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Abstract: This paper presents a novel fault tolerant control (FTC) strategy for a dual star induction machine (DSIM) based on the combination of
two types of robust controllers, namely a proportional resonant (PR) controller for current regulation and a fractional order Pl (FOPI) for
speed regulation. This FTC is associated with an indirect rotor indirect rotor field-oriented control (IRFOC) strategy. Fault feedforward
compensation of the current components is introduced using the residual signal generated by the calculations passing through the PR
controller. The fractional-order Pl controller is applied as a feedforward fractional-order perturbation observer to the speed control loop,
which attempts to minimise the error induced by the fault. In this context, a fault-tolerant control scheme is achieved. The performance
characteristics of the proposed fault tolerant control for a dual star induction machine drive are compared with the fault tolerant control
based on the conventional integer order IP (I0PI) to verify the effectiveness of the proposed FTC scheme under various conditions, by
examining the robustness of the control in the presence of faults. To evaluate the performance of the proposed technique, simulation
results are obtained using the Matlab/Simulink environment. According to the obtained simulation results, the proposed FTC system
achieves significantly better responses than the conventional IRFOC system in terms of harmonics in the stator currents, and low
oscillations in the electromagnetic torque response.

Keywords: fault tolerance control  fractional order Pl controller  dual star induction machine e proportional resonant controller  indirect rotor
field-oriented control

1. Introduction

The double star induction machine (DSIM) is a popular multiphase induction machine (MIM). It consists of two sets
of three-phase windings with isolated neutral points and a phase shift of z/6 (Che et al., 2013a; Hadiouche, 2001).
Many researchers are interested in controlling the performance and efficiency of DSIMs. The DSIM is considered
to be an optimal choice in various applications that require high power, such as hybrid electric vehicles, rail traction
and marine propulsion, as well as many other safety-critical applications such as embedded systems in avionics,
marine or electric vehicles. Although DSIM is renowned for its low harmonic currents and torque pulsations, it offers
multiple advantages, particularly in terms of power segmentation, reliability and increased efficiency (Badreddine
et al., 2022).

The DSIM has a higher fault tolerance, allowing it to continue to operate and maintain its rotating flux even in the
case of open-phase faults, due to the greater number of degrees of freedom that it has compared with three-phase
machines. In the case of faults in the machine’s phases in DSIM, the redundancy increases availability, since the
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torque is produced by the healthy phases. Many researchers have focused increasingly on the design and control
of DSIMs, to improve fault tolerance to achieve higher performance and efficiency (Duran et al., 2015).

In industry, the majority of faults are open-phase faults in one or more stator phases. Therefore, when an open
phase fault is detected, fault tolerance control (FTC) should be applied immediately to ensure motor performance,
safe operation and great economic benefits to the industry (Jiang and Yu, 2012).

Two main approaches have been observed in the literature concerning the (FTC): the first approach serves to
maintain the elaborate model of the machine when it is healthy or considers a model of the asymmetrical machine
having fewer phases. This approach relies on the calculation of new references of circulating current as a function of
currents in o — g frame. This is to ensure the objective of the FTC (Che et al., 2013a; Duran et al., 2015). Although
this approach is simple to implement, these new references often require the detection of the faulty phase and
the use of an appropriate tabulation to impose the correct new references. The other method of control synthesis
consists of using new reduced-order decoupling transformations to ensure constant stator variables in degraded
mode (Bianchi et al., 2007).

As a result of this analysis, a new approach is envisaged to overcome the two methods set out in this paper.
In reality, the complexity of the situations is due to the duality between adopting a new model or a new reference
set, each of these being determined by the nature of the faults found. In response to this problem, a robust control
technique is suggested to guarantee the system’s insensitivity to closed-loop faults. This innovative approach
maintains the same controller and the same structure, whatever the operational mode, whether normal or degraded.
This approach, once designed, does not need to be adapted during operation. It has a simple structure and is not
associated with controller-switching transients. Hence, the additional real-time computational demand is low. As
this technique does not involve any switching, the behaviour of the system is much smoother than the techniques
mentioned previously. Another benefit of this technique is that there is no need for a fault detection and diagnosis
(FDD) unit, so there is no delay between the onset of a fault and the related control actions. The proposed DSIM
control is fully engaged and control actions in the presence of a fault are always instantaneous.

In the absence of faults, because of simple control and good stability of PI controllers, they are widely used
in DSIM control. As the current loop of DSIM control during a default set with classical PI regulator, it had to add
a compensation to improve the dynamic performance, which leads to control structure complexity and a lack of
robustness. Some references also designed robust control, for instance, a global efficiency optimisation of sliding
mode control, a fuzzy logic control; a dynamic programming (DP) technology used to obtain an optimal solution.
However, these control strategies such as DP algorithm are not suitable for real-time control; because they are
based on a lot of data processing and a very low sample time (Wang et al., 2017).

Many controllers such as PIDs, fuzzy logic controllers and neural networks are used in DSIM speed control.
Conventional PID controllers, though widely used for their simplicity, are inefficient in complex, non-linear, higher-
order systems (Khurram et al., 2018).

The authors propose a proportional resonant (PR) regulator with indirect field-oriented control in order to obtain
a best current tracking performance. For speed control, a fractional order Pl (FOPI) controller is proposed due
to better performance factors, such as robustness against system disturbances and parameter variations. It also
contributes to better disturbance rejection control. The two controllers, FOPI speed and PR current controllers, are
deployed in parallel with the Pl speed and current controllers, respectively.

This paper presents a speed control strategy for a DSIM consisting of two types of controller, a PR current
controller and a FOPI speed controller. A mathematical model design of the two controllers is presented in the
following sections. Finally, the simulation results highlight the benefits of using the PR current controller and the
FOPI speed controller in the DSIM drive system, through the significant reduction of undesirable harmonics.

The remainder of this paper is structured as follows: The modelling theory and principle of the DSIM IRFOC
strategy are presented in Section 2, the current PR controller is detailed in Section 3, the speed fractional order
PID (FOPID) controller is described in Section 4, and in Section 5 the simulation results are shown and discussed.
Finally, Section 6 concludes the work.

2. Modelling and Control of DSIM

By neglecting magnetic saturation, mutual leakage inductance and core losses, and assuming a sinusoidal winding
distribution, the DSIM model can be simplified (Hadiouche, 2001).
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The DSIM can be considered as a hexaphase machine, and its equivalent model (in the a- frame) can be
obtained, from the natural model (abc) (Guedida et al., 2023), using the usual Concordia transformation matrix,
denoted [T,] (Hadiouche, 2001; Mohapatra et al., 2005), in order to make the variables of the machine constant in
continuous regime. In fact, they are expressed in the rotating reference frame using the Park transformation matrix,
denoted D (Gonzalez-Prieto et al., 2020).

After the Park transformation, the following relationships are obtained:

The voltage equations are given as follows:

o,
V,=Rl,+— 2 g
sd s*sd dt s(p:q

do,

I/sq = Rslsq + dt + a)s(OSd (1)
K‘Y = RSISX +%
) dt
do,,
Vo =Rlo =y
Via=0=R1I, + 20 _ .9,
dt ! o)
V.=0=RI +% +0.p
rq rirq dt rPrd
The flux equations are given as follows:
@O =LI,+MI,
@ =L, +MI, A3)
¢sx = L/slxx
¢sy = lelsy
¢er = Lrlrd + Mla'd (4)
¢, =L1,+M,
The electromagnetic torque equation is given as follows:
M
T =P (0l =0 ) (5)
The different electrical angles are linked by the relationship:
H: = Hm + er (6)
The mechanical equation is written as follows:
dQ
7:]—;% _72 _k/Q (7)

With: o, =6, : is the stator pulsation, @, = .: is the rotor pulsation, @, = ®, —®, =6, = pQ : is the mechanical
pulsation, p: is the number of pairs of poles.

2.1. Indirect rotor field-oriented control (IRFOC) strategy

By orienting the d—q axis system in such a direction that the d axis is in phase with the rotor flux:

¢, =0
0u=9, (8
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By substituting Eq. (8) in Eq. (4) and after development, the rotor flux expression can be written as
follows:

o, =L1,+MI, )

And by substituting Eq. (8) in Eq. (4) and after development, the current component I, expression
becomes:

1 do
[,=——2=
"R dt (10)

By substituting Eq. (10) in Eq. (4) and after development, the rotor flux expression can be written as:

L do,

=MI
R dt s 1)

§0V+

By applying the Laplace transformation to the Eq. (11), the rotor flux expression becomes:

M I, (12)

¢V_1+Trs S

In the permanent regime the rotor flux expression becomes as follows:

@, =MI, (13)

The electromagnetic torque Eq. (5) can be written as follows:

M
];m :pfwrlsq (14)

From the rotor voltage equations Eq. (2), we can deduce the equation (a),) which is deduced as a function of the
stator currents [,/ and the rotor time constant 7, = L /R, and is as follows:

11,
0, =t (15)
T 1,

The DSIM indirect rotor flow orientation control (IRFOC) scheme can be deduced and illustrated as shown in
Figure 1.

In the field-oriented control, the stator current is decomposed into two components namely direct axis component
(1) and quadrature axis component (Iqs). The direct axis component is in the direction of flux linkage, and the
quadrature axis component is orthogonal to it. The fast dynamics of the response of the motor can be achieved as
both the components of the current are controlled individually and independently. An induction motor needs only
these current components of current for torque generation, regardless of the number of phases. It should be noted
that, in the range of speeds under the nominal speed of the machine, the d-axis current is kept constant, whereas
operating in over-speed mode requires a defluxing which then requires an appropriate reduction of this current
component.

The general structure of the pre-fault control strategy is shown in Figure 1. The scheme is an indirect rotor field
oriented control (IRFOC) with an outer speed control loop and inner current control loops for d—q, x—y. Four phase
currents need to be measured in the two/single neutral configurations because the remaining phase currents can be
obtained from the condition of having two/one isolated neutral points. The measured phase currents are converted
into « — B currents frame using the Concordia transformation [T ] (Duran et al., 2015) and d—q currents are obtained
from the rotation of « — g currents frame in the forward (synchronous) direction using the Park transformation.
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Fig. 1. IRFOC Schematic block diagram of DSIM drive.

3. PR Controller

Sato et al. (1998) introduced the PR controller which provided a fairly simple and attractive solution in the case of
abc-natural or o — f-stationary reference systems. Compared with the conventional Pl controller, it can overcome
two well-known drawbacks of the latter: poor disturbance rejection capability and the inability to track a sinusoidal
reference with zero steady-state error. Generally speaking, we can conclude that the resonance term has a direct
impact on the transient process but does not modify the root diagram (Tafti et al., 2014; Teodorescu et al., 2006),
while the proportional term has a direct impact on the stability domain. It was demonstrated that the cut-off frequency
of the damping term increases the stability domain but can be a reason for the steady-state error (Husev et al.,
2019; Ye et al., 2016; Zmood and Holmes, 2003).

A classic PI controller is often used to control electrical machines, because it is easy to identify its parameters
and is efficient in its mission. In the case of polyphase machines, the appearance of a stator phase cut-off fault
causes a non-sinusoidal magnetic field, which in turn leads to the appearance of harmonics in the stator current,
resulting in torque and speed ripples.

1+7s
CPI(S):kp : (16)

7,8

In the above equation, C,, Is the transfer function of a conventional PI controller, £, is the proportional gain and
7, is the integral time constant.

The effectiveness of the conventional Pl regulator in reducing current ripples in the presence of disturbing
harmonics depends on its frequency response. This corrector is characterised by infinite gain in the static regime,
i.e. at f=0, and finite gain (k,) at high frequencies (Figure 2). The progressive decrease in gain in the passband,
i.e. for frequencies from 0 to f, = w,/27. Effectively attenuates variable disturbances below the cut-off frequency
f, without, however, cancelling them out completely, but does not modify them outside the passband, when the
frequency of disturbances exceeds f,.

We now assume that the current set point remains constant. In degraded operation, harmonic voltages
disturb Isdq currents. In this situation, the static error is no longer zero, as the PI corrector can only reject constant
disturbances. Harmonics are therefore superimposed on the continuity component of normal operation. In summary,
the PI controller perfectly preserves the continuous component of references applied to servo-controls. This makes
it particularly suitable for tracking current set points in steady-state operation. To improve torque ripple reduction,
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Fig. 2. Bode diagrams of a Pl controller (Kp =Tlett =1).

we need to consider a corrector based on the properties of the Pl at zero frequency, but transposed to disturbance

frequencies.
Inserting this corrector into a current loop with a 1st-order RL circuit does not change the class of the transfer

function. This observation helps us to construct the transfer function of the desired corrector using that of the PI
given by relation (16). Based on the frequency transposition proposed in Crévits, (2010), Naslin (1968) and Salimin
et al. (2019), we use the following change of variable:

15+
5 a7

Niard
N

with @, =27 f, is the pulsation to be rejected.
Applying this change of variable allows us to establish the transfer function of the PR controller:

(1 s +a)fj
s
CPR(S):kpM (18)

T.
2 s

2 2 2
ST+ —s+w; (19)
CPR(S):kp Sz_le
The transfer function (19) is that of a selective filter at pulsation , which will take effect in a resonant corrector.
Figure 3 shows the Bode diagrams of this transfer function Eq.(19). The very high gain at resonance frequency

f., is clearly visible.
The transfer function of the mono-frequency resonant corrector is given in the following general form (Wulveryck,

2000):

2
_bys +b1s+b0:K+ bs+b, 20)

Coels
w()="5 +(ha, )’ 52+ (ho, )
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where o, is the fundamental pulsation and his the order of the harmonic to be rejected. The coefficients b, characterise
the response of the corrector. The static gain K is derived from the decomposition into simple elements of the initial
form Eq. (20).

There are several types of PR controllers. An ideal PR Controller form with an infinite gain at o, , is given as
(Husev et al., 2019):
ideal s
Cre(s)=K,+ > ky—— @1

2
h=135,7.. S T@O,

Following this strategy, restoring a constant torque invites us to eliminate harmonic current disturbances by
assisting the natural filtering effect of Pl correctors with that of resonant correctors acting on previously identified
frequencies.

The current control devices, extracted from the IRFOC schematic block diagram of DSIM drive in Figure 1,
are represented for a one-phase machine axis by the block diagram in Figure 4 (Che et al., 2013b; Husev et al.,
2019). The system is a winding of the machine (type RL, order 1) commonly modelled by a first-order transfer
function:

Bode Diagram
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Fig. 3. Bode diagrams of a PR controller (kp =1,1=1etf = 50Hz).
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Fig. 5. Response of the current loop with a PR controller (f, = 50Hz).

For testing and evaluating the effectiveness of the PR controller, refer to Figure 5 which shows the result of
the simulation of the current response in the various situations indicated, in order to decompose the different
actions of the PR controller. The PR controller has a resonance frequency of 50 Hz. The response initially
illustrates the application of the undisturbed current set point. The latter, which includes a 50 Hz harmonic,
appears at t = 0.5 s. It is initially processed only by the conventional Pl controller (from 0.5 to 1 s). The
conventional Pl controller is unable to reject ripples. As soon as the resonant part of the corrector is activated
(att=1s), the disturbances are immediately rejected. The application of this approach to a real machine is the
subject of the next section.

4. FOPID Controller

The FOPID controller (or PI*D") was firstly proposed by Podlubny in 1999 (Podlubny, 1999a), as an extended
version of the conventional integer order PID (IOPID). Based on the fractional calculus, the FOPID controller is
characterised by five parameters: proportional gain (kp), integration gain (k,), derivative gain (k,), integration order
(n) and derivative order (1) (Podlubny, 1999b). Fractional integral and derivative provide flexibility in the tuning
strategy of PID controllers and better-shaped closed-loop responses to achieve more satisfactory results (Rahimian
and Tavazoei, 2012; Zhao et al., 2018).

One of the most important advantages of the FOPID corrector is its potential to control the dynamics of fractional-
order systems effectively. Another advantage lies in the fact that FOPID correctors are less sensitive to changes in
the parameters of a controlled system, resulting in improved robustness.

The standard PID controller is defined in series (interacting) form as:

k.
CP,D(S)zkp+:‘+kds (22)

where k, is the proportional gain, £, is the integral gain and, £, is the derivative gain.
The FOPID controller is defined as a generalisation of the standard PID controller Eq. (22), namely,

k,
Crorp (s):kp +S—l’l+kdsl (23)

where x and 4 are the non-integer orders of the integral and derivative terms respectively.

4.1. Approximation by a rational function of the FOPID controller

The implementation of fractional-order correctors requires the replacement of fractional-order transfer functions by
integer-order transfer functions with a behaviour similar to that desired, but much more easily manipulated. There
are several methods for approximating such functions (de Oliveira Valério, 2005; Petras et al., 2002).
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Indeed, in order to implement the fractional-order controller, the Oustaloup continuous integer-order
approximation (Oustaloup et al., 1996) has been employed. It consists in using the following approximation based
on a recursive distribution of zeros and poles:

s“=k[ ] 2 a>0 (24)

which is valid in a frequency range [®;.®,]1 and where the gain k is adjusted so that the right side of Eq. (6) has unity
gain al the gain crossover frequency of s*.

Where @, and o, are the high and low transitional frequencies respectively. Using the described Oustaloup-
Recursive-Approximation (ORA) method with:

0, =107, 0, =107

the obtained approximation for fractional function g(s) =% is:
0

—~ 0.’ +7.497s* +76.855> +121.85% +29.85s +1

s)= 25
%os(5) 55 +29.855* +121.85 +76.855 +7.4975 + 0.1 @3)

Figure 6 shows the Characteristics of approximated fractional order integrator of Eq. (21) for y=0.5 and N = 5:
and Bode diagrams of this transfer function.

Figure 7 shows the speed control loop which was extracted from the IRFOC schematic block diagram of DSIM
drive in Figure 1. The relationship Eq. (7) was modeled by a first-order transfer function (type RL, order 1).

Bode Diagram
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Fig. 6. Characteristics of approximated fractional order integrator Eq. (21) for u=0.5 and N = 5: Bode plots (left), Unit step response (right).
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Figure 8 shows the speed closed-loop indicial responses (Figure 7) for the integer-order PI (IOPI) controller and
the FOPI controller for 2 =0.3,0.6,0.9. A torque load is applied at ¢ =1s,we can observe that the FOPI,_,, controller
has improved the system’s indicial response considerably in terms of overshoot, response time, and in terms of
disturbance rejection duration.

5. Simulation results

In order to verify the study carried out, the model of the DSIM with two isolated neutrals and its control
(IRFOC) in degraded mode have been implemented, under the Simulink environment of the MATLAB
software, the parameters of the simulated machine are shown in the Appendix. To test the effectiveness of
the proposed method, a most critical fault scenario (opening of two adjacent stator phases a, and a,) will be
performed.

The machine turns at a fixed speed of 50rad/s without load. At time t = 1s, a load torque equal to 10 Nm is
applied, and at time t = 2 s, the opening fault of two phases (a, and a,) is provoked; and at time t = 3s, the resonant
regulator in the current loop and the fractional regulator in the speed loop are activated.

The opening fault in phases a, and a, of the machine causes the appearance of ripples in the d-q currents,
as a result of the disequilibrium created, and these ripples in the d-q currents produces a significant ripple in the
speed and electromagnetic torque, which will be very severe in the time length of the conventional PI controller,
but practically negligible within the application interval of the fractional and resonant controller hybridisation. The
simulation results are shown in Figure 9.

Figure 10 shows the Fast Fourier Transform (FFT) of the current /_, during the three operating modes (pre-
fault mode (a), degraded mode (b) and degraded mode with the proposed control (c)). It should be noted that the
switching frequency is of the order of 8 kHz. As the current does not have the same amplitude for each time interval,
we divided by the amplitude of the fundamental to obtain the units in per unit and compared the results. We can
clearly see that the amplitudes of the current spectrum during the activation of the resonant regulator in the current
loop and the fractional regulator in the speed loop are lower than those when the controllers are not activated
(t< 3 s), hence we have an improvement in the harmonic content.

The Figure 11 represents the spectrum analysis of the electromagnetic torque before, during, and after the
degraded mode operation and the activation of the proposed FTC method. It can be seen that the amplitudes of
the components of the electromagnetic torque spectrum increase significantly when the fault is applied. However,
when the proposed FTC method is activated, the amplitudes of the harmonics are significantly attenuated, thus
indicating an improvement in the harmonic content of the torque. This implies smoother torque and reduced
machine vibration.
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Fig. 11. DSIM IRFOC and HFBC simulations results of FFT spectrum of electromagnetic torque.

6. Conclusion

We proposed a hybrid FOPI controller and PR controller to design a fault tolerance control (FTC) of a dual
star induction machine (DSIM) drive under Indirect rotor field-oriented control (IRFOC) strategy. The proposed
FTC scheme (IRFOC with FOPI+PR controllers) provides the better responses compared to the conventional
IRFOC scheme (IRFOC with IOPI). The effectiveness of these architectures (IRFOC with FOPI+PR controllers)
has been demonstrated by examples of simulation of opening of two adjacent stator phases and satisfactory
results were obtained. In this paper, fractional calculus and PR controller have been briefly described. From
simulation results, it was verified that even though the proposed PR-type current control algorithm is simple
and easy to implement with the proposed speed controller, it yields good control performance in the event of
fault.
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Appendix

Quantity Symbol and magnitude
Rated Power Pn = 5.5 kW

Rated voltage Vn =110V

Rated current In=6A

Rated speed Nn = 950 rpm
Number of poles 2*p =16

Rated Frequency f=50Hz

Stator resistance Rs =2.03Q

Rotor resistance Rr=3Q

Stator inductance Ls =0.215H

Rotor inductance Lr=0215H

Mutual inductance M=02H

Moment of inertia J = 0.06 kg.m?
Coefficient of viscous friction kf = 0.006 N.m.s/rad

Table A1. Dual star induction machine parameters
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