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NONLINEAR FAULT TOLERANT CONTROL OF DUAL THREE-
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This paper proposes a robust fault-tolerant control (FTC) for the dual three-phase (DTP) induction machines under failures
controlled by a higher-order sliding mode control strategy. However, the DTP induction machine is increasingly used because of
better reliability and a supply division. A passive and an active FTC law have been designed and tested on DTP. The proposed
method not only realizes the FTC and the fault elimination but also provides a possible solution for emulating a traction system
using a direct continue machine (DCM) supplied by a four-quadrant chopper. Therefore, the emulation system is based on a
controlled DCM, which imposes the same behavior of the mechanical power train of an electric vehicle to the DTP. Simulation
results are given to verify the robustness and good performance of the proposed fault-tolerant control scheme.

1. INTRODUCTION

Various nonlinear control design approaches have
recently been applied to the dual three-phase (DTP)
induction machine control for better performance. This type
of machine has some advantages, such as power
segmentation, minimizing torque ripples, reducing rotor
harmonic currents, and using the latter in wind projects, of
which powers are of a few MW [1,2]. The DTP induction
machines are used in several applications, especially those
requiring high power, such as electric’/hybrid vehicles,
locomotive traction, and electric ship propulsion [3].

The nonlinear control of DTP machines is essential in an
industrial environment, especially for electric drives [4].
One of the nonlinear control methods applied to DTP
induction motor control is the second-order sliding mode
(SOSM) control. In addition, the SOSM control has
recently been paid much attention to [5-9]. Since
robustness is the best advantage of an SMC, it has been
widely employed to control nonlinear systems, especially
those with model uncertainty and external disturbance
[10,11]. These advantages justify applying this kind of
control for the DTP. So, in this study, SOSM control based
on a super-twisting algorithm is proposed.

For this reason, the SOSM has been suggested to obtain
good steady state and dynamic behavior in the presence of
faults, parameter variation, and external disturbances. The
research and development of electric vehicles (EVs) have
been significantly promoted to cope with the global energy
crisis and environmental pollution. On the other hand, EVs
are now the most promising and attractive alternative to
combustion engine cars. This trend is caused by the very fast
evolution of this technology [12-16]. As a result, several
research has been recently devoted to studying fault tolerant
control (FTC) applied to dual-stator induction machines.

Furthermore, problems related to FTC of descriptor
systems have been widely studied. From the point of view
of FTC strategies, the literature considers two main groups
of techniques: passive (PFTC) and active (AFTC)
approaches. PFTC refers to a class of fixed and robust
controllers against the considered faults with no need for
FDD [17,18]. Thus, AFTC utilizes diagnosis information
from a fault detection and diagnosis (FDD) unit and
employs control reconfiguration methods to guarantee the

system's stability and achieve acceptable performance in the
presence of considered faults [19]. In this context, a fault-
tolerant control approach is proposed for a dual-stator
induction machine in electric vehicle propulsion in case of
the rotor and stator failure. Therefore, to highlight the
FTCs, robust fault-tolerant control of the dual three-phase
cage induction motor for an EV propulsion system is
investigated based on the sliding mode observer, twisting
algorithm, and higher order sliding mode. FTC schemes are
characterized in this work by their capabilities, after fault
occurrence, to recover performance close to the nominal
desired performance. The simulated model results show
compelling performances with introduced load disturbances
and parameter variations, such as increased rotor and stator
resistances. A detailed sliding mode controller of the DTP
motor fed by two voltage source inverters integrating the
proposed FTC is developed. The main contribution of this
paper is to address the problem of passive and active fault
tolerant control schemes for an EV system with an actuator
fault is developed.

A sliding mode observer (SMO) is designed to estimate
the state variables and fault signals. From these results, the
proposed FTC and fault estimation algorithm are efficient.
In conclusion, the main objective of this paper is to detect
and compensate for actuator faults in the control loop. The
rest of the paper is organized as follows: section 2 presents
the mathematical model of the DTP induction motor.
Machine faulty modeling and its failure modes are
discussed in section 3. After that, the design of FTC
schemes for a DTP is described in section 4. The simulation
results are discussed and demonstrated in section 5,
followed by the application of FTC to the emulator of
electric vehicles in section 6. Finally, the conclusion and
future works are presented in section 7.

2. DUAL THREE-PHASE INDUCTION MACHINE
NONLINEAR MODEL

In this section, the mathematical model of a dual three-
phase induction motor can be defined in a stationary (o)

reference frame by the following state equation:

*(t)= Ax(t)+ Gulz), (1)
with
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The nonlinear matrix field Ax(z) is described by the

following equation:

Alx(t): a (_ Rgigo1 —azigen — a3¢)r(x )

where Ry, Ry, R,, Ly, L,are stator/rotor resistances
and inductances, respectively. L, is the mutual inductance,
J,, 1s the rotor inertia and 77 is the load torque.

3. FAULTY MODEL OF DTP INDUCTION MOTOR

In this section, the faulty model is applied to design a
fault-tolerant controller for a dual induction motor in the
presence of rotor and stator mechanical faults. The faults
dealt with in this section can be summarized in the
following two classes [19]:
stator asymmetries, mainly due to static eccentricity.
rotor asymmetries, mainly due to dynamic eccentricity.
Therefore, the stator currents in (o, ) axes could be

modeled as follows:
Il = gl + Asin(o)it + (p)

The machine’s faulty model is expressed as follows:

where

% = A x(t)+ gittger + 21 fsl
di(;fl = A2x(t)+ guspl + 81/ 5p1
di;_f;z = A3x(t) + gattsn + €2 fso
di;fz = A4x(t)+ gauspr + 82/ sp2

(6)
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© components o x(l) are expressed as Totows in which ®; =2nf; where f; is a specific frequency which
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Ly I R, k is a positive integer. The amplitude A and phase ¢ in eq.
so1 L%n (4) is unknown values depending on the fault’s severity [20].
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4. FAULT-TOLERANT CONTROL STRATEGY

This section aims to design an active and a passive fault-
tolerant controller to maintain the faulty system's stability,
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robustness, and tracking performance. The structure of the
fault-tolerant control for a DTPM is shown in Fig. 1. A
fault-tolerant strategy is founded on the design of a nominal
control law, fault estimation, and modification of the
control law to compensate for the fault effect. However,
two FTC types are used in this work.

4.1. PASSIVE FTC BASED SECOND ORDER SMC

Fault tolerance is obtained without changing the
controller parameters. It is, therefore, called passive fault
tolerance. In this case, passive fault-tolerant control uses
one of the reliable control laws, which considers both fault-
free and faulty situations. The first phase of the control
design consists of numbers of the switching surfaces S(x),

two sliding surfaces are used and taken as follows:
{Sl ((Dr ) =k ((Dref -0, )+ ((bref -, )

$200)=kalorer —4, Sl —0)
with & and %, are positive gains.
The corresponding derivative of (8) is given by:
Si(o, )=k (d)ref i, )+ (d)ref ~i,)
{sz@,):kz(w-¢,)+(as,ef-¢r)‘ ®

After simplification calculates, derivatives of the sliding
surfaces are given in matrix forms as follows:

S Fisip | | =829 &190 Ulsl,2
= + . (10)
Sz F2s1,2 gle(pr(x g2Lm(Pr[3 Unsl1,2

with
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—kiag —ayag (isal,Z(Prcx +azf, )— k1@ por —®f
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+ls[31 5 j+(—3a6 —a +k2 )(lSOLLZ(Pr(x 'HSBI,Z(PrB)

+pay (ism,z(Pm —l5a129 B ))_ k20 e = b rer
The condensed form of (10) is given by:
S=F,+Du. (11)
Check the condition of Lyapunov stability (S [S' i < O),
which must be:

S = —vsign(S). (12)
Equating (11) and (12), we have:
u=-D"vsign(S)-D7'F . (13)
The equivalent control law is given by:
lueqm,z } _ _D1|:Fisl,2 } . (14)
Ueg2s1,2 Fa2

The attractive control law is given by:

Ucls1,2 vy 0 || sign(S
cls :—D1|: 1 :||: .g ( 1):|’ (15)
Ucdgl2 0 v, | sign(s,)
where
P]}_ neol (16)
V2 82 +82|S2|p
with
Si >£
km
ki (9 +H
52 24_12{M5 (17)
km km(Si_H>
0<p<05,i=12
where 9;, 8,, H, k,,, and k;, are positive gains and

constants, respectively [21].
The global control ensuring both (S ;= 0) and (Sl-S‘l- < O)
is given by:

Uis1,2 Ueglsl,2 Ucls1,2
u, = = + .
Uzs1,2 Ueg2s1,2 Ucdsl2
4.2. ACTIVE FTC-BASED SLIDING MODE OBSERVER

In this case, the whole state of the system was considered
accessible for measurement and completely controllable.
The rotor flux cannot be easily measured in practical
applications. The complete structure of the observer is
based on a sliding mode. A sliding mode observer is
synthesized to systematically reconstruct system states and
machine faults. On the other hand, the objective is to
enforce the observation error to converge to zero by
tracking the system output variables.

The proposed sliding mode observer for state and fault
estimation can be constructed as follows:

(18)

{)’éi = A”fci +A12£®Blu+kisign(fs _is) ( )
) 19

)24) = Az])%l' +A22)€'(D +k¢sign(fs —is)

where

Apy =ayl, 4App :a3(Tr_ll+®er)>Bl =g1l, 4y = agl,

A (T_11+ J)l Lo, o -t
= — [O) = ,J =
22 r r 0 1 1 0

The estimated stator currents and flux components can be
expressed by:

)21' = [;sa ZSB ]T

. (20)
. ~
X = I:d)r(x d)r[?)]
Let us define the observer error as follows:
2(t)=5()-3()=[elt) e, O] @1
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where e(t) and e, (t)are the state estimation error and the
sensor fault estimation error, respectively. Then, the error
dynamics are given by:
ey (t)= (a1 — a1 Ry Jesor + (a1 —aya; Jey
+kigsign(esqr )= foar
;sﬁl( t)=(a; —a Ry )esm +(a) —aya, )€¢
+k Bs1gn(esﬁl )_fsBI

s(x2( )=(as —asRy; Jesor +(ag —asay )€¢

kigsign(eses )= foa2

esﬁz( t)=(ag —asRy; Jespr +(as —agay )€¢
+ kiBsign(eSBZ )— fsBZ
and ki are strictly positive constants, that the

(22)

where k;,

asymptotic convergence of the estimation errors to zero is
guaranteed. This is done by introducing the Lyapunov
function candidate:

1(» 2 2 2 )
V=3(€m1 +egp teg2 Tespn ) (23)

The derivative of (23) concerning time is:

V= sonl sal € ﬁlesBI + esa2es0c2 +esBZes[32 (24)

Choosing the functions V;, V5, V5, and V,as follows:

Vi = esa1ésat = esallar —aiRy Jeson
+(ay —ayay Jeg + ki sign(esgr )= fooi ]
Vy = epiépr = espi [(611 —ayRy Jegp

+ (al —aya, )e¢ + kiBsign(eSBI )— fsﬁl ]
V3 = esu2és02 = €sarllas —asRs Jeson
+(ag —agas Jey+ kigsign(e,gn ) - fia2]
Vi = e =egpa [(04 —agR; Jegp)
+ay —agar ey + kigsignlespa - fipa ]

During the convergence mode, the conditions ¥} <0,

(25)

V, <0, V3 <0,and ¥, <0must be verified.

The
espl =€sp1 =0, €sq2 =0, ey = €2 =0
Then, the faults can be estimated. Therefore, the eq. (25) becomes:

sliding mode will occur, ie, ey =€y =0,

€sq2 = and

(a1 —ayaz Jeg +kigsign(esyr )= fyo1 =0
(al —aja, )ed, +ki|35ign(es[51 )— fsBl =0
(ag —aga; )eq +kigsignlesys )= fiqn =0
(ag —aza; ey + kiBSign(esﬁz )— Ssp2 =0
Equation (26) shows that e, converges to zero ast — o,

(26)

and the estimates of the faults are given by

Ssa1 = kiocSign(esocl)
Ssp1 = kiBSign(esBI) o
Jsa2 = kiaSign(esonZ)
Ssp2 = kiﬁSign(esﬁZ)
To verify the system stability, coefficients k;, and

kg must be strictly positive.

5. SIMULATION RESULTS

In this section, different simulations will be performed to
reconstruct the faults in the machine using the passive and
active fault tolerant control. The flux reference value is set
to 1 Wb for DTPM. The nominal parameters of the DTP
induction motor are listed in Table 1.

Table 1

DTP induction motor parameters
Parameters Value Parameters Value
P, 4 Kw L 0.3672 H
fa 50 Hz L, 0.006 H
Rsi=Rs> 3.72Q In 0.0625 kg.m?
R: 3.72Q kr 0.001 N.m.s/rd
Lsi=Ls> 0.022 H P 1

5.1. SIMULATION TESTING RESULTS BASED PFTC

Using the nominal algorithm above, the passive FTC
controller can be simulated and tested. In this case, at start-
up, the DTP machine operates with the nominal values of
these parameters, and between the time £t = 1 s and 25, a
step of 50 % of rotor and stator resistances is applied
separately. Figures 2 and 3 show the robustness of the DTP
induction motor-based sliding mode control. Figure 2
shows the reference and the real rotor speed of robustness
for speed DTP induction motor when the rotor speed
reference is switched between [1432;-14332;477;0] rpm
This figure shows the response and the zoom rotor speed. It
is observed that the rotor speed can track its reference value
with small oscillation and is not affected by a 50 % increase
in the rotor and stator resistances.

1600
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s -_,_ I
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-1 6000
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Fig. 2 — Rotor speed robustness via passive FTC and zoom
around fault appearance at =3 s.
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5.2. SIMULATION TESTING RESULTS BASED AFTC

Based on the sliding mode observer, the active fault tolerant
control (AFTC) system has also been tested successfully, as
shown in Figs. 4-5. Figure 4 shows the reference, the real,
and the estimated rotor speed of robustness for the speed
DTP induction machine. In all simulation testing results,
the load torque was applied and omitted between
[2.2;3.2] s. The estimated rotor speed would coincide
precisely with the real rotor speed even if there was the load
torque application instant. From these results, it is shown
that the proposed active FTC algorithm has good
performance. The robustness of the active FTC has been
proven to be stronger based on the comparison of Figs. 2-3
(PFTC) and Figs. 4-5 (AFTC), in the same environment,
active FTC is more robust than passive FTC in handling
extra disturbances. The rotor flux starts from zero and
increases to the rated constant value of 1 Wb. SMO exhibits
strong robustness to motor parameter variations, such as
stator and rotor resistances. The SMO with FTC
demonstrates excellent performance under failure, which
confirms that active FTC shows strong robustness to
parameter variations and faults.
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Fig. 4 — Rotor speed (upper plot) robustness via active FTC and zoom
around fault appearance at t = 3 s (lower plot).
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Fig. 5-Dynamic output responses via active fault tolerant control

6. DYNAMIC EMULATOR OF EV APPLICATION

My interest in this mechanical system is motivated by the
similarity between its dynamic properties and those of
several real-world engineering applications. Using the
classical configuration of an electric vehicle (EV), the
driving wheels are used two separate DTP induction motors
drive (DTPM). On the other hand, the dynamic vehicle
model is given in [22]. The proposed scheme of the EV
emulator is given in Fig. 6. The role of this vehicle
emulator is to replace the real vehicle while keeping the
same behavior when it receives the same speed reference to
be able to test any case. The aerodynamics and mechanics
characteristic of the EV model has been reproduced
perfectly by a separately excited dc machine (DCM) with a
dc/dc converter.

Invert

Fig. 6 — Electric vehicle

Simulation results of EV emulator with DTPM are
presented in Fig. 7 and Fig. 8. The Figs. 7-8 illustrate the
reference, the rotor flux (a), the real and the emulated of
rotor speed (b) with the emulated torque (c), and the linear
speed of EV (d). In addition, variation of 50 % of the stator
and rotor resistances between the time t =4 sand =5 s
with variable speed reference are introduced after the faults
occurred at ¢ = 6 s. Two levels of simulation results will be
presented here: firstly, Fig. 7 shows the simulation results
of PFTC, and secondly, Fig. 8 shows the obtained
simulation results of AFTC. In other words, the simulation
results of PFTC in Fig. 7 do not show good rotor speed
tracking. To improve rotor speed tracking, we used the
AFTC. The simulation results displayed in Fig. 8 show that
the active FTC is still efficient. In addition, SMO with FTC
can provide even better performance under faulty
conditions. Moreover, the obtained results tests proved that
both FTCs structures respond well to a sudden change in
the speed and parameter variations.

(a) 10 )

reference
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1 p———
zoom,
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time (s)

(b) (d)

\ reference
\ real speed
\ emulated

Velocity (km/h)
5

-20
0 5 10 15 20 0 5 10 15 20

time (s) time (s)
Fig. 7-Rotor flux (a) and rotor speed (b) robustness around fault appearance
at t = 6 s, emulated torque (c) and EV speed (d) via PFTC.
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Fig. 8 — Rotor flux (a) and rotor speed (b) robustness around fault appearance

att =6 s, emulated torque (c) and EV speed (d) via AFTC.

7. CONCLUSION

This paper proposes an FTC strategy for EVs using a
DTP machine-based drive system. For that purpose, we
have presented two types of nonlinear controls, a passive
and an active FTC consensus. Both controllers worked
properly. We can mention good results for all nonlinear
controls. Then the active FTC gives better results when its
performance increases, especially for rotor flux, rotor
speed, and rotor with stator resistances variation. In this
paper, we would like to highlight the concept of an
emulator for electric vehicle characteristics that also
provide good precision. It is shown by simulation with the
different tests to prove the robustness of our proposed
approach. Further investigations will regard the proof of the
stability of the complete fault-tolerant schemes. As one of
our future works, the proposed control will be developed,
implemented, and tested.

Received on 17 December 2021
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