in certain applications [1-4]. On the 

other hand, some companies have adopted the multiphase 

concept in their latest and emblematic products [5-8]. Both 

from the research and industrial sides, the enhanced fault 

tolerance provided by multiphase drives has been highlighted 

as a key issue. For the sake of example, reliability is a main 

claim in ultra-high-speed elevators [5], wind energy systems 

[6], aircraft actuators [7] or ship propulsion systems [8].   

 

 
Manuscript received April 17, 2017; revised June 1, 2017 and July 

31, 2017; accepted August 11, 2017. This work was supported by the 
Spanish Ministry of Science and Innovation and the European 
Regional Development Fund under Project ENE2014-52536-C2-1-R. 

I. Gonzalez-Prieto, M.J. Duran and N. Rios-Garcia are with the 
Department of Electrical Engineering, University of Malaga, Malaga, 
Spain (e-mail: ignaciogp87@gmail.com, mjduran@uma.es and 
nrg@uma.es).  

F. Barrero and C. Martin are with the Department of Electronic 
Engineering, University of Seville, Seville, Spain (e-mail: 
fbarrero@us.es and cmartin15@us.es). 

As in three-phase drives, the most popular strategy to 

regulate multiphase drives has been the field oriented control 

(FOC) both in healthy [3] and faulty modes of operation [4]. 

This cascaded control approach can successfully handle the 

speed regulation of multiphase machines with small 

modifications in the control scheme, providing good current 

tracking within a proved and well-known control scheme. 

The main recent competitor of FOC is the finite control-set 

model predictive control (FCS-MPC or just MPC for 

simplicity), which is claimed to enhance the transient 

response and provide high flexibility to include restrictions 

[9-18]. Even though MPC is a promising approach, it is 

known to be sensitive to parameter variations [15]. Although 

the parameter mismatch is typically considered in healthy 

operation (e.g. due to saturation, thermal or deep-bar effects), 

a more critical situation is faced in the event of a fault. When 

an open-circuit appears in the electric drive, the MPC aims to 

regulate the machine with an incorrect model of the system 

because it still does not know that one phase or switch is 

inactive. As experimentally shown in [16, 17], this results in 

a poor regulation of the motor until the control is 

reconfigured in post-fault mode. In other words, the impact 

of the fault detection delay is more critical in MPC than in 

FOC, and for this reason the fault detection technique to be 

used together with MPC should be as fast as possible.  

The open-circuit faults can be categorized in open-phase 

faults (OPFs) and open-switch fault (OSFs) [19-30]. The 

OPFs typically occur when the machine windings are 

damaged or there is a disconnection between the voltage 

source converter (VSC) and the machine. On the other hand, 

the OSFs are related to converter faults (switch, driver) that 

leave the upper or lower power switch of a converter leg in 

open-circuit. While in OPFs the current of the faulty phase 

cannot flow, in single OSFs the phase current is distorted for 

half a fundamental period. Nevertheless, in both OPFs and 

OSFs situations the required action would be the same: the 

isolation of the faulty phase and the control reconfiguration 

to operate with the remaining healthy phases. There is 

consequently no need to distinguish and classify the faults, 

but it is necessary to use a fault detection method that 

successfully informs about any kind of open-circuit fault in a 

robust and quick manner. 

For diagnosis purposes, the faults can be detected with a 

relatively long delay (more than one fundamental period [19-

20]) and it is interesting to detect inter-turn faults that can 

identify the malfunctioning operation in an early stage [31-

34]. Different works based on current signature are available 

in literature for this purpose. Nevertheless, when the aim is 

to create a self-reconfigurable fault-tolerant multiphase 
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drive, the focus is typically placed on open-circuit faults, 

either in the form of open-phase or open-switch types. In such 

a case the fault detection technique should ideally possess the 

following features [21]: 1) a short detection time, 2) 

capability to localize the fault, 3) use of non-invasive 

techniques, 4) avoid additional hardware, 5) avoid complex 

approaches with an elevated computational cost, and 6) be 

independent of the machine parameter, control strategy and 

operation condition. These characteristics are found in the 

methods that follow the so-called Park vector approach in 

three-phase drives [22-25]. Since these methods are per-

phase in essence, they can be applied in multiphase systems 

with good performance.  

Most of the fault detection techniques that have been 

specifically designed for five-phase systems still follow a 

phase-current-based approach [29-30, 35]. In this way, [30] 

does not take advantage of the additional degrees of freedom 

existing in multiphase drives and it is not focused on 

obtaining a short detection time to help the transition to the 

post-fault mode. The approach in [27] and [35] is again based 

on phase currents and it is model-based estimations. This 

results in a higher complexity and some degree of 

dependence on both the drive parameters and the operating 

point. 

It is possible however to take advantage of some specific 

feature in multiphase drives to define fault detection indices 

based in the VSD components [1-4]. This approach is 

followed in [27-28] for OSF fault detection and in [21] for 

OPF detection. Even though both works share the idea of 

using an VSD approach, the methods are of a very different 

nature. The method in [27-28] identifies the reference 

directions in the x-y plane and follows a centroid-based 

approach for the OSFs, and follow a phase-current-based 

approach for the OPFs. It is generally valid for non-

sinusoidal phase current waveforms, but it requires different 

indices for OSFs and OPFs, and its effectivity is not proven 

for two open-circuit faults in different legs. On the other 

hand, [21] is aimed for sinusoidal phase currents, but the 

same indices are valid for all kind of open-circuit fault 

(including OPFs and OSFs), is computationally simpler and 

it is valid for single and multiple open-circuit faults.  

The approach in [21] recently proved to outperform the 

Park vector method in [22], but it has only been tested for 

specific types of faults (OPFs), number of phases (six) and 

control strategies (FOC). This works aims to extend and 

complete the analysis with the following differences: 

 Open-switch faults (OSFs). It is experimentally 

confirmed that the VSDFD method can successfully 

detect all kind of open-circuit faults, including OPFs and 

OSFs. This is of paramount importance because 

converter faults are most commonly found in practice.  

 Five-phase system. The VSDFD is tested in a system 

with a different phase number, thus confirming the 

universality of the approach. Fault detection indices are 

redefined for this specific drive configuration, but the 

method proves to be equally applicable. 

 Model predictive control (MPC). The evolution of the 

phase currents after the open-circuit fault is dependent 

on the control strategy. This work shows that the 

VSDFD method can also be applied together with MPC, 

this being the most critical case since the MPC is known 

to lose the speed control after the fault occurrence [16-

17, 36]. 

These differences confirm that the VSDFD method can be 

used regardless of the type of multiphase drive, fault scenario 

and control strategy. Experimental results confirm the high 

speed of detection provided by the VSDFD approach and this 

in turn allows a satisfactory transition from pre- to post-fault 

mode of operation even using the sensitive MPC strategy. 

The application of the VSDFD method together with any of 

the fault-tolerant control strategies suggested in [16, 17, 37-

45] provides an electric drive with self-healing properties. 

This automatic fault tolerance without additional hardware is 

expected to have industrial use in applications where 

reliability is a main concern. 

II.  FINITE CONTROL-SET MODEL PREDICTIVE CONTROL OF 

FIVE-PHASE INDUCTION MOTOR DRIVES 

Before the model predictive control is derived, it is 

necessary to firstly necessary to consider the system model 

and characteristics. The topology of the drive under study 

consists of a five-phase induction machine (IM) supplied 

from a two-level IGBT-based VSC, as shown in Fig. 1. The 

machine is assumed to have distributed windings that are 

symmetrically shifted (𝜃 =72 electrical degrees). 

Consequently, all spatial harmonics are neglected and a 

purely sinusoidal airgap distribution of the magneto-motive 

force (MMF) is considered. For control purposes the 

equations of the machine are typically expressed in VSD 

variables using the power-invariant generalized Clarke 

transformation [46]: 

[𝑇0] =
2

5

[
 
 
 
 

1 𝑐𝑜𝑠θ 𝑐𝑜𝑠2𝜃 𝑐𝑜𝑠3𝜃 cos 4𝜃
0 𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛2𝜃 𝑠𝑖𝑛3𝜃 𝑠𝑖𝑛 4𝜃
1 𝑐𝑜𝑠2𝜃 𝑐𝑜𝑠4𝜃 𝑐𝑜𝑠𝜃 𝑐𝑜𝑠3𝜃
0 𝑠𝑖𝑛2𝜃 𝑠𝑖𝑛4𝜃 sin𝜃 𝑠𝑖𝑛3𝜃

1/2 1/2 1/2 1/2 1/2 ]
 
 
 
 

 

[𝑖𝛼𝑠 𝑖𝛽𝑠 𝑖𝑥𝑠 𝑖𝑦𝑠 𝑖𝑧𝑠]
𝑇

= [𝑇0][𝑖𝑎𝑠 𝑖𝑏𝑠𝑖𝑐𝑠 𝑖𝑑𝑠 𝑖𝑒𝑠]
𝑇 

(1) 

This transformation provides the relationship between 

phase and VSD variables (i.e. αβxyz) and it will be the key to 

later on obtain the fault indices.  

Applying standard assumptions, the model of the five-

phase induction machine in VSD variables is obtained in (2), 

where 𝐿𝑠=𝐿𝑙𝑠+𝑀, 𝐿𝑟=𝐿𝑙𝑟+𝑀, 𝑀=5/2 · 𝐿𝑚 and 𝜔𝑟 = 𝑝 ∙ 𝜔𝑚, 

being 𝑝 the pole pairs number and 𝜔𝑚 the mechanical speed. 

Subscripts s and r indicate stator and rotor variables, while 

subscripts 𝑙 and 𝑚 denote leakage and magnetizing 

inductance, respectively. 

𝑣𝛼𝑠 = (𝑅𝑠 + 𝐿𝑠

𝑑

𝑑𝑡
) 𝑖𝛼𝑠 + 𝑀 

𝑑𝑖𝛼𝑟

𝑑𝑡
 

𝑣𝛽𝑠 = (𝑅𝑠 + 𝐿𝑠

𝑑

𝑑𝑡
) 𝑖𝛽𝑠 + 𝑀 

𝑑𝑖𝛽𝑟

𝑑𝑡
 

𝑣𝑥𝑠 = (𝑅𝑠 + 𝐿𝑠

𝑑

𝑑𝑡
) 𝑖𝑥𝑠 

𝑣𝑦𝑠 = (𝑅𝑠 + 𝐿𝑠

𝑑

𝑑𝑡
) 𝑖𝑦𝑠 

0 = (𝑅𝑟 + 𝐿𝑟

𝑑

𝑑𝑡
) 𝑖𝛼𝑟 + 𝑀 

𝑑𝑖𝛼𝑠

𝑑𝑡
+ 𝜔𝑟𝐿𝑟𝑖𝛽𝑟 + 𝜔𝑟𝑀𝑖𝛽𝑠 

0 = (𝑅𝑟 + 𝐿𝑟
𝑑

𝑑𝑡
) 𝑖𝛽𝑟 + 𝑀 

𝑑𝑖𝛽𝑠

𝑑𝑡
− 𝜔𝑟𝐿𝑟𝑖𝛼𝑟 − 𝜔𝑟𝑀𝑖𝛼𝑠  

𝑇𝑒 = 𝑝𝑀(𝑖𝛽𝑟𝑖𝛼𝑠 − 𝑖𝛼𝑟𝑖𝛽𝑠) 

(2) 

The fault detection technique itself is not model-based, but 

the predictive approach requires a model of the machine to 

perform the control, which is obtained from the discretization 

of (2). 
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Fig. 1. Scheme of the analyzed five-phase IM drive. 

Since a distributed-winding is considered, only α-β 

components will contribute to the flux and torque production. 

Conversely, x-y components will only produce stator copper 

losses. Moreover, if the machine is configured with an 

isolated neutral, the zero-sequence current 𝑖𝑧𝑠 will not flow, 

and consequently these components can be omitted from the 

analysis.  

Finally, to express the machine model in the dq reference 

frame, where d and q regulate the flux and torque production, 

respectively, the Park transformation is employed: 

[𝐷] = [
𝑐𝑜𝑠𝜃𝑠 𝑠𝑖𝑛𝜃𝑠

−𝑠𝑖𝑛𝜃𝑠 𝑐𝑜𝑠𝜃𝑠
] 

[𝑖𝑑𝑠  𝑖𝑞𝑠 ]
𝑇

= [𝐷][𝑖𝛼𝑠  𝑖𝛽𝑠 ]
𝑇

 

 
(3) 

where 𝜃𝑠 is the angle of the reference frame and is calculated 

from the measured speed and the estimated slip [17]. 

Since the model from (2) is expressed in stationary frame 

but the current references are provided in d-q components, 

the rotation from (3) is necessary as the control stage. 

The FCS-MPC method can be described as a discrete 

optimization problem, which selects the control action that 

minimizes a predefined cost function at each sampling 

period. This cost function constitutes the control objective. 

The control structure applied in this work is shown in Fig. 2 

and described in [47]. It is based on an outer PI-based speed 

control loop and an inner current controller using the FCS-

MPC technique. 

The objective of the FCS-MPC approach is to track the 

reference stator currents 𝑖𝛼𝛽𝑥𝑦
∗ . For this purpose, a discrete 

model of the system (predictive model) is used to estimate 

the future values of the stator currents 𝑖̂𝛼𝛽𝑥𝑦 from the 

measured phase currents 𝑖𝑠 and rotor speed 𝜔𝑚. This 

predictive model is obtained from the discretization of the 

machine’s equations (2) using a technique based on the 

Cayley-Hamilton theorem [14], since this approach has a 

better precision than the commonly applied Euler method. A 

prediction is done for each possible voltage vector supplied 

by the VSC (25=32 for the five-phase case) and a cost 

function 𝐽 is evaluated. Although there is a high degree of 

flexibility to define the cost function, the most used control 

criterion is the minimization of the current error between the 

reference and the prediction, as follows: 

𝐽 = 𝐾1(𝑖𝛼𝑠
∗ − 𝑖̂𝛼𝑠)

2 + 𝐾2(𝑖𝛽𝑠
∗ − 𝑖̂𝛽𝑠)

2
+ 𝐾3(𝑖𝑥𝑠

∗ − 𝑖̂𝑥𝑠)
2

+ 𝐾4(𝑖𝑦𝑠
∗ − 𝑖̂𝑦𝑠)

2
       

 
(4) 

where 𝐾𝑖  are the weighting factors for each current 

component, which must be selected according to the control 

objectives. For the case of distributed-winding machines, the 

values of these coefficients are selected to obtain a tradeoff 

between the torque/flux regulation (𝐾1and 𝐾2) and 

efficiency/distortion (𝐾3 and 𝐾4). The PI regulator provides 

the q-current reference while the d-current reference is fixed 

to a constant value related to the rated flux in the base-speed 

region. These currents are then rotated to the α-β plane, and 

x-y currents references are set to zero in healthy operation to 

minimize the copper losses. Finally, a minimizer selects the 

optimal control action (switching vector 𝑆̅𝑜𝑝𝑡, where 𝑆̅ =
[𝑆𝑎 𝑆𝑏 𝑆𝑐 𝑆𝑑 𝑆𝑒]) that minimizes the cost function. 

The optimal gating signal is applied to the VSC during the 

next sampling instant, being this process repeated every 

sampling period. 

When an open-circuit fault occurs the machine becomes 

asymmetrical, the voltage in the faulty phase is given by the 

counter electromotive force (back-EMF) and the number of 

available voltage vectors is reduced to 24=16 [16]. 

Consequently, the previously described model is no longer 

valid and a reconfiguration of the controller must be done. 

However, it is possible to maintain the same equations in 

VSD variables (2) and in turn limit the changes in the post-

fault control scheme by replacing the Clark transformation 

matrix 𝑇0 by 𝑇𝑝 (for the sake of simplicity, phase a is assumed 

as the faulty phase in the following analysis): 

[𝑇𝑝] =
2

5
[

𝑐𝑜𝑠𝜃 − 1 𝑐𝑜𝑠2𝜃 − 1 𝑐𝑜𝑠3𝜃 − 1 cos 4𝜃 − 1
𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛2𝜃 𝑠𝑖𝑛3𝜃 𝑠𝑖𝑛 4𝜃
𝑠𝑖𝑛2𝜃 𝑠𝑖𝑛4𝜃 sin 6𝜃 𝑠𝑖𝑛8𝜃

1 1 1 1

] 

[𝑖𝛼𝑠  𝑖𝛽𝑠  𝑖𝑦𝑠  𝑖𝑧𝑠]
𝑇

= [𝑇𝑝][𝑖𝑏𝑠𝑖𝑐𝑠 𝑖𝑑𝑠 𝑖𝑒𝑠]
𝑇 

(5) 

The cost function must be correspondingly changed to 

preserve the optimization criterion. 

Taking into account the aforementioned changes, the 

control scheme from Fig. 2 can be used both in healthy and 

faulty operation. While the fault detection method informs 

that the drive is healthy (the fault indices 𝐹𝑘=0), the 𝑥-𝑦 

current references are set null. Once the fault detection stage 

flags an open-circuit fault (the fault indices 𝐹𝑘=1), the 𝑥-𝑦 

references are set according to the minimum loss or 

maximum torque criteria detailed in literature [4]. 

III.  OPEN CIRCUIT FAULT SCENARIOS 

This section analyzes different open-circuit fault situations 

in a multiphase drive (Fig. 3a). The origin of the fault can be 

either in the machine, the converter or the connection 

between both. The diverse scenarios lead to four types of 

different open-circuit faults: 

i. Open-phase fault (OPF): This term is used in those fault 

situations where the connection of the machine phase and 

its corresponding VSC leg is lost. In this type of fault, the 

current of the affected line cannot flow anymore, and the 

corresponding post-fault current waveform of that phase 

is null (see Fig. 3b). 

 

 
 

Fig. 2. FCS-MPC scheme for the five-phase IM drive (see Fig. 4 to 

see the link with the fault detection stage). 
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ii. Open-circuit fault in the bottom switch (OSF1): This type 

of fault occurs when the bottom semiconductor 𝑆𝑎̅ 

remains open due to the fault (Fig. 3a). In this situation 

the current can still flow through the power switch 𝑆𝑎 of 

the faulty phase, but it is limited to zero during the 

negative cycles (Fig. 3c).  

iii. Open-circuit fault in the top switch (OSF2): In this case 

the top semiconductor 𝑆𝑎 is damaged and consequently 

the situation is opposite to the OSF1 case: the current can 

flow during the negative part of the cycle but it is limited 

to zero when the phase current tries to be reversed (see 

Fig. 3d). 

A fourth situation appears when both power switches in 

the same leg (𝑆𝑎 and 𝑆𝑎̅) are open-circuited. In this case the 

phase is still connected to the VSC and the current can in 

principle flow through the free-wheeling diodes. However, 

the current through the faulty phase is essentially null in 

practice. Since the results of this scenario are mostly similar 

to those in an open-phase fault, both scenarios are grouped 

together and they are referred as OPF. 

From practical considerations all cases considered above 

can be derived to an OPF situation (by proper isolation of the 

phase) and then apply any of the strategies detailed in [16, 17, 

37-45]. However, prior to the phase isolation it is necessary 

to detect and localize all these types of fault scenarios. For 

this purpose, the next section describes the proposed VSD-

based fault detection method. 

IV.  DESCRIPTION OF THE FAULT DETECTION METHOD 

While most fault detection methods that are suitable to be 

applied together with fault-tolerant control strategies are 

based on phase current monitoring, an improved approach 

based on VSD variables (named VSDFD) has been recently 

proposed in [21]. Both in [28] and in the VSDFD of [21] the 

fault indices that identify the fault occurrence directly depend 

on the 𝑥-𝑦 current components. This novel procedure benefits 

from two interesting characteristics of multiphase machines 

with distributed windings: i) 𝑥-𝑦 current components are zero 

in healthy operation and ii) they do not contribute to the 

flux/torque production. Feature i) allows an arbitrary setting 

of the moving average period of integration, while ii) 

guarantees that no false alarms will be obtained as long as the 

𝑥-𝑦 currents are satisfactorily regulated [19]. 

The procedure to obtain the VSD fault indices is to use the 

inverse Clarke transformation in (1), set the OPF condition 

(𝑖𝑝ℎ = 0) and then extract from this restriction the 

corresponding ratio. For the sake of our example where 𝑎 is 

the considered faulty phase, the restriction is −
𝑖𝑥

𝑖𝛼
= 1, which 

leads to the following fault index: 𝑅𝑎 = −
𝑖𝑥

𝑖𝛼
. Note that the 

process can be generalized for the remaining phases, whose 

fault indices can be obtained as: 

𝑅𝑏 =
𝑖𝑥

0.38𝑖𝛼 + 1.17 ∙ 𝑖𝛽 − 0.73 ∙ 𝑖𝑦
 

𝑅𝑐 =
𝑖𝑥

2.62𝑖𝛼 − 1.90𝑖𝛽 + 3.08𝑖𝑦
  

𝑅𝑑 =
𝑖𝑥

2.62𝑖𝛼 + 1.90𝑖𝛽 − 3.08𝑖𝑦
 

𝑅𝑒 =
𝑖𝑥

0.38𝑖𝛼 − 1.17𝑖𝛽 − 0.7266𝑖𝑦
               

(6) 

It is remarkable that these fault indices differ from the ones 

obtained in [21], as a consequence of using a different type of 

multiphase  machine.  However,  the  procedure  for  reaching  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3. a) Scheme of a five-phase VSC with different types of faults. 
b) Current waveform in open-line fault or open-phase fault, c) current 
waveform in open-circuit fault of the top switch and d) current 
waveform in open-circuit fault of the bottom switch. 

them is exactly the same and can be extended to any 

multiphase machine. Opposite to the alternating nature of 

phase currents, the VSD ratios from (6) provide well-defined 

constant values: zero in healthy condition and one in OPF 

situation. This is particularly advantageous in order to detect 

and localize the fault. The normalization of ratios 𝑅𝑘 in (6) 

help the fault detection technique to be independent on the 

operating point and system parameters. As in Park vector 

methods, the ratios 𝑅𝑘 can be integrated using a moving 

average: 

〈𝑅𝑘(𝑡)〉 =
1

𝑇𝑚
∫ 𝑅𝑘(𝑡) 𝑑𝑡

𝑡

𝑡−𝑇𝑚
, (7) 

but it is not necessary in this case to calculate the absolute 

value, and the period of the moving average 𝑇𝑚 does not need 

to coincide with the fundamental period 𝑇𝑓. On the contrary, 

the period 𝑇𝑚 can be freely chosen as a certain portion of 𝑇̂𝑓: 

𝑇𝑚 = 𝜎 ∙ 𝑇̂𝑓       𝜎 ≤ 1, (8) 

where 𝜎 is a parameter that defines the portion of the 

fundamental period that is used in the moving average. The 

selection of 𝜎 is done to obtain a satisfactory compromise 

between detection time and fault index noise.  

The VSDFD method applies then a hysteresis band to the 

ratios 𝑅𝑘 for noise rejection. In post-fault situation the fault 

index is one, which is applied to filter all indices using the 

following hysteresis band: 

𝑖𝑓    1 − 𝜀 ≤ 𝑅𝑘 ≤ 1 + 𝜀   𝑡ℎ𝑒𝑛  𝑅𝑘
𝑝𝑏

= 𝑅𝑘 

𝑒𝑙𝑠𝑒  𝑅𝑘
𝑝𝑏

= 0 
(9) 

The width of the hysteresis band (𝜀) should be limited in order 

to ensure a low ripple of the fault indices in the healthy phases.  

If the filtered values 𝑅𝑘
𝑝𝑏

 are then averaged as in (7), the 

new fault indices are: 

𝑒𝑘 = ∫ 𝑅𝑘
𝑝𝑏(𝑡)

𝑡

𝑡−𝑇𝑚

𝑑𝑡         𝑘 ∈ {𝑎, 𝑏, 𝑐, 𝑑, 𝑒} (10) 

And the information of the faulty phases 𝐹𝑘 is obtained 

comparing the fault indices with the threshold: 
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𝑖𝑓 𝑒𝑘 ≥ 𝑇𝑡ℎ    𝑡ℎ𝑒𝑛  𝐹𝑘 = 1 

𝑒𝑙𝑠𝑒  𝐹𝑘 = 0 
(11) 

From the flag provided by (11), the fault can be finally 

detected and localized (see Fig. 4). Once this occurs, it is 

necessary to calculate the new 𝑥-𝑦 references that need to be 

provided to the control stage in Fig. 2. These values are taken 

from existing works [4], completing in this manner the 

connection between the fault detection (Fig. 4) and post-fault 

control reconfiguration (Fig. 2) stages. The joint application 

of fault detection and post-fault control reconfiguration 

provides a self-reconfigurable fault-tolerant MPC-regulated 

five-phase induction motor drives.  

V.  EXPERIMENTAL RESULTS 

The aim of this section is to verify that the VSDFD method 

can successfully detect and localize all kind of open-circuit 

faults in MPC-based five-phase induction motor drives. 

A scheme of the utilized experimental system is shown in 

the Fig. 5. It is based on a five-phase IM controlled using two 

three-phase VSI. The controller is implemented in an 

electronic board based on the MSK28335 using a sampling 

period of 100 𝜇𝑠. A programmable load torque can be applied 

to the five-phase IM using a DC machine mechanically 

coupled to the multiphase drive, while the DC-link voltage is 

set using an external DC supply to 300 V. The parameters of 

the custom-built five-phase machine have been determined 

with ac-time domain and stand-still tests [48-49]. The 

obtained induction machine parameters are shown in the 

table I. 

Eight tests have been designed to explore the performance 

of the VSDFD technique (speed of detection, robustness and 

impact of the fault detection delay on the control performance 

characteristics).  

In test 1 the machine is driven at 500 rpm with no-load. 

When the multiphase drive reaches the steady state, all the 

switches of one phase (phase 𝑎 in our case, 𝑆𝑎1 and 𝑆𝑎̅1) are 

forced to their OFF state at 𝑡 = 0.01 𝑠, this being considered 

as an OPF fault. The implemented VSDFD method is running 

from the beginning of test 1, being all fault indices practically 

null before the OPF condition appears (see Fig. 6). This is a 

consequence of the control performance during the healthy 

operation, where x-y currents are successfully regulated to 

zero. After the OPF occurrence, the current of the faulty 

phase becomes zero and the fault index 𝑒𝑎 increases. Notice 

however that the indices of the remaining healthy phases stay 

close to zero after the application of the OPF. In order to 

provide a security margin, a threshold for the fault detection 

is experimentally set to 𝑇𝑡ℎ = 0.13 considering the worst-

case scenario in order to avoid false alarms. The definition of 

the security margin avoids false alarms and decreases the 

fault detection time down to 4 𝑚𝑠. The speed of detection is 

around 15% of the fundamental period 𝑇𝑓, which is roughly 

four times faster than the one obtained in well-known 

approaches [21]. 

The promising performance shown by VSDFD in test 1 

must be however verified in common open-circuit faults that 

occur in the converter. Tests 2 and 3 are devoted to verify the 

performance of the proposed fault detection method in the 

event of an open-phase fault in the bottom (OSF1) and top 

(OSF2) power switches of one phase (phase 𝑎, in our case). 

The machine is again driven at 500 rpm but in this case with 

a load torque of 3.5 Nm. The load torque will increase the 

peak value of the phase currents but it does not affect the fault 

detection performance because the fault indices are 

normalized and the method does not depend on the operating 

point. Fig. 7 shows the fault indices in the transition from 

healthy to OSF1 operation (test 2). It is found again that the 

indices in the healthy phases are close to zero during the 

whole test, thus avoiding any false alarm. On the contrary, 

the index 𝑒𝑎 starts to increase slightly after the OSF1 

occurrence because the current is negative in phase 𝑎 when 

OSF1 occurs (see zoom-in figure on the right side of Fig. 7). 

However, at time 𝑡 = 0.135 𝑠 the current in phase 𝑎 starts to 

flow in the positive direction because it can circulate though 

the healthy upper switch (𝑆𝑎1 in Fig. 1). In that moment the 

fault index is still below the threshold (𝑒𝑎 = 0.015 whereas 

𝑇𝑡ℎ = 0.13) and consequently the fault is not detected yet. 

During half a fundamental period (from 𝑡 = 0.137 to 

0.154 𝑠), the current in phase 𝑎 evolves like in pre-fault 

operation and the fault index 𝑒𝑎 is frozen at 0.015 (see zoom-

in figure on the left side of Fig. 7). It is then necessary to wait 

until the current in phase 𝑎 aims to be reversed and the OSF1 

condition affects the system. At this moment the open-circuit 

in switch  𝑆𝑎̅1  nullifies the phase current again and the fault 

index 𝑒𝑎 continues rising, eventually surpassing the threshold 

at 𝑡 = 16𝑠 . The detection time is now around 23 𝑚𝑠, which 

corresponds to the 67% of the fundamental period 𝑇𝑓 (period 

 

 
 

Fig. 4. Proposed fault detection scheme (see Fig. 2 to link with 
the model predictive control stage). 
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Fig. 5. Test bench.  

TABLE I.  

INDUCTION MACHINE PARAMETERS 

Power (kW) 0.7 

Torque (N · m) 6.27 

𝑛𝑚 (rpm) 1000 

𝑖𝑑  (A) 0.57 

𝑖𝑞 (A) 2.50 

𝑅𝑠  (Ω) 12.85 

𝑅𝑟  (Ω) 4.80 

𝐿𝑚 (mH) 681.70 

𝐿𝑙𝑠  (mH) 79.93 

𝐿𝑙𝑟  (mH) 79.93 
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of time that the VSDFD mechanism waited during the 

positive current cycle of the faulty phase plus a 17% of 𝑇𝑓, 

similarly to in test 1). 

Test 3 verifies the fault detection when the top power 

switch remains in open-circuit (OSF2). In this type of fault, 

the situation is dual compared to OSF1, meaning that the 

current can flow during the negative part of the fundamental 

period and it is limited to zero in the positive part of the cycle 

(see Fig. 8). In test 3 the instant of the fault is more favorable 

than in test 2 since the current in phase 𝑎 was about to become 

positive when the OSF2 is applied (see zoom-in figure on the 

right side of Fig. 8). This implies that the fault index 𝑒𝑎 starts 

to rise almost immediately after the fault occurrence and its 

value exceeds that of the threshold before the current aims to 

become negative. At time 𝑡 = 0.16 𝑠 the negative cycle in 

phase 𝑎 allows the flow of the current through the bottom 

healthy switch (𝑆𝑎̅1 in Fig. 1), but at that moment the OSF2 

situation has been already detected. The time of detection in 

this case is somewhat similar to that of the OPF, being 19% 

of the fundamental period (4.75 𝑚𝑠). It must be highlighted 

however that the detection of the OSF2 is faster than OSF1 

only in the specific conditions of both tests. In general, the 

speed of detection is dependent on the OSF instant, and in a 

worst-case scenario the speed of detection is similar to that 

of the OPF plus half the fundamental period (see test 2).  

It can be observed that the fault index 𝑒𝑎 presents 

additional ripple in OSFs compared to OPFs. This effect can 

be diminished by setting longer integration times in the 

moving average (i.e. higher values of 𝜎), but this would in 

turn result in longer detection times, Since the margin of 

security is still sufficiently large, the speed of detection is 

promoted setting a value of 𝜎 = 0.4 in tests 1-3. 

Tests 1 to 3 have verified the performance of the fault 

detection technique for single OPFs and OSFs, confirming 

that the fault indices from (6) can be equally used in both 

types of faults with success. Tests 4 confirms the capability 

of the method to detect multiple and simultaneous open-

circuit faults. The case with concurrent OPFs in phases a and 

b is shown in Fig. 9a and the case with concurrent OSFs in 

phases a (top IGBT) and b (bottom IGBT) is shown in Fig. 

9b. In both cases the indices of the faulty phases (a and b) 

start to rise after the fault occurrence and the remaining 

healthy indices remain close to zero. As in the previous tests 

this allows setting threshold that flags the faulty phases when 

surpasses (see zoom-in plots in Fig. 9a and 9b). The results 

in Fig. 9 further confirm that the VSDFD method can be used 

for single and multiple open-circuits faults including OPFs 

and OSFs. 

A critical issue in fault detection methods is the avoidance 

of false alarms. Since fault indices are typically based on 

steady-state currents, transients might influence fault indices 

𝑒𝑘 and eventually provide a false alarm if the threshold is 

surpassed. Aiming to verify the robustness of the method, 

tests 5 and 6 drive the machine in dynamic conditions, for 

both transient speed and sudden load torque modes, 

respectively.  

In test 5 the machine is driven from 500 to 300 rpm (left 

subplot in Fig. 10) causing a distortion of the phase currents 

(right subplot in Fig. 10). It is found however that the fault 

indices remain completely unaffected during the speed 

transient (main plot in Fig. 10). The reason for this is related 

to the definition of the fault indices 𝑒𝑘, which are based on 

ratios whose numerators include the x-y currents. Since the x-

y currents are constantly regulated to zero in all dynamic 

conditions, the proposed fault indices in (6) will continue 

close to zero in all kind of transients as long as the regulation 

of the x-y currents is performed accurately.  

In test 6 the machine is driven at 500 rpm with 3.5 Nm and 

the load is released at 𝑡 = 0.75 𝑠, causing the transient that is 

shown in Fig. 11. Since the machine is healthy all throughout 

the test, all fault indices are kept close to zero and no false 

alarms appear. This test, together with that in Fig. 10 confirm 

the immunity of the VSDFD method against different 

transients. 

Aiming to cover all cases that might be suspicious of 

bringing incorrect results, test 7 drives the machine at zero 

speed and verifies the capability of the VSDFD to identify 

and localize the fault in such condition. Even though the 

machine is driven at zero speed, it is still magnetized with a 

d-current equal to 0.57 A, hence the phase currents are non-

null in pre-fault operation (See Fig. 12). An OPF in phase 𝑒 

is provoked at 𝑡 = 0.14𝑠 and this causes the fault index of 

phase e to immediately rise as in the cases shown in tests 1 to 

4. The detection time is around 8 𝑚𝑠, which is roughly the 

same as in the previous tests. It is thus confirmed that the 

VSDFD method can also be applied at zero speed. 

It has been shown so far that the VSDFD approach can 

successfully detect different kind of open-circuit faults 

(single and multiple OPF, OSF1 and OSF2) with good 

robustness and detection speed (even at zero speed). A final 

test 5 is performed to verify the impact of the fault detection 

delay on the drive performance when regulated using MPC. 

This test is specifically timely in the control strategy since 

the predictive approach is known to misbehave to select the 

switching states of the converter in the event of a fault, 

because it uses an incorrect model of the system. Test 7 

drives the machine at 50 rpm with a load torque of 0.25 Nm 

when an OPF in phase 𝑎 is applied at time 𝑡 = 0.2 𝑠. Two 

different cases are considered at this instant: a fault detection 

delay of a fundamental period 𝑇𝑓 (left plots in Fig. 12) and a 

fault detection delay of 15% of the fundamental period (right 

plots in Fig. 12). In both cases the control is reconfigured 

after the fault detection delay as explained in section III. The 

main aim of the test is to explore how critical is the fault 

detection delay in MPC-based schemes. Immediately after 

the fault occurrence the predictive model becomes highly 

inaccurate and the 𝑑-𝑞 currents cannot be tracked anymore 

(Fig. 10b). In the specific case of the OPF in phase 𝑎 this only 

affects the 𝛼-current (Fig. 10c) because phase 𝑎 does not 

contribute to the production of 𝛽-current due to its physical 

disposition. As a consequence of the poor current tracking 

during the fault detection, the control is lost and the speed 

drops (Fig. 10a). Once the fault is detected and the control is 

reconfigured, the machine speed is recovered, reaching again 

the pre-fault steady-state reference speed (it is assumed that 

the machine ratings are not exceeded in post-fault mode). It 

can be observed (see Fig. 10d) that the 𝑥-current is 

successfully tracked to the correct post-fault value (i.e. 𝑖𝑥 =
−𝑖𝛼

∗ ) after the control is self-reconfigured. Fig. 10 makes it 

clear how MPC loses the control after the fault occurrence as 

well as the impact of the fault detection delay on the speed 

tracking. When operating at higher loads, this can eventually 

stop the machine. 

Although a fault detection time of one fundamental period 

would be considered a fast detection for diagnosis purposes, 

it can lead to undesirable trasients and speed oscillations 



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

when the aim is to have a self-reconfigurable fault-tolerant 

drive. Conversely, the reduction of the detection time to 15% 

of the fundamental period highly reduces the speed drop and 

provides a smooth transition from pre- to post-fault modes of 

operation. 

The present work offers the following statements: 

1. Although model predictive control can be considered 

a powerful strategy for electric drives, and many times has 

been described like a promising competitor of FOC 

methods, it misbehaves in the event of open-circuit faults. 

2. The speed of detection of the fault is particularly 

critical in MPC-based drives in order to make a smooth 

transition from pre- to post-fault situations. 

3. The proposed fault detection method (VSDFD) can 

detect and localize all kind of open-circuit faults, including 

both phase and swicth types. Though the fault indices 

depend on the number of phases, they can be easly 

redefined and extended for any multiphase machine with 

distributed windings. The same indices are used for fault 

detection and identification, this being mandatory in MPC 

in order to reconfigure the control strategy. 

4. The proposed fault indices remain close to zero in all 

healthy phases both in pre- and post-fault situations, thus 

providing a good security margin to set the detection 

threshold. In addition, the zero value of x-y currents 

(compared to oscillating phase currents) allows the 

integration period of the moving average to be set below 

the fundamental period 𝑇𝑓. As a consequence, VSDFD 

provides a very short detection time, being in the range of 

15% of the fundamental period (plus an extra 50% in the 

worst case scenario of switch faults). 

5. The decoupling between x-y and α-β planes maintains 

the proposed fault indices at zero value in any dynamic 

condition, thus avoiding false alarms in transients and 

providing good robustness. 

6. The VSDFD method is non-invasive, simple to 

implement and it does not depend on the drive parameters, 

operating point or control strategy. 

VI.  CONCLUSIONS 

This work extends the fault detection strategy named 

VSDFD to five-phase electric drives that are controlled with 

one current harmonic using a model predictive control 

(MPC) strategy under all kind of open-circuit faults. Even 

though the MPC approach is known to misbehave in the 

event of open-circuit faults, the high speed of detection 

provided by the VSDFD allows a smooth and satisfactory 

transition from pre- to post-fault situations. At the same time, 

the decoupling of the 𝑥-𝑦 plane with the energy conversion 

process inherently provides good robustness and avoids false 

alarms. These advantageous features are verified in all kind 

of open-switch faults in the converter with redefined fault 

detection indices for five-phase systems. The results allow 

concluding that the VSDFD method can be easily generalized 

to any multiphase drive supplied with sinusoidal currents, 

regardless of the number of phases, control strategy and type 

of open-circuit fault. 

 
Fig. 6. Test 1 - Open-phase fault (OPF) in phase 𝑎. Evolution of 

the fault indices 𝑒𝑘 (main plot) and zoom-in figures of the fault 
indices (left plot) and phase currents (right plot). 

 
Fig. 7. Test 2 - Open-switch fault in the bottom IGBT (OSF1) of 

phase 𝑎. Evolution of the fault indices 𝑒𝑘 (main plot) and zoom-in 
figures of the fault indices (left plot) and phase currents (right plot). 

 
Fig. 8. Test 3 - Open-switch fault in the top IGBT (OSF2) of phase 

𝑎. Evolution of the fault indices 𝑒𝑘 (main plot) and zoom-in figures 
of the fault indices (left plot) and phase currents (right plot). 

 
(a) 

 
(b) 

Fig. 9: Test 4 – Concurrent open-circuit faults in phases. (a) OPFs 

in phases a and b, and (b) OSFs in phases 𝑎 (top IGBT) and 𝑏 

(bottom IGBT). Evolution of the fault indices 𝑒𝑘 (main plot) and 
zoom-in figures of the fault indices (left plot) and phase currents 
(right plot). 
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Fig. 10. Test 5 - Speed transient in healthy operation. Evolution of 

the fault indices 𝑒𝑘 (main plot) and zoom-in figures of the speed 
(left plot) and phase currents (right plot) during a speed transient.  

 
Fig. 11. Test 6 – Sudden load torque transient in healthy operation. 

Evolution of the fault indices 𝑒𝑘 (main plot) and zoom-in figures of 
the speed (left plot) and phase currents (right plot) during a load 
torque transient.  

 
Fig. 12. Tests 7 – Open-phase fault in phase 𝑒 at zero speed. 

Evolution of the fault indices 𝑒𝑘 (main plot) and zoom-in figures of 
the speed (left plot) and phase currents (right plot) during the test.  
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Fig 13. Test 8 - Transition from pre- to post-fault situation with MPC with fault detection delays of a fundamental period 𝑇𝑚 (left plots) and a 
15% of the fundamental period (right plots). From top to bottom: a) Motor speed, b) 𝑑-𝑞 currents, c) 𝛼-𝛽 currents and d) 𝑥-𝑦 currents. 
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