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Fault tolerant control of a permanent magnet synchronous machine using multiple
constraints Takagi-Sugeno approach

Introduction. Fault diagnosis, and fault tolerant control issues are becoming very important to ensure a good supervision of systems and
guarantee the safety of human operators and equipments even if system complexity increases. Problem. In fact, the presence of faults in
actuators, sensors and processes can lead to system performance degradation, system breakdown, economic loss, and even disastrous
situations. Furthermore, Actuator saturation or control input saturation is probably the most usual nonlinearity encountered in control
engineering because of the physical impossibility of applying unlimited control signals and/or safety constraints. Purpose. This article is
dedicated to the problem of fault tolerant control for constrained nonlinear systems described by a Takagi-Sugeno model. One of the
interests of this type of models is the possibility of extend some tools and methods from linear system case to the nonlinear one. The
novelty of the work consists in developing a fault tolerant control algorithm for a nonlinear Permanent Magnet Synchronous Machine
model using an observer based state-feedback control technique in order to enhance fault and state estimation despite actuator
saturation and system disturbances. Methods. Indeed a sensor fault detection observer based residual generator is synthesized with a
guaranteed L, performance to attenuate the external disturbances effect from one side and to maximize the residual sensitivity to faults
from the other side. Based on Lyapunov function, design conditions are formulated in terms of Linear Matrix Inequalities to ensure
stability of the global system. Practical value. A detailed study concerning nonlinear permanent magnet synchronous machine model,
which is consolidated by simulation results, is conducted to show the used algorithm’s effectiveness guarantying fault estimation and
reconfiguration of the control law to maintain stable performance even in the presence of actuator faults, external perturbation and the
phenomenon of actuator saturation. References 19, tables 1, figures 5.

Key words: Takagi-Sugeno models, actuator saturation, state estimation, actuator faults diagnosis, fault tolerant control,
permanent magnet synchronous machine model, linear matrix inequalities.

Bemyn. [liaenocmuka HecnpagHocmetl i NUMAHHA CMIUKOCMI 00 6I0MOBU CMAOMb OyHCce BANCTUBUMU OISl 3A0e3NeUeH s XOPOUl020
KOHmpomo cucmem i eapanmii 6e3nexku Jnro0eu-onepamopie i 0On1a0HaHHA, HASIMb AKWO CKIaoHicms cucmemu 3pocmae. Ilpoonema.
Hacnpagoi nassnicme necnpasHocmeil y 6UKOHAGHUX MEXAHIZMAX, OAMYUKAX | NPOYeCax Moxce Npu3eechu 00 SHUNCEHHs. NPOOYKMUBHOCMI
cucmemu, NOIOMKU CUCHIEMU, eKOHOMIYHUX empam | Hagimb kamacmpoghiunux cumyayii. Kpivm moeo, nacuyens 6UKOHABYO20 MEXAHIZMY
abo HacuueHHs Kepyioyo2o 6x00y, UMOSIPHO, € HAOLIbUL NOWUPEHON HENIHIUHICIIo, WO 3YCMpIiaembcsa 8 mexHiyl KepyeauHs uepe3
Di3UYHY HEMONCTUBICMb 3ACIOCYBAHHS HEOOMENCEHUX KepyIouux cucHanie ma oomexcenv Oesnexu. Mema. LJn cmammsa npucesuena
npoonemi cmiiKocmi 00 8i0MOBU HETHILIHUX cUCmeM 3 0OMedNCeHHAMU, wo onucyiombcs moderno Taxazi-Cyeeno. O0Hiero 3 nepesaz yboeo
muny mooeneti € MONCIUBICIb NOWUPEHHs OesKUX THCMpYMeHmis ma memooie 3 6Unaoky ninitinoi cucmemu na weniniuny. Hoeusna
pobomu nonseae y po3pooyi aneopummy YApasuiHHA CMIKOCMI 00 6I0MOSU O MOOe HeNIHIlIHOI CUHXPOHHOT MAWUHY 3 NOCTIUHUMU
MacHImamu 3 6UKOPUCTAHHAM MemOoOYy YNPAGNIHHA 3i 360POMHUM 368 A3KOM CMAHOM HA OCHOGI cnocmepieaud, Woo NOANWUMY OYIHKY
NOMUNOK § CMAHIB, HE36ANCAIOUU HA HACUYEHHs. npueody i 30ypenns cucmemu. Memoou. Jlilicno, cenepamop Hes'si3ku HA OCHOGL
cnocmepizaua GUAGIEHHS HECHPAGHOCTE OAMUUKA CUHIME3YEMbCA 3 2APAHMOBAHOI0 NPOOYKMueHicmio Lj, wob nociabumu eniue 306HiuHix
nepeuikoo 3 00HO20 OOKYy ma MAKCUMIZYBAMuU 3aIUUKO8y Yymaugicms 0o Hecnpasrnocmeti 3 inuio2o 60ky. Ha ocnoei ghynryii Jlanynosa
VMOBU NPOEKMYBAHHS YOPMYTIOIOMBCA 68 MEPMIHAX IHILIHUX MAMPUYHUX HepiGHOCMel Ola 3aDe3nedeH s CIiUKocmi 2100anbHOi cucmemu.
Ilpakxmuuna wuinnicme. lemanvne 00CHIONCEHHS HENHIUHOL MOOeNi CUHXPOHHOI MAWUHU 3 NOCMIUHUMU MacHimamu, 06'€OHawne
pe3yIbmamamu. MoOeno8aHHs, NPOBOOUMbCS 05l OeMOHCIPAYii egheKmusHOCHI BUKOPUCIOBYBAHO20 ANROPUMMY, WO 2APAHMYE OYIHKY
8I0M06 ma pexkoHghieypayito 3aKOHY YRPABTIHHA Ol RIOMPUMKU cmMAbiIbHOi pobomu HABIMb 30 HASABHOCHI BI0MOB NPUBODY, 308HIUUHIX
36ypens ma sguwa Hacudenns npusody. bion. 19, Tabm. 1, puc. 5.

Knrouosi cnosa: monedi Takari-Cyreno, HacuueHHsl IPUBOAY, OLiIHKA CTaHy, AiarHOCTUKA HeCNPABHOCTElH NMPUBOY, CTiliKicTh
10 BiIMOB, MO/Je/1b CHHXPOHHOI MAIIIMHH 3 NOCTiiHUMH MarHiramu, JiHiiiHi MaTpu4Hi HepiBHOCTI.

Introduction. Faults detection and isolation (FDI)
has been the subject of many research for linear and
nonlinear systems. However, in practical cases used only
the FDI block for the process is not enough to preserve
desired performance, security and system stability. Hence,
fault tolerance must be treated and controllers are
synthesized to ensure system stability even in failed
situations and degraded operations. We can classify the
fault tolerant control (FTC) into passive FTC and active
FTC [1, 2]. The first approach can be considered as a
robust control, and it requires a priori knowledge of faults
that can affect the system, the controller is then designed
to compensate them, all possible faults are considered as
uncertainties, and an adaptive observer is employed to
estimate the fault and state signals. The second is called
active FTC, we use in this approach a very robust FDI
block to know with exactitude the information’s about
faults which constitutes its major disadvantage. Indeed, a

false alarm or an undetected fault can lead to degradation
of performance or even instability [3].

During the design of the FTC controller, we must
take into account the saturation of the actuator to avoid
the undesirable effects that can destabilize the closed-loop
system, and degrade the desired performances [4, 5].
Therefore, much attention has been given to stability
analysis and controller design for systems with actuator
saturation [6]. More-over, several works propose a norm-
bounded controller based on multi-model Takagi-Sugeno
(T-S) fuzzy approach, due to the exceptional
characteristics of T-S fuzzy models for control purposes
to avoid control inputs limitations.

Many researches are developed around the T-S
multimodel representation [7, 8]. Nonlinear systems
described by T-S models have been considered actively
and especially in the fields of control, state estimation and
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diagnosis of nonlinear systems. This is related to the fact
that T-S fuzzy model can approximate exactly any
nonlinear system without loss of information. A T-S model
can be obtained using the non-linearity sector approach by
aggregating the local models using appropriate
interpolation functions [9]. These models have a great
ability to represent the complex dynamic system.

The stability analysis of a T-S system has been
studied in most cases by using a quadratic Lyapunov
function, and solutions are almost expressed as linear
matrix inequalities (LMI) [10, 11].

Goal. This paper aims to develop a robust control
approach subject to multiple system constraints, i.e.
actuator faults, input saturation, external perturbation. The
system is presented as a T-S fuzzy multi-model, and then
an observer-based FTC design method is introduced to
preserve the stability of the system with disturbance
rejection. The observer and controller gains are obtained
through an L, minimisation by solving LMI conditions.

The main contribution is to develop model-based
FTC-scheme for nonlinear dynamic systems described by
T-S models and subject to input constraints. Using the
Lyapunov theory for T-S systems, the obtained results are
less conservative and formulated in terms of LMI
conditions. Consequently, the proposed procedure has
also two advantages over the previous cited works.
Firstly, it is able to estimate time variable fault types.
Secondly, for the analysis of the fuzzy systems, to reduce
the computational cost of double summation slack
matrices has been introduced, which leads to a simple
design procedure. Furthermore, compared to the approach
presented in [12-16] the proposed FTC controller design
method can be considered for a large class of nonlinear
constrained systems.

Problem statement. Let consider the following
constrained and disturbed T-S model:

x=2"" w(E@)(Ax+Bsat(u+ f,(1)))+d (1) ()
y=2 HE@O)Cx

where xeR" is the state vector; ueR"™ is the control input;
yeR’ is the system output; 4;, B;, C; are the constant matrices
with appropriate dimensions; d(¢) is the external disturbance
signal; £,(f) is the actuator failure; &(¢) = [&1(?) ... {(9)] is the
decision variables; u{&(f)) is the normalized activation
function satisfying the sum convex propriety [17]:

0< u (&) <1 Vie{l,2,.r}

i=1 1,(&(1) = 1§(I)) )
(1) = ot
D W)

w (@) =TT M, @)

where wi(&(1)) are the weights; M;(&(7)) are the fuzzy set.
The function sat(u + f,(f)) represents the actuator failure
saturation function.

The following lemmas and notations will be used in

Lemma 2 [18, 19]: Let £ be an mxm diagonal
matrix whose elements are 1 or 0. Suppose that |v,~| <u;

for all iel, where v; and u; are the i™ element of ve R and

.
ueR" respectively. If x e ﬂL(H J-) for xeR", then

j=1
sat(u,ur) = z; o (Eu+E.v)
4
jzlaszla OSGSSI ()
' _Z./:l HiH x
L(H,-)={xeR”,\h,:’x\gL7i}, )

where E, denotes all elements of E, E. s =1-Eg; H;is the

mxn matrix and A/ is the i row of the matrix Hj; ay is the
weighting functions related to the polytopic representation
of the saturation function.

Lemma 3 [18]: An ellipsoid &(P, p) is inside

B
ﬂL(Hj) if and only if:
j=1

Viel,:(h) (P/p)h/ <i}, (6)
where /1{ is the i row of the matrix H,.

Assumption 1 [3]: the faults are assumed to have a
first time derivative bounded as:

O fras 05 frm <0

Throughout the paper H(Z) denotes the Hermitian of
a matrix Z, i.e. H(Z) = Z + Z"; and I denotes the identity
matrix.

Fault tolerant control of T-S multi-model. The
design of the controller is based on FTC bloc with multi-
constraints (actuator fault, actuator saturation and external
disturbance) as shown in Fig. 1, ensuring the convergence
of the estimated states and the detection of the faults by
the observer.

! $e
sat(Urrctf) Ly
f » T-S System

UFTC o
FTC
Controller
SERE
‘—
Observer

<&
<

Fig. 1. Fault tolerant control scheme

The following observer is adopted to estimate both
faults and system states as:

= Z::] m (Al.)?f + Bsat(u+ ]}u @)+ Liey)

the rest of this paper: y=Cx @)
Lemma 1 [2]: Let consider two matrices X and Y 5 r .
and a scalar ¢ such that the following inequality is 1.=T zi:l uF; (ey +5ey)
verified: .
T T T 1yT e, =y=-y
XY+Y X<oX X+0 V'Y, 0>0. 3)
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where j} eR" is the estimated state; fu(t) is the

estimated fault; L;, 7, F; and ¢ are the observer gains to be
determined.
The proposed FTC control law is given by:

Upe == K 3= 1,()5 ®)
Vire = - ;:1 wHx ©)

where K;, H; are the mxn gains matrices to be determined.
In this work, the saturation function can be written
as polytopic representation defined by:

Sat(”‘*’fu )=E, (UFTC +f;1(t))+ _asVFTC (10)

with:
E,=Y" aE,;: (11)
E, = 2:1 a,E, - (12)

Using (10), the system (1) will be:
X =3 ﬂi(Aix+Bi[Eas(UFTc +u (t))+EasVFTC:|)+d(t) (13)

Using (8), (9) one can obtain:
(Ai—Bi(EasKﬁEasHi))x

i Z;ZI 4 - +d(t) (14)
+Bl-(EaSK,'+EagHi )ex +BiEger
with:
e =f,~F (1o

Theorem 1. The system that generate state error e,,
and fault error e is stable and asymptotically converge to
zero and achieve a disturbance rejection level y > 0 if

there exist a symmetric positive definite matrix X,
matrices L;, K;, Z, T, F; and scalars &, oy; ... o3,
solutions of the following LMI constraints:
_ _ min Vs
X,LI,K,,ZJ,T,I'"‘-,()',U“,.”J;,
—2 j
u; z . .
P T x0, Viel) 17
)y X
_Dlﬂl * * * * * * * * * ]
D;I D;Z * * * * * * * * *
D:'I DZz D;”s * * * * * * * *
1 T 2
I I _7C —v°I * * * * * * *
T M
o <05(18)
X 0 0 0 I * * * * * *
0 X 0 0 0 o o x ok x s
0 I 0 0 0 0 o0 * * * +
0 X 0 0 0 0 0 o * x %
1
0 0 —FC4 0O 0 0 0 0 o1 * *
5
1 -1
0 0 —FEC 0 0 0 0 0 0 oyl *
s
Lo o FC 0 0 0o o0 0 0 0 o37]
with:
” 72 ol .
D\ =H (4X -BE, K, _BiEm-Zj)’
n _ T T Ty T T.
D21 _(Ki Ezz.x' +Zj Em- )Bi ’
" o_ TpT-.
D3l - Ea.v Bi 4
" o_ T 7 7T _ TN - 19
Dzz_AiX"')Q’i _Li_Li =H (AiX_Li)’ ( )
"o TpT-.
D32 - Em‘ Bi ’

Dl —-H (%F,.CB.E ).

i~as

The controller gains are obtained by K; = I?, X
H; = Z:X' and the observer gains are derived by
Li=L;-(Cx)".

Proof: let X = (P,/p)' and Z; = H;X the inequality
(6) can be written as:

LZZX—(Z,:j )T Z,:/ >0, (20)
where z/ is the i row of the matrix Z; and by Schur
complement, inequality (20) can be written as (17).

The goal is to determine the unknowns’ parameters

of the controller L, T, F; and 6. Let us choose the
following Lyapunov function:

h

e2y)

1
V=x"Px+ePe, +—efTT’lef >0
T
where P, is the symmetric positive definite matrix.
The derivative of V" with respect to time ¢ is given by:
V=x"BPx+x"Pi+é Pe +ePe, +

1

! 22)
+géfTT’lef +gefTT71éf <0

According to (14)—(16), ¥V becomes:
V=x"¥'Bx+eE B Px+e(K'E,"+
+H'E,")B'Px+d Px+x"P¥Y x+x"EBE, e +

+x'PB(E, K. +E, H)e +x Pd+e ¢ Pe +

+ e‘/vTEMTB[.TPlex + dTPlex + e:Pl(é,eX + e:PlB,.EMe/—i- 23)

1. 1’
+e Pd +—fTT'lef. -— e',TF.Tef. —e,TF.Tef +
x 5 u 5 ¥ i y i
1 Trp-1 1 T - T
+gefT f, —EefFiey —e Fe,
with:
W, =4-B(E,K +E,H,); (24)
$p=4-LC. (25)
The dynamic of the state estimation error, output
error and the fault estimation error are calculated by:

¢, = u(de +BE,e,)+d(t);
e =Cé :c( " w(de, +BE, e )+d(t)); @7)

y X i~astf

(26)

éf :<f';l _f;l : (28)
Now, using Lemma 1 and Assumption 1 we can
write:

L7 [ I
gf” T e‘/»+g€fT fH<E€/G€/+ (29)

+ %f;fmax/lmax (TilGilT?l )

Based on the dynamic errors defined by (26)—(28)
and the inequality (29) the time derivative of the
Lyapunov function (23) is rewritten as follows after some
algebraic manipulation using Lemma 1:

s, % % *
5, 5y * * (30)
E,B'P &, Sy * 1<
BB - CE

with:
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5,=Y,R+RY¥Y,+I;
521 = (KITEasT +H1TEasT)BiTP1;
0y = ¢1T1)l +Re;

50 =E, B R-~FCh~FC 31)

523 =hBE

B, - ¢ CE ~CTE
1 TpT AT T 1 1
533 :__TEas Bi C F; __F;CBiEaer_G.
S ) )
Multiplying (30) left and right by diag(X X 1 1),
where Fi_l = X the following inequality is derived:

D]1 * * *
(I?iTEa.\-T +Z/TEa.\-T)B,'T Dzz * *
E'B' X D, x |<032)
1 T T 2
1 1 ——TC F -y
L s i
with:
D, =H (AX-BE,K,-BE,Z)+XIX ;
D,, = AiX+XAiT _Zi _l_’[T =H (AIX_I_‘[);
(33)

D,=E,'B’' —%F,.CA[X +%F[CL,.CX ~FCX 5

i~as

D, =-H (%F,.CB.E )
Applying Lemma 1 the inequality (32) becomes:

D, % %
Dy DL, * : (34)
D, D, Dy ¥l
I 1 —% C'F' —y°
with:
D), =H (4 X -BE,K,-BE,Z)+XIX ;
D, =(K'E, +2Z E,)B;
D, =E,'B';
Dj,=H (AX-LCX)=AX+XA"-L -L"
+ UI[’IXX + Uzl.’ll_,l.ZiT + 031.’1)0( ’ (35)

ro_ TRt .
Dy, =E, B ;

1

, 1 1
D, =-H (EF,,CB.E )+ 0oy, EECAiAiTCTET o

+ 0y S FCCTE 0y FCCTE

Now, applying Schur complement on terms D'y,
D’», and D'33, the theorem 1 is hold.

Simulation results. In order to show the
effectiveness of the proposed FTC approach, a PMSM
non linear model is considered. The nonlinear PMSM
model is given by:

di, .
d_;’:xl = fi(0)+gu,
i (36)
7::)62 zfz(x)"'gz”q
dw, .
P

with:

Si(x) A +a, X)X, )
F(x)=| f,(x) |=]| bx, +b,x,x; + byx, ’
fi(x) X, + ¢, x%x%, + 6%, +¢,C,
g 0 .
G=|0 g ’
0 0

a=—R/L; ; a,=pL, /L,

b=-R/L,; by=-pL,/L, ; by=—pp /L,
a=—f1J; =k /J ; c;=k,/J 5 ¢,=—1/J
g=lL, ; g=l1L,
iy
. dt
£) 19| (A0 (80,
. d
X = d_: = (0 |+ 0 g ( }
X dw, S3(x) 0 0 !
dt
The different parameters values are given in Table 1.
Table 1
PMSM parameters
Parameter Description Value
R Stator resistance, Q 1.4
L, Direct stator inductance, H 0.0066
L, Quadratic stator inductance, H 0.0058
f Coefficient of friction, N-m/rad-s 0.00038
p Number of pole pairs 3
J Moment of inertia, kg-m? 0.00176

Furthermore, to see the effectiveness of the proposed
approach by applying the FTC law with the derived
controller and observer gains, Fig. 2—4 show the estimated

states and real ones obtained with the FTC law.
12
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Fig. 2. Stator current /, and their estimation
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Fig. 3. Stator current /, and their estimation
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Fig. 4. Motor speed and their estimation

It should be highlighted that the proposed FTC design
approach gives promising results while preserving the
stability and guarantee the disturbance rejection. The fault
has been estimated by the observer (5) as illustrated in Fig. 5.

—_—f
— — —fes

faults
7

6 /

o 0.5 1 15 2 25
Fig. 5. Fault and their estimation

Conclusions.

This paper is dedicated to the design of fault tolerant
control strategy for nonlinear systems described by
Takagi-Sugeno models. The systematic procedure is
presented to deal with the faulty actuator and input system
saturation and applied into permanent magnet
synchronous machine. The proposed fault tolerant control
design approach is based on a robust observer to estimate
both the actuator faults and the system states used to
synthesize the controller law. The main advantage of the
proposed approach is to synthesize the control law by
taking into consideration the saturation limits. Using
Lyapunov theory, sufficient conditions are derived by
solving an linear matrix inequalities optimization problem
by taking into account the saturation level. It can be
noticed from the simulation results that the proposed fault
tolerant control strategy is clearly approved on a
permanent magnet synchronous machine model. It is clear
that the values of the speed and currents estimated by the
observers follow correctly the objectives even when
changing the torque at 0.5 s, also estimated faults follow
correctly generated fault between 0.5-1.5 s.

As future works, the proposed approach may be
generalized to Takagi-Sugeno systems with unmeasurable
decision variable and/or subject to sensor saturations.
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