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Abstract: The need for regulating the operation of unhealthy motor drives has motivated the 
researchers to modify the control techniques in order to be valid for the new drive state. The use of 
a fault-tolerant facility is an attractive feature of multiphase machines; therefore, the applicability 
of different controllers has been established for the operation under open-phase fault conditions. 
The considered control algorithms were utilized to analyze the operation of the unhealthy system 
and evaluating the capability of the control to regulate the speed and torque under the fault 
condition. However, the majority of these studies considered only one control algorithm to be 
tested with the faulty system without comparing its performance with other techniques. The 
performance comparison is a vital way to visualize the features and characteristics of each 
algorithm. For this purpose, this paper deals with the performance comparison of the hysteresis 
controller, RFOC based on resonant controller and direct torque control (DTC) control under 
open-circuit fault conditions. A detailed comparison between the three control techniques is 
presented to outline the main differences between the three control procedures and identify the 
most appropriate technique in between. 

Keywords: five-phase IM; DTC; resonant controller PR; RFOC; open phase fault operation; 
fault-tolerant capability 
 

1. Introduction 
The fault-tolerant operation of multiphase IM drives can be achieved through the 

reconfiguration of the control scheme in consideration of the fault type, its fallout on the 
system’s dynamics and some derating limits. Disregarding the machine type (permanent 
magnet or induction) and the number of phases, an appropriate post-fault control can 
maintain the air-gap flux and ensuring a homogenous flux contour via modifying and 
regulating the reference values of x–y current components adding extra degrees of 
freedom for the drive control [1–6]. 

The applied control mechanisms for the post-fault operation are based on the fault’s 
category, machine type, inverter structure, winding connection (penta-type,star-type), 
number of healthy phases and the type of isolated neutral points. Several control targets 
can be accomplished according to the preferred reference values of x–y components; 
particularly, minimum copper losses [2,7], minimum drive derating [5–10], and 
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minimum torque ripple or the enlargement of the produced torque by the injection of a 
third current harmonic [5,11]. The proposed post-fault control strategies are principally 
dependent on the flux oriented control (FOC) technique with an exterior torque or speed 
loop and an interior current regulator, applying hysteresis [12–14], current control with 
compensation terms [7], and resonant controllers as well [9,10]. 

In general, there are two categories of fault-tolerant control (FTC) techniques: the 
active and passive one [15–26]. However the control targets are the same, but there are 
main differences which can be addressed as: 
• The active FTC handles the system’s components faults (i.e., sensors, actuators, 

system structure itself) via the reconfiguration of the controller using the provided 
data by fault detection and diagnosis (FDD) units. For this reason, the active FTC is 
considered more accurate than the passive one. 

• However, the active FTC requires much more time during execution; this can be 
inferred from the time taken by the FDD to send the collected information to the 
reconfigurable controller, and this also depends on the nature of the system’s fault. 

• In the passive FTC, a set of possible failures besides the normal operating conditions 
are assumed known during the period of system design. 

• The passive FTC does not require an FDD or a reconfigurable controller. 
• The passive FTC depends only on the redundancies of the system and uses only one 

controller which is robust against the predefined set of failures. 
• As a result, the passive FTC is considered much simpler but on the other hand, its 

robustness is much lower than the active FTC. 
Recent studies have considered the active FTC schemes (provided with fault 

detection and compensation procedures) via utilizing a generalized PI observer to 
enhance the operation of a five-phase permanent magnet synchronous machine (PMSM) 
during an open inverter switch condition [15]. The study in Ref.[16] presented a 
non-linear control system based on sliding-mode theory for a five-phase PMSM in order 
to obtain better dynamics under an open-phase fault state. A robust adaptive controller 
was introduced by Ref. [17] in order to guarantee a smooth operation for a faulty 
five-phase PMSM used in aerospace applications. In Ref. [18], a backstepping controller is 
used to guarantee the proper operation of a five-phase IM (FPIM) under a speed-sensor 
fault. The backstepping principle is a very active tool for handling the system’s 
non-linearities. In Ref. [19], the vector control principle was modified to adapt the 
operation of a five-phase PMSM under open phase conditions. This study mainly 
depended on the reference currents calculation for post-fault running. In Ref. [20], an 
appropriate current control and flux estimation were accomplished for a faulty FPIM by 
utilizing a virtual winding technique used to re-construct the symmetrical model. In Ref. 
[21], a virtual vector (VV) based look-up table was used with the direct torque control 
(DTC) control of a faulty FPIM to eliminate the common-mode voltage. 

A significant addition that constructs the contribution of the current paper is that 
none of these previous studies presented a deep comparison between the performances 
of the proposed methods in the literature. In Figure 1, it can be noticed that the drive 
arrangement is varied after the fault occurrence and therefore the machine and drive 
models must be reconstructed to calculate the appropriate reference currents needed for 
the control. 
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Figure 1. Five-phase drive system with single-phase opened. 

Under a fault condition, the utilized Clark transformation in the pre-fault interval 
will not be any more able to construct independent planes, and then the extra degrees of 
freedom for the control are missed. Accordingly, the post-fault current controller has to 
be designed to take into account the interconnection of the healthy phase currents 
[9,10,27,28]. Ellipsoidal α–β current components and variable parameters appear in the 
model equations due to the use of orthogonal matrices, as long as the usage of 
non-orthogonal matrices includes equivalent components like pre-fault and therefore 
circular α–β currents can be obtained [29]. The accomplishment of post-fault drive 
operation requires the suitable choice of references to be applied. The optimal values of 
reference currents are determined based upon the particular drive arrangement and the 
type of winding connection. In Ref. [8], the current references which are calculated under 
the “single vector space decomposition (VSD)” condition of a faulty six-phase system 
have managed in keeping the symmetry as in the pre-fault case. Nevertheless, this cannot 
be realized with the five-phase winding system (two-level inverter and induction 
machine), where the reference currents of the healthy phases are computed assuming 
symmetrical distribution (the sum of the healthy phases currents is zero), guarantee a 
circular air-gap distribution while eliminating the torque pulsations, all along with 
steady-state condition [29]. 

Most of the introduced reference currents calculation procedures were applied 
offline, utilizing the mathematical model of the machine and the required torque 
production. However, a procedure for the online reference current generation was 
developed in Ref. [30]. Moreover, two different control procedures were also established 
for this purpose as stated in Refs. [29,30], and which can be categorized as follows, 

Minimum derating or Maximum torque approach (MT). MT is based on supplying 
the machine with balanced currents with identical magnitude and shape, providing the 
required torque command. Indeed, the current in the healthy phases is computed 
according to the maximum permissible value of the RMS current and with the optimal 
phase shift to keep a fixed torque level with minimum ripples and identical distribution 
of copper losses [14]. 

Minimum loss (ML) mechanism. Opposite to Maximum torque MT, the ML is 
articulated on supplying nonsymmetrical currents to get the reference torque, at the same 
time minimizing the copper losses. The magnitude of phase currents under minimum 
copper loss condition is not deliberated, and, therefore, unequal RMS phase currents are 
noticed [31,32]. Concerning the category of control, primary efforts suggested the use of 
hysteresis controllers [12,14] with changeable switching frequency. 

A legitimate development of the classical pre-fault vector control method has been 
just a while ago suggested the use of Clarke matrix transformation besides the PI and 



Energies 2021, 14, 1317 4 of 24 
 

 

dual-PI resonant (PR) regulators for odd number phase machine [9] and six-phase 
machine [8]. The principal benefit of the recent method is that it requires a few 
adjustments in the control design after the fault appearance. Furthermore, adopting the 
linear control with PWM results in inconstant switching frequency operation, but on the 
other hand, it increases the system complexity. As another possible alternative to the 
FOC with linear PI regulators, DTC was developed and presented as an encouraging 
challenger. Several contributions exist in the last year’s first for three-phase machine 
[33,34] and second for the multiphase machine [35,36] operating in healthy condition. A 
comparative review with classical FOC control has been accomplished, showing the 
dynamic performance of DTC at the amount of higher cost and torque/current ripples 
[37]. Nevertheless, the DTC strategy has not been investigated extensively for the 
fault-tolerant condition. 
The principal contributions of the current paper are: 
 Comparative study between three different control strategies, DTC, field-oriented 

control (FOC) based on resonant controller and hysteresis controller, which recently 
accomplished in pre-fault condition [36], and in this paper is drawn-out to the 
fault-tolerant situation. 

 The advanced vision of the features of asymmetrical post-fault tolerance and its 
effect on the control performance are presented. 

 The presented analysis outlines the features of different control techniques for the 
FPIM under open phase fault condition and itemize the most suitable one in terms of 
ripples reduction and switching frequency range. 
The paper content is structured so that in Section 2, the characteristics of the 

five-phase IM drive under the open phase are analyzed. In Section 3, the post-fault 
control techniques (hysteresis controller, rotor flux oriented control based on PR 
controller and direct torque control are presented. In Section 4, the test results and a 
comparative study between the proposed methods are introduced, and finally, the 
conclusions are introduced in the last section. 

2. Characteristic Analysis Under Open Phase Fault Condition 
The common design of the multi-phase drive system is illustrated in Figure 1. The 

system consists of two parts: Five-phase VSI supplied with a DC-voltage (VDC) which can 
be produced by a DC source or a rectifier. The five-phase IM with symmetrical 
displacement between two consecutive stator windings equal of 2π = 5 and neutral 
connection (n). The IGBT or MOSFET switch S1 is contained in phase ‘a’ in order to 
contemplate both normal and faulty operations. The modeling and performance of the 
complete five-phase IM drive system in pre- and post-fault operations are shortly 
considered in the next subsections. 

2.1. Voltage Source Inverter 
When switch S1 is closed, the system is now in pre-fault operation and the VSI 

supplies the five stator windings. The transformation of leg to-phase voltage given as 
follows: ݒ௜௡ = ௜ேݒ − ௡ேݒ = ௜ܵ ௗܸ௖ − ௡ே. (1)ݒ

Assuming the symmetry of the system, then the phase voltage summation is equal 
to zero (∑ ௜௡ݒ = 0). Moreover, the voltage to neutral (N) is given by: ݒ௡ே = ௏೏೎ହ ∑ ܵ௞௘௞ୀ௔ ,  (2)

where as ݅ ∈  ሼܽ, ܾ, ܿ, ݀, ݁ሽ refers to the phase. The switching function is designated by Si 
for each VSI leg, actually, Si = 0 if the upper and lower switches are ON and OFF, 
respectively, and Si = 1 if the reverse appears. Therefore, by substituting from (2) into (1), 
the leg-to-phase voltage can be computed in terms of the switching functions by 
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௜௡ݒ = ௏೏೎ହ ൫4 ௜ܵ − ∑ ܵ௞௘௞ୀ௔,௞ஷ௜ ൯  (3)

The leg-to phase voltage can be also represented in a matrix form by 

ۈۉ
௘௡ݒௗ௡ݒ௖௡ݒ௕௡ݒ௔௡ݒۇ ۋی

ۊ = ௗܸ௖5 ۈۉ
ۇ 4−1−1−1−1 −14−1−1−1 −1−14−1−1 −1−1−14−1 −1−1−1−14 ۋی

ۊ
ۈۉ
௔ܵ௕ܵ௖ܵௗܵ௘ܵۇ ۋی

(4) .ۊ

On the opposite, when the switch S1 in Figure 1 is opened, the system enters the 
post-fault condition and only the other four phases (b; c; d and e) are still in connection 
with the VSI. Independently of the fault origination, the open phase current is always 
zero. Moreover, the available switching states are decreased from 25 = 32 in pre-fault case 
to 24 = 16 in the faulty condition. Indeed, the equation (1) is still considered valid in 
faulty-phase situation; on the contrary, the voltages summation of the unbroken phases is 
no longer zero and generating an unrestricted oscillation, which cannot be controlled by 
the neutral voltage. This fact can be expressed by the following equation: ∑ ௞௡௘௞ୀ௕ݒ = ିௗటೌௗ௧ ,  (5)

wwhere ߰௔ denotes the flux of the faulty phase (in this case the phase ‘a’) which means 
that the transformation of leg-to-phase voltage no longer stands on the switching 
condition, but farther far on the drive operation. Then, the leg-to-phase voltage is 
calculated by ݒ௜௡ = ௏೏೎ସ ൫3 ௜ܵ − ∑ ܵ௞௘௞ୀ௕,௞ஷ௜ ൯ − ௗటೌௗ௧ .  (6)

By using the matrix form, the leg-to phase voltage becomes, 

൮ݒ௕௡ݒ௖௡ݒௗ௡ݒ௘௡ ൲ = ௗܸ௖4 ൮ 3−1−1−1 −13−1−1 −1−13−1 −1−1−13 ൲ ൮ܵ௕ܵ௖ܵௗܵ௘ ൲ − 14 ൮1111൲ ݀߰௔݀ݐ . (7)

This final accomplishment has a significant effect on the overall control performance 
as the reference voltages (ݒ௜௡∗ ) are usually determined through regulating the leg voltages 
௜௡ݒ and presuming that the pulse width modulation (PWM) will ensure that (௜ேݒ) = ∗௜௡ݒ  
on the average value form. However, this is only correct in normal operation via utilizing 
the transformation procedure in (4). When the leg-to-phase transformation is influenced 
by the induced back-EMF of the faulted phase (phase ‘a’) as shown in (6), then the voltage 
becomes ݒ௜௡ ് ∗௜௡ݒ . If one uses the space vector PWM (SVPWM), the space vectors of (3) 
are no longer right. Rather, if the PWM is chosen as a carrier-based, then the modulation 
of leg-voltages (ݒ௜ே) can ensure that ݒ௜ே = ∗௜௡ݒ . 

2.2. Five-Phase IM 
The motor model can be characterized using the voltage relationships of stator and 

rotor windings, assuming symmetrical windings’ distribution, sinusoidal (MMF), 
uniform air gap, and negligible core losses and magnetic saturation. In order to facilitate 
the control implementation, the use of the phase variable approach is split into two 
orthogonal subspaces utilizing an adequate transformation. The VSD method permits the 
modeling of the five-phase IM over an ensemble of four autonomous variables separated 
into three iso planes, respectively α–β plane, x–y plane, and z term which is zero). A 
layout for this ensemble is illustrated in Figure 2. 
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Figure 2. Space vector displacements in different co-ordinates. 

The torque is produced by the harmonic components which are shaped in the α–β 
plane, otherwise there is no generated torque due to the harmonic components which are 
shaped in the x–y plane. The general Clarke transformation in healthy condition is given 
by [38]. 

ۈۉ
௦௭ݒ௦௬ݒ௦௫ݒ௦ఉݒ௦ఈݒۇ ۋی

ۊ = 25 ۈۈۉ
101012ۇ

 
cosሺߠሻsinሺߠሻcosሺ2ߠሻsinሺ2ߠሻ12

 
cosሺ2ߠሻsinሺ2ߠሻcosሺ4ߠሻsinሺ4ߠሻ12

 
cosሺ3ߠሻsinሺ3ߠሻcosሺߠሻsinሺߠሻ12

 
cosሺ4ߠሻsinሺ4ߠሻcosሺ3ߠሻsinሺ3ߠሻ12 ۋی

ۊۋ
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥሾ ఱ்ሿ ஼௟௔௥௞௘ ெ௔௧௥௜௫ ௨௡ௗ௘௥ ௡௢௥௠௔௟ ௢௣௘௥௔௧௜௢௡ ۈۉ

௘௡ݒௗ௡ݒ௖௡ݒ௕௡ݒ௔௡ݒۇ ۋی
(8) .ۊ

Moreover, the resulted α–β, and x–y voltage relationships can be defined as follows ݒ௦ఈఉ = ൬ܴ௦ + ௦ܮ ൰ݐ݀݀ . ݅௦ఈఉ + ௠ܮ ݀݅௦ఈఉ݀ݐ + ௠ܮ ݀݅௥ఈఉ݀ݐ  (9)

0 = ൬ܴ௥ + ௥ܮ ൰ݐ݀݀ . ݅௥ఈఉ + ௠ܮ ݀݅௦ఈఉ݀ݐ − ݆߱௥. ൫ܮ௠݅௦ఈఉ + ௥݅௥ఈఉ൯ (10)ܮ

௦௫௬ݒ = ൬ܴ௦ + ௟௦ܮ ൰ݐ݀݀ . ݅௦௫௬. (11)

The underlined variables pertain to the complex variables, ߱௥ denotes the electrical 
rotor speed. The set of Equations (8) and (9) permits the calculation of the back-EMF of 
the open phase as given by (12), this value is mandatory to evaluate (6): ௗటೌௗ௧ = ௠ܮ ቀௗ௜ೞഀௗ௧ + ௗ௜ೝഀௗ௧ ቁ.  (12)

Using (12), equation (7) can be rewritten as: 

൮ݒ௕௡ݒ௖௡ݒௗ௡ݒ௘௡ ൲ = ௗܸ௖4 ൮ 3−1−1−1 −13−1−1 −1−13−1 −1−1−13 ൲ ൮ܵ௕ܵ௖ܵௗܵ௘ ൲ − 14 ൮1111൲ . ௠ܮ ൬݀݅௦ఈ݀ݐ + ݀݅௥ఈ݀ݐ ൰. (13)
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During the fault period, the VSD method can be formulated in two different ways. 
The first is to maintain the use of the pre-fault transformation defined by (7). This is the 
easy way to regulate the current due to the fact that the open phase current is popular to 
be zero (݅௦ఈ = 0), so the other currents can be directly evaluated. It must be recognized 
that the five VSD currents are no more separate as in the normal situation, therefore, the 
faulty-phase condition must be fulfilled through making (݅௦௫ = −݅௦ఈ). The VSD model 
represented in (9) and the α–β reference currents, as in pre-fault operation are still 
circular. Actually, if the VSD is used for the voltage control, it is impossible to control the 
back-EMF which makes the application of (7) very difficult. The second alternative 
concerns with using the Clarke transformation with reduced order to prevent the use of 
open phase current/voltage. This alternative has been developed respectively in [6,39] for 
two types of multi-phase drives. However the transformation matrix is maintained from 
the point of view of orthogonality, but at the end, the α–β steady-state reference current 
components became ellipsoidal. Moreover, the drive parameters became 
time-dependent. Indeed, using the reduced-order transformation from (8) makes it 
possible to derive the nonorthogonality, thus the model in the healthy situation of (9) is 
useful in this case. After all, the faulty phase back-EMF is equivalent to the minus of the 
healthy voltage summation (ௗటೌௗ௧ = − ∑ ௜௡௘௜ୀ௕ݒ ), then it is easy to exclude the x-term in (7) 
and representing the matrix as follows: 

൮ݒ௦ఈݒ௦ఉݒ௦௬ݒ௦௭ ൲ = 25 ൮cosሺߠሻ − 1sinሺߠሻsinሺ2ߠሻ1  cosሺ2ߠሻ − 1sinሺ2ߠሻsinሺ4ߠሻ1  cosሺ3ߠሻ − 1sinሺ3ߠሻsinሺ6ߠሻ1  cosሺ4ߠሻ − 1sinሺ4ߠሻsinሺ8ߠሻ1 ൲ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥሾ ర்ሿ ஼௟௔௥௞௘ ெ௔௧௥௜௫ ௜௡ ி௔௨௟௧௬ ை௣௘௥௔௧௜௢௡
൮ݒ௕௡ݒ௖௡ݒௗ௡ݒ௘௡ ൲ (14)

The back-EMF of the faulty-phase is discursively incorporated in the first row of 
(14). Then, by using the Clarke-transformation [T5] of (8) or the reduced-order 
transformation [T4] of (14), the system model in the post-fault situation maintains the 
same behavior as in the pre-fault stat, and the reference values of α–β currents remain 
circular. The characteristics of the VSI and five-phase motor can be summarized in Table 
1, in which a brief comparison is presented. 

Table 1. Characteristics of five-phase IM drive in pre-fault and post-fault operation. 

Characteristics of Five-Phase 
IMdrive System Pre-Fault Operation Post-Fault Operation 

Possible switching states 25 = 32 24 = 16 

Leg-to-phase voltages Equations (3) and (4) 
Equations (6),(7) and 

(13) 

Possible modulation technique Space vector pulse width 
modulation SVPWM 

Carrier-Based PWM 

Clarke transformation Matrix [T5] Matrix [T4] 
Motor model Equations (8) and (9) Equations (14) and (9) 

2.3. Post-Fault Current Reference Calculation 
For the post-fault operation, several control topologies can be used according to the 

application. Recently, different controllers are designed to guarantee minimal derating, 
limited Joule losses, or minimal torque fluctuations [2,11]. Based on the preferred control 
methodology, the permissible limits of α–β currents can be varied; thus the reference 
currents in the x–y trajectory have to be adjusted to guarantee stable dynamics. For 
comparison purpose, this paper contemplates both criteria’s minimum derating (MD) 
and minimum losses (ML) as stated in the following subsections: 
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2.3.1. Minimum Derating (MD) 
The main requirement in the post-fault operation is to maximize the production of 

the torque, which can be achieved when the RMS current values of the healthy windings 
are equal, which changes the calculation of ‘y’ current component to be as following: ቊ ݅௦௕ = −݅௦ௗ, ݅௦௖ = −݅௦௘݅௦௬∗ = ୱ୧୬ሺఏሻିୱ୧୬ሺଶఏሻୱ୧୬ሺఏሻାୱ୧୬ሺଶఏሻ . ݅௦ఉ∗ = −0.2631. ݅௦ఉ∗   (15)

Taking into account the motor ratings, the reference currents representation in the 
α–β plane can be defined by: ൜ ݅௦ఈ∗௠௔௫ = 0.7236. .௡ܫ sin ௦ఉ∗௠௔௫݅ݐ߱ = −0.7236. .௡ܫ cos (16)  ݐ߱

2.3.2. Minimum Copper Losses (ML) 
The mechanism of minimizing the copper losses is adopted to enhance the drive 

efficiency. The reference currents in the subspace α–β are computed in that manner which 
aims to improve the torque/flux regulation. In this manner, the reference of the y-current 
component is kept to zero (݅௦௬∗ = 0) since the y-component is not responsible for torque 
production. This method ensures high efficiency and allows the minimization of the 
losses; this is generalized by unequal peak current values of the motor phases [11]. The 
drive requires the derating process in order to keep the currents in the un faulted phases 
to the rated value (In). Therefore, via considering the maximum rated values and 
maintaining a rotating circular-shaped MMF, the reference currents waveforms defined 
in the α–β subspace can be expressed by: ൜ ݅௦ఈ∗௠௔௫ = 0.6813. .௡ܫ sin ௦ఉ∗௠௔௫݅ݐ߱ = −0.6813. .௡ܫ cos (17)  ݐ߱

3. Post-fault Control Techniques and Comparative Study 
3.1. Hysteresis Regulators 

Several studies adopted the utilization of hysteresis-based regulators, considering 
the advantages of such controllers, such as the high bandwidth and the ability to observe 
the post-fault reference currents’ oscillations. However, the variable switching frequency 
of such controllers makes the implementation very difficult in certain applications. A 
controller example is presented in Figure 3. The scheme is constructed from an external 
speed-loop that develops the necessary torque command, a current reference generator 
which is designed considering several fault types and an internal current-loop followed 
by a hysteresis controller proposed to track the optimal reference currents. Afterwards, 
the torque reference and the fault information are fed to the block of the optimum 
reference current generation, which selects the adequate lookup table. It is clear that the 
selected reference values (saved in look-up tables), are not computed online, however, 
they are computed off-line using the reference torques and the corresponding back-EMF. 
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Figure 3. Hysteresis controller’s structure for post-fault operation. 

3.2. Field Oriented Control Using Resonant Controller 
The second control configuration utilizes a speed controller with conventional PI 

and PI resonant controllers. Both PI and PR regulators are used extensively for obtaining 
a better steady-state dynamic [40]. The layout of the implemented controller is illustrated 
in Figure 4. The resonant controller is designated as PR in the following sections. Under 
field orientation, the control system defined in the d-q rotating plane is implemented 
using the traditional PI regulators and the speed controller with anti-windup. The 
reference d-current component is kept to a fixed value, while the q-component is 
calculated by the PI speed regulator, this is performed using the hysteresis controller 
illustrated in Figure 3. Hence, only the current regulation is required. The voltage space 
decomposition (VSD) in the α–β–d–q spaces is accomplished using the classic Clarke 
matrix [T5] given by (8). For the hysteresis controller, the d-q currents are shaped into the 
α–β space using (18), while the angular displacement is calculated indirectly using (20). 

൬ࢼ࢙࢏∗ࢻ࢙࢏∗ ൰ = ቀܛܗ܋ ࣂ − ܖܑܛ ܖܑܛࣂ ࣂ ܛܗ܋ ࣂ ቁᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥൣࢗࢋࢀ൧ ࢞࢏࢚࢘ࢇࡹ ࢑࢘ࢇࡼ . ൬࢙ࢗ࢏∗ࢊ࢙࢏∗ ൰.  (18)

The main variation compared with the hysteresis regulator is that the inner 
adaptation loops for the d–q and x–y components are performed using the PI and PR 
regulators. Moreover, in the pre-fault case, the α–β–x–y reference voltages are calculated 
using regular decoupling terms ݁௦ௗ and ݁௦௤  for the sake of enhancing the controller 
performance: ൝݁௦ௗ = ∗௦݅௦௤ܮߪ ߱௥݁௦௤ = ௦ܮ టೝ∗௅೘ ߱௥   (19)

ߠ = ሺ߱௥׬ + ߱௦௟ሻ ݐ݀ = ׬ ቀ߱௥ + ௅೘௜ೞ೜∗ఛೝటೝ∗ ቁ (20)  ݐ݀

The VSD reference voltages are lastly converted into phase reference voltages 
utilizing [T5] and relocated to the PWM level, which in this work is carrier-based. For 
normal operation, with fixed d–q and zero x–y reference currents, the PI regulators are 
validated to achieve an acceptable investigation for the reference signals. Nevertheless, 
the x–y current components in post-fault operation have an oscillating component by 
nature, thus using the classic PI controllers accompanied by limited bandwidth does not 
allow accordingly tracking the reference currents. So, the reference x–y terms are 
regulated over a combination of PR regulators which are able to follow the oscillated 
currents. In Ref. [41], the PR regulator is formed of two PI controllers applied in two 
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rotating frames, for the sake of precise tracking of both negative and positive sequence 
currents. Every PI regulator is able to converge the input error to zero. Therefore, the 
summation of both outputs forms the PR as shown in Figure 4. 

 
Figure 4. Post-fault control scheme of rotor flux oriented control based on PI resonant (PR) controller. 

The tuning process of the PR regulator can be described according to the following 
procedure: 

The PI regulator performs two processes and combines them to construct the 
reference signals to be subjected to the plant under study. This process can be 
mathematically expressed by ܷሺݏሻ = ܷ௣ሺݏሻ + ௜ܷሺݏሻ, (20) 

where ܷ௣ሺݏሻ is the proportional term and ௜ܷሺݏሻ is the integral component. These terms 
can be expressed by ܷ௣ሺݏሻ = ݇௣ሺݏሻܧሺݏሻ, and ௜ܷሺݏሻ = ௞೔ሺ௦ሻ௦  ሻ is the input error signal to the regulator. Then, the PI’s transfer function can beݏሺܧሻ. (22)ݏሺܧ
expressed by ܪ௣௜ሺݏሻ = ܷሺݏሻܧሺݏሻ = ݇௣ + ݇௜ݏ = ݇௣ܥ௣ሺݏሻ + ݇௜ܥ௜ሺݏሻ. (21)

The main task of the PI regulator is to ensure zero deviation between the reference 
and actual controlled signals. This can be solely accomplished via the integral component 
of the regulator, meanwhile, the proportional term is null under steady-state operation. 
So, it can be said that the integral term is the dominant of the regulator’s dynamics; even 
it can be utilized alone to achieve the control target. In general, any process that has 
stable behavior can be regulated using a pure integral regulator combined with a simple 
integral gain. However, for the transient operation, the performance when using only the 
integral part significantly degrades. For this reason, the proportional term is added to the 
integral to improve the dynamics during the transient conditions and to enhance the 
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robustness of the closed-loop system. The proportional effect is considered as the 
derivative of the integral part, so ܥ௣ሺݏሻ = ሻ.  (22)ݏ௜ሺܥݏ

3.2.1. The PR Regulator Structure 
When considering a variable reference type (such as sinusoids with constant 

frequency ߱௥), and in order to track them and restrict the external disturbances, the 
resonant regulator can be used to fulfill these requirements. The action taken by the PR 
can be described by ܥ௥ሺݏሻ = ௦௦మାఠೝమ,  (23)

where ߱௥ is the frequency that needs to be tracked or rejected. The integral action ܥ௜ሺݏሻ 
can be considered as a special case of the resonant action of (25), which can be obtained 
via putting ߱௥ = 0.0. 

Similar to the fixed reference case, extra control processes should be incorporated to 
satisfy the proper dynamic operation. To describe the extra provided action, the same 
principle which is adopted with the PI expressed by (24) will be considered here. Then, 
by calculating the derivative of resonant term, results in ܥ௣ሺݏሻ = ሻ.  (24)ݏ௥ሺܥݏ

This component is then added to resonant action to get finally the relationship 
which describes the PR regulator’s operation as follows ܥ௣௥ሺݏሻ = ݇௣ ௦௦మାఠೝమ + ݇௥ ௦௦మାఠೝమ,  (25)

where ݇௣ and ݇௥ are the regulator’s gains to be determined via tuning. 

3.2.2. Tuning of PR Regulators 
In Ref. [42], a tuning mechanism entitled forced oscillation method (FOM) was 

presented, based on causing an oscillation in a closed-loop, then the amplitude and 
frequency of the oscillations are measured and after that, the method introduced simple 
formulas for each regulator parameter; these formulas contain the measured variables. In 
the current paper, the FOM is utilized to tune the PR regulators as follows 

The FOM technique depends on the identification of the ultimate value of the plant’s 
frequency-based response. The ultimate value for any frequency response is the value 
obtained at a position where the Nyquist plot of the response passes the negative real 
axis, which also refers to the point related to the minimum frequency for which the phase 
margin get the value of −ߨ. The specifications of the ultimate value/point are the ultimate 
gain ݇௨ and ultimate frequency ߱௨ which can be expressed by 

                              ݇௨ = ଵ|ீሺ௝ఠሻ|                              (28) ߱௨ = ݉݅ถ݊ఠஹ଴ ሺ݆߱ሻܩ∠ :߱ = (26)  .ߨ−

With these relationships, the operation mechanism of the FOM can be itemized as 
follows: 
(a) Ultimate points for the frequency߱௨ and gain ݇௨ are firstly determined. 
(b) The regulator parameters are selected such that ܥሺ݆߱௨ ሻܩሺ݆߱ሻ = ሺ݆߱௨ ሻܥ or ,݌ = −݇௨(30) ,݌

where p is a specified position in the complex s-plane. 
Now for the PR regulator, the frequency response can be described by ܥሺ݆߱ሻ = ௝௞ೝఠି௞೛ఠమఠೝమିఠమ .  (31)
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Replacing from (31) into (30) yields ݆݇௥߱௨ − ݇௣߱௨ଶ߱௥ଶ − ߱௨ଶ = −݇௨ܴ݁ሺ݌ሻ − ݆݇௨݉ܫሺ݌ሻ, (32)

where ܴ݁ and ݉ܫ are the real and imaginary terms of p. 
Then from (32), the regulator’s gains can be separated as follows ݇௣ = ݇௨ܴ݁ሺ݌ሻ ఠೝమିఠೠమఠೠమ , and ݇௥ = ݇௨݉ܫሺ݌ሻ ఠೠమ ିఠೝమఠೠ . (32)

After the proper tuning of the regulator, the controller structure will be able to drive 
the total tracking error to zero. From (5), the neutral-voltage oscillation is obviously 
considered in the vector control technique using (6) and (13), and so it needs to be 
compensated indirectly in the PR control by the linear current controllers. For the PR, it is 
mandatory to set an x-reference current ensuring that ( ݅௦௫ = −݅௦ఈ ) to avoid an 
incompatible response from the x and α regulators. The designed PR controller limits the 
needed arrangements when the drive changes its operating point (from pre to post-fault 
situations). The principal actions that must be set in motion after the fault detection are: 
• The PI regulators which are used in the x–y frame must be resonant regulators and 

their parameters must be adjusted. 
• The y-reference current must be replaced, according to the applied control in the 

post-fault operation, either to (݅௦௬∗ = 0) for minimum losses or to (15) for minimum 
deration. 

• The limitations for the α–β currents changes have to be modified according to either  
(17) for minimum losses or to (16) for minimum deration; this action can be realized 
through modifying the saturation limits of the anti wind-up PI current controllers. 

3.3. Post Fault Direct Torque Control 
The DTC control configuration depends on ten dynamic virtual vectors which are 

located in the α–β frame. The dynamic virtual vector is implemented depending on the 
estimated flux, the developed torque and the sector of the flux vector, and two 
comparators with hysteresis-based operation. Moreover, the virtual voltage vector is 
accomplished by a mix of voltage vectors with different sizes located in the α–β frame 
with an adequate dwell time to induce zero volts/seconds in the x–y space. The vectors in 
the α–β frame must induce the reverse in the stage of medium and small vectors in the x–
y trajectory, so the standardized dwell times designated to a sampling interval Ts are ܭ௩௥ = ൫3 − √5൯ 2⁄  and 1 −  ௩௥, separately, and the incorporated virtual voltages have anܭ
amplitude of ൫൫5 − √5൯ 2⁄ ൯ ∗ ௗܸ௖. The control type to be considered for the post-fault 
operation must be similar to the pre-fault state. In fact, the voltage vectors number in α–β 
and x–y frames is varied. While 32 vectors turn out in the normal condition, there will be 
only 16 vectors are available in the post-fault, as shown in Figure 5. 
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Figure 5. Representation of voltage vectors in the α–β and x–y spaces (a) in healthy condition (b) in faulty condition . 

Accordingly, the virtual voltages set described in Ref.[43] are no more valid and a 
new set has to be formulated to be utilized during the fault period. The flux deviation ሺ∆߰௦ሻ between the reference ሺ߰௦∗ሻ and estimated ൫ ෠߰௦൯ fluxes is applied to a hysteresis 
regulator with two levels which generate (+1) to raise the flux and (0) to decrease it. The 
torque regulator develops (+1) to raise the torque, and (−1) to decrease it and (0) to 
maintain it fixed to a selected reference value. Using an extra number of hysteresis levels 
enables limiting the inverter switching frequency, as the flux dynamics are commonly 
slower than the torque variation. The switching states determine the sequential operation 
of the VSI (see Table 2). The vector ௞ܸ is the actual applied vector, while the indices k − 1 
and k + 1 refer to the nearby sectors (pre and post sectors). This selection is performed 
according to the torque and flux errors (∆ ௘ܶ and ∆߰௦), and on the stator flux angle (sector ݏ௜ (i = 1,2,…,8)). This is the result of losing one degree of freedom due to the fault, where 
a defined relation between ߙ and x coordinates results in the threshold of ݅௦௫ = −݅௦ఈ. 
The remaining degree of freedom is appropriate to maintain zero volts/seconds in the y 
axis. Thus, by limiting the y-current, eight virtual vectors ( ௞ܸ) defined in the α–β space are 
available (see Figure 6, in which each ௞ܸ is positioned in the sector's center and outlined 
by dashed lines and remarked by different numbers). Actually ܭ௩௥ଵ and ܭ௩௥ଶ are the 
dwell time ratios which calculate ௞ܸ in terms of two permissible vectors ( ଵܸ and ଶܸ). 

௞ܸሺ ଵܸ, ଶܸሻ = ௩௥ଵܭ ଵܸ + ௩௥ଶܭ ଶܸ  (33)
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Various time ratios are now proposed in comparison with the pre-fault drive 
operation (see Table 2). 

Table 2. Dwell times during the fault. 

Dwell Time Virtual Vectors ࢂ૚ሺૢሻ ࢂ૛ሺ૚૜, ૡሻ ࢂ૜ሺ૚૙, ૚૛ࢂ૝ሺ૝, ૚૝ሻ ࢂ૞ሺ૟ሻ ࢂ૟ሺ૛, ૠሻ ࢂૠሺ૞, ૜ሻ ࢂૡሺ૚૚, ૚ሻ ܭ௩௥ଵ 1 0.382 0.191 0.382 1 0.382 0.191 0.382 ܭ௩௥ଶ - 0.618 0.809 0.618 - 0.618 0.809 0.618 

 
Figure 6. Implemented virtual voltages in the α–β plane using the designed post-fault DTC 
approach. 

The recommended post-fault DTC approach is characterized in Figure 7. Table 3 specifies 
the modified virtual vectors, which are configured according to the hysteresis limits, the ∆ ௘ܶ and ∆߰௦ errors and the flux sector. 

 
Figure 7. Proposed post-fault direct torque control (DTC) controller. 
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Table 3. Post-fault operation look-up table. ∆࣒࢙ ∆ࢋࢀ 
Stator Flux Sector 

1 2 3 4 5 6 7 8 

+1 
 ૚ࢂ ૡࢂ ૠࢂ ૟ࢂ ૞ࢂ ૝ࢂ ૜ࢂ ૛ࢂ 1+
 ૠࢂ ૟ࢂ ૞ࢂ ૝ࢂ ૜ࢂ ૛ࢂ ૚ࢂ ૡࢂ 1−
 ૢࢂ ૙ࢂ ૢࢂ ૙ࢂ ૢࢂ ૙ࢂ ૢࢂ ૙ࢂ 0

−1 
 ૜ࢂ ૛ࢂ ૚ࢂ ૡࢂ ૠࢂ ૟ࢂ ૞ࢂ ૝ࢂ 1+
 ૞ࢂ ૝ࢂ ૜ࢂ ૛ࢂ ૚ࢂ ૡࢂ ૠࢂ ૟ࢂ 1−
 ૙ࢂ ૢࢂ ૙ࢂ ૢࢂ ૙ࢂ ૢࢂ ૙ࢂ ૢࢂ 0

In the DTC scheme, the reference torque signal ( ௘ܶ∗) is developed using a PI speed 
regulator, while the flux command (߰௦∗) is set to its rated value, as under normal DTC 
operation, this is due to the drive rotating at its rated speed. 

4. Results 

The five-phase IM drive performance is tested with three different control 
approaches; Hysteresis controller, RFOC based on the PR controller and DTC control 
technique. The Data specifications for the system under study are summarized in Tables 
A1 and A2 in Appendix A. 

Figures 8–12 summarize the results for the hysteresis controller, RFOC and DTC 
control, where a DC link voltage Vdc of 300 V was used. Figure 8 presents the results of the 
first control technique, where the motor drives under a triangular reversal speed 
response from 400 rpm to −400 rpm. Figure 8a–j show respectively the motor speed, 
electromagnetic torque, the (α–β) stator current in case of ML criteria, the (x–y) stator 
current in case of ML criteria, the (α–β) stator current using the MD criteria, the (x–y) 
stator current in case of MD criteria, the phase stator currents using the ML criteria, the 
phase stator currents using the MD criteria and finally the trajectories of the stator 
currents (α–β) and (x––y) in both case of ML and MD. As can be noticed from the results, 
the actual speed tracks definitely its reference value without overshooting, which 
clarifies the validity of the hysteresis controller in achieving the control targets. However, 
the presence of inevitable currents and torque ripples due to the use of the hysteresis 
controller is still the main drawback of such controllers. 

Although similar responses are obtained using the RFOC based on PR controller 
which are detailed in Figure 9a–j, the RFOC generates negligible overshoots and high 
performance in tracking response and also offers an advantage compared to the 
hysteresis controller concerning currents and torque ripples. Figure 10a–j illustrate the 
results of the DTC controller. It is shown that the ripples are obvious compared with the 
other two controllers. The results report that a good tracking response and high dynamic 
are achieved but the ripples are still remarkable due to the use of hysteresis controllers. 
The figures also illustrate the stator currents profiles which are obtained using the 
hysteresis regulators, RFOC and DTC under the fault condition and when the speed is 
reversed from −400 to 400 rpm. Figure 11 show the stator flux dynamics under the three 
control techniques. It is very obvious that the PR controller exhibits the minimum flux 
ripples while the hysteresis regulator presents the worst performance. From these 
figures, it can be concluded that the PR controller presents the optimal performance. 

 For the three control systems, the DTC has the worst performance. It is noticed that the 
current ripples are much higher than the values obtained in the other two tests. Finally, 

the spectrum analysis of the phase current b for the three techniques is presented in 
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Figure 12 and every spectrum is followed by the harmonic distortion value THD. 

 
Figure 8. Simulation results of hysteresis controller (a) motor speed, (b) electromagnetic torque, (c) α–β stator currents 
minimum losses (ML), (d) x–y stator currents ML, (e) α–β stator currents minimum derating (MD), (f) α–β stator currents 
MD, (g) phase stator currents ML, (h) phase stator currents MD, (i) current trajectories in the α–β plane ML, (j) current 
trajectories in the x–y plane MD. 
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Figure 9. Simulation results of RFOC (a) motor speed, (b) Electromagnetic torque, (c) α–β stator currents ML, (d) x–y 
stator currents ML, (e) α–β stator currents MD, (f) α–β stator currents MD, (g) phase stator currents ML, (h) phase stator 
currents MD, (i) current trajectories in the α–β plane ML, (j) current trajectories in the x–y plane MD. 
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Figure 10. Simulation results of DTC control (a) motor speed, (b) Electromagnetic torque, (c) α–β stator currents ML, (d) 
x–y stator currents ML, (e) α–β stator currents MD, (f) α–β stator currents MD, (g) phase stator currents ML, (h) phase 
stator currents MD, (i) current trajectories in the α–β plane ML, (j) current trajectories in the x–y plane MD. 
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Figure 11. Stator flux performance for the three controllers. 
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Figure 12. Spectrum analysis of the stator phase current b for the three proposed control 
techniques. 
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Torque and current ripple obtained for hysteresis controller, PR controller and DTC 
are presented for different speeds in Table 4. Figure 13 illustrates the switching 
frequencies for different operating speeds while loading the motor with 2 Nm. The 
switching frequencies are calculated for a time period of t = 0.05 s by recording the 
switching actions of the inverter. The results show that the proposed RFOC which 
utilizes a PR regulator presents the minimum switching frequency, while the DTC 
presents the highest switching frequency for the same conditions. Meanwhile, the 
proposed hysteresis controller offers an intermediate switching frequency. 

Corresponding to the validity of the three controllers in keeping the motor’s 
operation under the open phase fault condition, it is shown that the three controllers are 
able to maintain the normal operation of the motor even with an open stator phase, 
however, the differences between the procedures came into account in terms of torque 
and current ripples. 

Table 4. Currents and torque ripples for different speed range for the three proposed control 
techniques. 

Method Speed (rpm) Current Ripple (A) Torque Ripple (Nm) 

Hysteresis controller 100 
400 

0.12 
0.1 

0.9 
0.7 

PR controller 100 
400 

0.08 
0.05 

0.7 
0.4 

DTC controller 100 
400 

0.24 
0.14 

1.2 
0.8 

 
Figure 13. Average switching frequency for the three proposed control techniques. 

5. Conclusions 
The paper presented a detailed comparative analysis for the dynamic performances 

of three control topologies for the five-phase IM under open-phase fault conditions. The 
specified techniques are the DTC, hysteresis controller and the RFOC. The comparison is 
carried out in terms of the torque and current ripples and in terms of switching frequency 
as well. The obtained results demonstrated that the DTC technique has the capability to 
manage lower maximum electrical torques than the hysteresis controller and RFOC 
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methods. However, by applying the DTC control, the presence of a higher harmonic 
content is obvious in both stator phase current and torque. While the RFOC PR-based 
controller has the best performance with the minimum torque and current ripples and 
switching frequency as well. 
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Appendix A 

Table A1. Parameters of five-phase IM drive system. 

Parameters ࢓ࡸ ࢘࢒ࡸ ࢙࢒ࡸ ࢘ࡸ ࢙ࡸ ࢘ࡾ ࢙ࡾ P ࢓ࡶ ࢔࢙࣒ ࢔ࡵ ࢔ࢋࢀ 
Value 10 6.3 0.46 0.46 0.04 0.04 0.42 2 8.33 2.1  1.2705 0.01 

Table A2. Data of controllers. 

PI Gains PR Gains DTC Hysteresis Controller ࢘ࡷ ࢖ࡷ ࢏ࡷ ࢖ࡷ Flux Comparator Limits Torque Comparator Limits Hysteresis Limits 
7.5398 2842.4 2000 0.1 0.007 and −0.007 0.005 and −0.005 േ2 * ࢔ࡵ 
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