Sliding Mode Observer for Fault Diagnosis:
LPYV and Takagi-Sugeno Model Approaches

Horst Schulte and Florian Poschke

Abstract This chapter investigates recently proposed fault reconstruction methods
by sliding mode observers defined by two different model classes: linear parameter
varying and Takagi—Sugeno models. Both model classes are used to design the sliding
mode observers. They may be considered as a polytopic extension of the canonical
form restricted to uncertain linear time-invariant systems originally introduced by
Edwards and Spurgeon. This approach is best suited for plants which can be thought
of as predominantly linear in the characteristics or for nonlinear plants which can
be modelled well (at least locally) by linear approximations. For highly nonlinear
plants which are operated in a large operating range, a structure restricted to uncer-
tain linear time-invariant systems is not ideal, as the sliding term would then have to
capture both: the nonlinear plant dynamics and the influence of the faults. The chap-
ter describes the observer design for linear parameter varying and Takagi—Sugeno
models, which are illustrated by the means of the inverted pendulum and the wind
turbine benchmark from the literature. Simulation results are shown to demonstrate
the capability of the designed observers.

1 Introduction

In the last decades there has been an explosion of interest in sliding mode observers
(SMOs) for fault detection and isolation (FDI), reconstruction and fault tolerant
control (FTC). The sliding mode concept based on variable structure control algo-
rithms can be used for controllers and observers. It includes a nonlinear switching
term, which establishes and maintains a motion on a so-called sliding surface, where
reduced-order dynamics compared to the normal system appears [25, 26].

For observers the sliding motion on the error between the output of the observer
and the measured plant output ensures that a SMO produces a set of estimated states,
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which are precisely corresponding with the current output of the plant. To achieve and
maintain the sliding mode an injection signal has to be applied. The average value of
this signal, the so-called equivalent injection signal, can be evaluated to yield direct
fault estimates, because it contains useful information about the mismatch between
the control-oriented model used to define the observer and the actual plant. The
fault estimates or rather the reconstruction of the faults can be exploited for fault
tolerant control in the sense that sensor and actuator faults are corrected before the
measurements are used for the controller or rather the control signal acts on the plant.

Originally, the sliding mode method is based on linear time-invariant (LTI) sys-
tems with unknown but bounded terms [4]. An important extension to the sliding
mode observer concept is to introduce a convex combination of LTI systems. The
combination can be parameter varying and/or state varying. The parameter varying
concept was presented in [1] and is based on a class of linear parameter varying (LPV)
systems. In contrast, the state varying sliding mode concept was first proposed in [9],
where the observer is implemented within a Takagi—Sugeno (TS) model structure
to account for system nonlinearities. Both proposed approaches are extensions of
the LTI scheme of sliding mode observer design to a convex combination of LTI
systems, which is a suitable compromise between a full nonlinear design and the LTI
framework.

In this chapter, first, we introduce TS and LPV model structures and describe
them by means of an inverted pendulum and a wind turbine benchmark from the
literature [ 14]. Then, the underlying relations between the model classes are exposed
and discussed by comparing the necessary conditions and efficiency of the design
process. Finally, simulation results of two case studies, the inverted pendulum [3]
and a wind turbine benchmark from the literature [17], are presented to illustrate the
influence of the underlying design model on the quality of the fault reconstruction
and thus the quality of fault compensation.

Notation: Throughout this chapter, the notation || - || will be used to represent the
Euclidean vector norm or its induced matrix norm. The identity and zero matrix
of order n are represented by I, and 0,,. P > 0, (P < 0) means that P is a positive
(negative) definite matrix.

2 Model Structure

2.1 TS Model Structure

Takagi—Sugeno (TS) models provide a uniform framework for controller and ob-
server design of nonlinear systems. Methods based on linear matrix inequalities
(LMIs) using a Lyapunov function allow for a unified design for TS models [24, 27].
Introduced 30 years ago in the context of fuzzy systems [21], TS models are weighted
combinations of linear submodels. These can either be derived from measured data
using offline system identification techniques [20, 21] or from analytical models of
nonlinear systems.
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A general TS model structure is given by

N,
x= > hi() (Aix+Biu),

i=1

N (1)
y= h@®Cx,
i=1

where N, denotes the number of linear state-space submodels, which share the com-
mon state vector X € R”, the input vector u € R™, and the output vector y € R” with
the constant matrices A; € R"*", B; € R and C; € RP*". The functions h;(z),
i €{l,..., N,} are normalised to fulfil the convex sum condition

N,
D h@=1, 0sh@=<1 VY ie{l,....N}. 2)
i=1

The vector z € RV of premise variables may comprise state variables x; € R, inputs
u; € R, and external variables x; € R:z = z(x, u, x). To obtain a Takagi—Sugeno
form and a Takagi—Sugeno (TS) structure of a nonlinear model respectively, and
assuming the mathematical model is given by

x=f(x,u), y=gXx), 3

there are two different methods to derive (1). The first method is based on an ap-
proximation of (3) by local Taylor linearisation of the nonlinear model around N,
stationary points and following fuzzy blending of the linear submodels {A;, B;, C;}
to a weighted sum according to (1) with the normalisation condition (2). The second
method is the so-called sector nonlinearity approach [16, 23], which can be employed
to obtain an exact Takagi—Sugeno model representation of a given nonlinear model
(3).

In the following, we assume that the sector nonlinearity approach is used to
yield a nonlinear system in Takagi—Sugeno’s form. This has the advantage that the
switching term in the sliding mode observer (presented in Sect. 4) must only account
for the disturbances and faults and not for the approximation error caused by local
linearisations and fuzzy blending.

2.2 LPV Model Structure

Linear parameter varying (LPV) descriptions of dynamic systems have been shown
to be a powerful modelling approach for data-dependent systems, where the depen-
dence might be governed by a nonlinear term, cf. [13]. The idea emerged from the
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analysis of gain scheduling techniques and was presented by Shamma in [19]. In
[13], Shamma describes the LPV modelling as a framework, which results in linear
but non-stationary dynamics shown in (4):

x = A(0)x +B(0)u, A

y = C(0)x, @
where x € R” are the system states, u € R” the inputs and y € R? describes the
output of the system. # denotes the exogenous (i.e. state independent) varying para-
meters of the system leading to the non-stationary behaviour. However, this model of
the system can be exploited for the description of nonlinear dynamic systems, where
the nonlinear behaviour can either be induced by an exogenous or an endogenous
(i.e. state-dependent) signal. Stability analysis and observer/controller synthesis have
been addressed in literature, for example in [1, 2, 13]. To the authors’ knowledge,
however, the obtainment of a LPV model from a nonlinear system description is
poorly described in a large quantity of the literature. For this reason, the next section
will provide an approach for the construction of an LPV model out of an analytic
nonlinear system description.

The basic idea of the LPV approach is to bring a nonlinear function z or an
exogenous signal under the exploitation of the knowledge of the range bounds of
functions values 7 = sup{z} and z = inf{z} into a certain structure. Consider the
nonlinear function z, which is unknown but bounded, described by

z=ci+0cy, )

where —1 < 6 < 1 holds and cj, ¢, are constant values depending on the upper z
and lower z bound of z. By the choice of ¢; =z + 5%, c; = 4% and 6 = Z_ijA;/z

with the definition of Az = 7 — z the aforementioned conditions are fulfilled and it
can be easily verified that

+Az+z—g—Az/2 Az
£ Az/2 2
—_ —_——- =

=i =0 =2

= z. (6)

Since —1 < 6 < 1 holds, a convex form is achieved. Consider a nonlinear system of
the form
X = A(z)x + Bu,
(7
y = Cx,
where z can either be an exogenous signal/function or an endogenous nonlinear
function depending on a state of the system. Let A be defined by

A(7) = |:6111 +z 1112:| ‘

any an
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Then, according to the scheme described before, the system can be described in the
LPV structure

ajpte+0c ap 0
A(Z) = —_— _ |au +c ap 9 | €2
< ax  ap 00
as; an
—Ag+0A =A®). (8)

If nonlinear functions or exogenous signals appear in B or C, the way for achieving a
LPV description can be applied analogously. Since the formulation leads to a convex
combination of matrices, this can be exploited in the synthesis of controllers or
observers accordingly.

3 Case Studies: Modelling

3.1 Case Study I: Inverted Pendulum

3.1.1 Physical Model

The inverted pendulum benchmark, in particular the cart version illustrated in Fig. 1,
has been considered in many references to solve the problem of designing controllers
around the unstable operating point or as a nonlinear control problem in the full
operating range of @ € [0, ) [12]. In this chapter, we use the latter case to be able
to use advantageously the LPV and TS sliding mode observer approach.

The cart with inverted pendulum consists of a moveable carriage with one degree
of freedom on which a pendulum is mounted and freely rotatable in driving direction
(Fig. 1). The carriage is driven by a motor that exerts a force F through a belt-drive
transmission. The main control objective is to swing up the pendulum from the stable
equilibrium to the unstable equilibrium, and then balance the pendulum at the upright
position, and further move the cart to a specified position along the track.

The process can be described by the state-space model

e
g sin(@)—mla ©? cos(O) sin(@) —a cos(O) (u—Ff) _dm©

nl
. 21 —mla cos?(O)
%= ¢ ©)

2a (ml &2 sin(@))—% m g cos(®) sin(®) +u—F/+§ cos(®) dyy (-))

2 —ma cos?(®)

with the state vector x = [ O 6 x )'C]T, where a = 1/(m + M), F denotes the
unknown but bounded friction force between the cart and the track and g denotes the
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Fig. 1 Cart with inverted m
pendulum

M E— X

P Ty sy

L

gravitational acceleration. The external force F is the input # := F and is limited
to |F| < Fmax. The angular position of pendulum @, the linear displacement x, and
the speed of the cart x are the outputs of this system. The parameters and variables
of the inverted pendulum on the cart are recorded in Table 1.

3.1.2 TS Model

In order to prepare for the observer design, a TS model is derived using the sector
nonlinearity approach [22]. First, we rewrite (9) in the form

Table 1 Variables and parameters of cart with inverted pendulum

Symbol | Description Value Unit
® Angular position of the pendulum - rad
X Linear displacement of the cart - m

u Input: external force on the cart - N

m Point mass of the pendulum 0.356 kg
M Mass of the cart 4.8 kg

/ Distance from the joint to the mass point m 0.56 m
duy Viscous friction of the joint 0.035 Nms/rad
F. Coulomb friction coefficient 4.9 N

g Gravitational constant 9.81 m/s?
L Total length of rail 2 m
Finax Maximum input value (actuator saturation) 120 N
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0 1 00 0
. fihG—mafify -2 00 S fifal
X 0 0 01 X+ 0 (u Ff). (10)
ma fi L —g fa) ad,Mf fifs00 2a fi
—_—
A®X) B(x)
The scalar-valued nonlinear functions f;, j € {1, ..., N;} in (10) are given by
Y2 Y L L
X = s X = ’
BT Y T ma cos?(xy) 2 Xy (11)
f3(0) = x3, fa(x1) = cos(xy),

where N; = 4 denotes the number of nonlinearities. For the transition to the TS model
structure (1), these functions are written in a different form. Let f . and f; denote the

minimum and maximum values of each function f;. The following identities hold:

fi ) = wi (x) £+ wip (x1) L Jeil2 4

— (12)
f3(2) = w3 () f3 +wnlx) fr, j=3,
where the weighting functions w j, k = 1, 2, are given by
i) —f. o
Wi () = DT ey = LI
fj _ij f; _ij
frx) = f fi—f3(x2) (1
w (x):=_—_3, w (x):=3__—32, Jj =23,
31 (X2 e 1, 32 (X2 a1

which satisfy the property w;j; + wj, = 1. From this property and by defining the
sum of the membership functions as the product of the convex sums of weighting
functions w j;, we obtain the definition

N, Ny=4
Z hi(z) := (Wj] + sz), (14)
i=1

j=1

~
Il

where it directly follows that Z,N: , hi(z) = 1,i.e.the convex sum condition (2) holds.
In order to replace the nonlinear functions f; in (10) by (12) these are multiplied
first by an appropriate choice of the convex sum

i) = winfy+waf)[](wn+wa). iefl.2.3.4. (15)
' gy 3
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Using this formulation of f;, the nonlinearities have been shifted to the membership
functions, which are described in this case study by

hi(xp, x2) = wir(xq) war(x1) wsi(x2) war(xy)
hy(x1, x2) = wia(x1) war(x1) war(x2) war(x1)
h3(x1, x2) = wir(x1) wa(x1) wai(x2) way(xy)

ha(x1, x2) = win(x1) wa(x1) wai(x2) wa(xy) (16)

his(x1, X2) = wia(x1) war(x1) w3 (x2) waa(xy).

All other constant matrix entries of (10) are multiplied by ZlNz’l h;(z) = 1, such that
A(x) and B(x) can be written as a weighted sum of N, = 16 matrices with constant
coefficients according to

N, N
A =D h@A, Bx=> h@B, (17)
i=1 i=1

T . .
where z = [ x1, x2] . Thus, the matrices of the first submodel i = 1 are

0 1 00 0
A _| HhG-mafsfy  =SEF 00| o | =47 T
: 0 0o o1l ™ 0
mafifrQlfs—gfy) ad,Mfflf4()0 2af,

The state-space model (9) can thus be transformed into the TS form (1)

N,=16
g ; hi(@) (A x +B; (u — Fy)), (18)

Note that the friction force Fj is here considered as an additional unknown input.

3.1.3 LPV Model

Consider the nonlinear model of the inverted pendulum presented in Sect. 3.1.1. The
nonlinear model can be described by
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0 1 00 0
8 dyy a
. 7a—mazy; —5%z300 —724 _
x= o F e R I S K R L)
2mlazs — magze @14 00 2az;

where the nonlinear functions of the model are substitutions using (11) z; = f f>,
2= fifafsfs, 3= f1, 24 = fifs, 25 = f12f3, and z6 = f1 f2 f4. Based on the
knowledge of the individual bounds of the nonlinear functions f;, the individual
bounds of the nonlinear functions z; = c;; + 6;¢,; can be obtained, cf. Table 2. Using
the pattern described in Sect.2.2 and especially the separation of constant matrices
and parameter varying components as shown in (8), the LPV model of the inverted
pendulum can be described in the form

%= (AO Ly 9,-Ai) X + (Bo Ly 9,-B,-) " (20)

i=1 i=3

with, for example,

0 1 00 0
g duy g
_ scyp —macyy;  —oxc13 00 _ Fc21 043
AO = 0 0 01 and A1(91) = 91 0
2mlacis — magcig @cm 00 0

The sliding mode observer design for the inverted pendulum based on the LPV
problem description—contrary to the TS model—requires a model approximation
because of the structure of the fault distribution matrix F(#), which is introduced
later in Sect. 4. As proposed by Alwi and Edwards in [1], the distribution matrix can
be factorised into

Table 2 Lower and upper bounds of the inverted pendulum

Function Calculation Upper bound ?i L, Zi Lower bound L )%
N 1/(2 —macos(©)?) | 1/(2 — ma) 1/2

2 sin(®)/© 1 —-0.22

f3 62 367 0

fa cos(®) 1 1

21 fifs fif2 hf,

2 ffafzfs Fifafsfs Fifafsf,
23 fi i f

74 Sifa Fifs fif,

z5 fifafs fifaf3 ?15?3

26 fifafa Fifafa fifaf,
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F@) =HE(@®), 21

where H € R"*? is fixed and a virtual fault is introduced by f, = E(6)f. E € R7*¢
varies dependent on the nonlinear terms and is assumed to be invertible. Thus, from
the knowledge of f,, f can be calculated by f = E(#)~'f,. Anyhow, in case of the
inverted pendulum the distribution matrix F(z3, z4) = [O 7240 —2az3]T =F(@)
cannot be factorised due to the fact that two nonlinear functions are included in one
vector. A possible solution to this problem is the allocation of the distribution vector
into a matrix

0 0
. 0 ¢
Fez)=| o ! 54 , (22)
—2azz 0

where the presented factorisation can be accomplished by the matrix E(z3, z4) =

|:ZO3 ZO i| , leading to a new distribution matrix H for the virtual fault f, = E(z3, z4) [;F ]
4 F

H= (23)

S O—Ir O

0
0
0
-2

a

This factorisation violates the necessary assumption from Sect.4 rank(H) = g =
rank(C H) in the design process. For this reason, a model approximation has to be
deployed to the LPV model of the inverted pendulum. The new distribution matrix
is set to F(23)ap. = [O 00 —2az3]T = F(03). Then, the factorisation can be applied
using E(63) = E(z3) = z3, the virtual fault f, = E(z3) fr and the distribution matrix
for the virtual fault

H,, = , (24)
—2a
which is used during the observer design. The observer reconstructs the virtual fault

fv. From this reconstruction, the estimated occurring fault f =E(z3)7! fv can be
calculated.

3.2 Case Study I1: Wind Turbine

3.2.1 Physical Model

In the second case study, we use a wind turbine benchmark model presented in
[14], which describes a generic pitch-controlled three-blade horizontal variable-
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speed wind turbine with a rated power of P = 4.8 MW. The original purpose of
this benchmark was to provide a model on which researchers, who are working in
the field of fault diagnosis and fault tolerant control, can compare different FDI/FTC
methods to a wind turbine.

The model consists of four submodels: The mechanical submodel, which is re-
duced to the drive train dynamics, the aerodynamics, the pitch actuators and the
generator-converter dynamics. The coupling of these submodels is illustrated in
Fig.2. The mechanical submodel with two degrees of freedom (rotor and genera-
tor rotation) is described by the motion equation

B
Jyiy =T, — Kgy 0, — (Bay + Bw, + — g,
N
Nar Kas Nar Bas Ndr Bar 25)
e o — W + By, — Ty,
where 6, denotes the shaft torsion angle with the angular velocity ©@; = w, — NLa)g.

For sake of clarity, all parameters and system variables are summarised in Table 3.
The aerodynamic submodel comprises the expression for the rotor torque 7,. This
torque depends on the aero map C for the torque coefficient [5]

1 3
I,=spn R

1 3
5 V3 > Cor. Bi). (26)

i=1

&’

Blade e o e e e e e e e meeooo--
(’Or
]—‘é‘v acro- Tr ®
Hub Nacelle dyna- mechanics r

mics

J Tower
Tea Tg
7. e e 727 '

Fig. 2 Schematic side-view and submodels of the complete wind turbine benchmark model with
the respective inputs and outputs
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Table 3 Variables and parameters of the wind turbine benchmark

H. Schulte and F. Poschke

Symbol | Description Value Unit

T, Applied generator torque - Nm

T Demanded generator torque - Nm

T, Aerodynamic rotor torque - Nm

v Wind speed - m/s

Bi Pitch angle of blade i =1, 2,3 - rad

Bia Demanded pitch angle of blade i = 1,2, 3 - rad

A Tip speed ratio - -

g Generator angular velocity (generator speed) - rad/s

Wy Rotor angular velocity (rotor speed) - rad/s

0 Generator rotational angle - rad

0, Rotor rotational angle - rad

Os Shaft torsion angle - rad

By, Torsional damping coefficient of the drive train 775.49 Nms/rad

B, Viscous friction of the high speed shaft 45.6 Nms/rad

B, Viscous friction of the low speed shaft 7.11 Nms/rad

Co Aerodynamic rotor torque coefficient - =

Jg Generator inertia 390 kgm?

Jr Rotor inertia 55 x 10® | kgm?

Ky Torsional stiffness of the drive train 2.7 x 10° | Nm/rad

N, Gearbox ratio 95 -

R Rotor radius 57.5 m

Ndt Efficiency of the drive train 0.97 -

o Air density 1.225 kg/m?

g Delay time constant for generator-converter dynamics 0.02 s

Wy Natural frequency parameter for second-order pitch 11.11 rad/s
dynamics

¢ Damping constant for second-order pitch dynamics 0.6 -

where p denotes the air density, R is the rotor radius, v is the average wind speed at the
rotor, B; describes the individual pitch angle of blade i € {1,2,3} and A = w, R/v
characterises the tip speed ratio.

In pitch-controlled wind turbines, the pitch angles of the blades are altered in
the full load region to keep the wind turbine at the desired nominal rotor speed by
reducing the aerodynamic rotor torque. The blade pitch system with three single
pitch drives is modelled by the second-order delay systems [14]

Bi +2¢w, fi + @ Bi = @ Bias

27)
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where B; and B; ; denote the actual and demanded pitch angles of blade i. To take
the generator-converter dynamics into account, and for the purpose of actuator fault
detection, a first-order delay model is used in [14]

T, = 1T+1
8§ ‘L'gg Tg

g.d>» (28)

where T, and T, 4 denote the applied and demanded generator torque.

3.2.2 TS Model
As in the first case study (inverted pendulum), a TS model is derived using the sector

nonlinearity approach [22]. Equations (25)—(28) are combined to a state-space model
with the state and input vector

x=[w wg 0 Ty B1 B1 B2 B2 Bs Bs ]T, u=|[Tou Bia Boa B ]T

and rewritten in the form

03><4
3 L0 00
Aq(x1, V) 042 0452 0452 0 > 00
> X A X X
i— | O 2 0000 |0 0 02 0|, (29)
0204 0202 Asz 0250 0 0 w 0
0254 022 020 Ay 0 0 0O
- 0 0 0
() 0 0 0 0]
B
with
Aty ~Eau o
Ndr Bar  _ (1ar Bar | B\ narKar _ 1
A, vy =| Nele ( N + fé’) Ngldg Je | Ajj = [_2 o _wﬂ
1 - 0 0 1 0
¢ 1
0 0 %

for j € {2, 3, 4}. The scalar-valued nonlinear function f; is given by
1 11 _
Si(x,v) = _T(Bdt + Br) + A T, (AM(x1,v),v), xi€lx;, x1], (30)

where x; > 0 and X; denote the lower and upper bounds of the rotor speed in the
wind turbine operating range. For the transition to the TS model structure (1) these
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functions are written in a different form. Let f . and f, denote the minimum and
maximum values of the function f;. The identity

firxw) = wi v fi 4w () £ 31)
holds, where the weighting functions wyy, k € {1, 2}, are given by

wi (x1,v) = M wip (x1,v) = M (32)

=1, fr— 1,

Using this formulation (31), the nonlinearity has been shifted to the membership
functions, which in this second case study are described by

hi(x,v) =wilx,v),  ha(x,v) = wi(xg, v). (33)

All other constant matrix entries of (29) are multiplied by Z,N=1 hi(xy,v) =1, such
that A(x, v) = A(z) can be written as a weighted sum of N, = 2 matrices with
constant coefficient:

N,=2

AR =D hi)A;,

where z = fj(x1, v). The state-space model (29) can thus be transformed into the
TS form (1)

N,=2
x= > hi(2) (Aix+Bu). (34)

i=l1

3.2.3 LPV Model

Consider the nonlinear system of the wind turbine benchmark, where the nonlinear
function z = T, /x is integrated into the system matrix A as follows:

_BytB, | T,
+ ap  ass 01x7i| ’ (35)

A(.X], Tr) = [ Jy xiJy

(n-1)xn

where a2, a13 and A-1yxn, n = 10 canbe found in the descriptions in Sect. 3.2.2. Just
as described in Sect. 2.2, the nonlinear functlon -~ can be represented by an affine term
6 and two constants resulting in a linear flll’lCthl’l by the use of its bounds. Note that
this model is valid for the operation range of the wind turbine, where it is assumed that

ms

x1 > 0. The bounds of the nonlinear function f—l are7 = sup{z} = 1.5458 x 10'° %

and z = inf{z} = —3.8538 x 10'! X% 'which are obtained from the information of
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the operating range of the wind turbine and the knowledge of the specific torque
coefficients of the benchmark model presented in [15]. Based on these bounds, the
description of the dynamics of the wind turbine can be altered to a LPV model of
the form

By +B, c (%)
% — (|:——’Jr +J—1 ap  aps 01x7]+9|:,—,_ 0159 ])X—I—Bu

A(n—l)xn 0(n-1)><n
A®6)
=AB)x+Bu, y=Cx, (36)
where the coefficients are again defined as ¢; = z + %, = AT and 0 = Z7222Z/2

4 Fault Reconstruction by Sliding Mode Observation

4.1 System Description and Canonical Form

We consider two different norm-bounded uncertain model structures: The first is
based on the previously introduced TS model (1)

N,
X = Z hi(z) (Aix +B;u+F,f,),
i=1

37
y =Cx,

where F; € R"*“ denotes the fault distribution matrix and the faults are presented by
f, € R%. The common C in (37) is only a small restriction, since many applications
[7, 12, 18] comprise outputs that are linear in the system states. The second exploits
the LPV modelling techniques based on the introduced structure (4)

i = A(a) X + B(a) u + F(o)fas

——

HE®), (38)
y =Cx,

where f, = E(0)f, denotes the virtual fault vector with the special form of the dis-
tribution matrix (cf. Sect. 3.1.3). Note that the special form of the distribution matrix
and the virtual fault is only needed if the original distribution matrix depends on an
affine term 6;. This is due to the transformations discussed in the following part of
this discourse. Otherwise, this allocation can be ignored.
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For the observer design, three existence conditions have to be fulfilled [4, 9, 10]:

e Condition 1: The faults presented in (37) and (38) are unknown but norm bounded
by known positive constants &, € R? which satisfy ||[f,(¢)|| < &,. Moreover,
the system states and inputs are assumed to be bounded.

e Condition 2:

— TS (37): Let g; = g Vi be defined as the number of columns of F;. Then the
condition ¢ = rank(CF;) = rank(F;) must be fulfilled and it must hold that
p > q, where p is the number of measurable system states.

— LPV (38): Let g be defined as the number of columns of H. Then the condition
q = rank(C H) = rank(H) must be fulfilled and it must hold that p > g, where
p is the number of measurable system states.

e Condition 3:

— TS (37): All invariant zeros of (A;, F;, C) must lie in C_, which denotes the
open left half of the complex plane.
— LPV (38): All invariant zeros of (A(#), H, C) must lie in C_.

The design of a sliding mode observer for fault reconstruction that is applicable
for the classes of TS systems (37) or LPV systems (38) is carried out in a special
canonical form. With a series of transformations T; for each TS submodel

T, =T.; Tp; T, (39)
or for the LPV model with the common distribution matrix H
T=T,T, T, (40)

the TS respectively LPV system is brought into a structure where, first, the last p
states of the systems are the outputs y and, second, the faults f, only act on the mea-
surable system states (for further details such as the description of the transformation
matrices (39) and (40) and proofs see [4, 6, 9]).

The TS model in canonical form is described by

N,
X| = Zhi(z) (@ixi + &y +Biiu),

i=1

41
N,
y= Zhi(l)(dzl,ixl + 0y +PBriu+ F, ),

i=1

with the non-measurable states x; € R~ and the measurable states y € R”. The
transformed system matrices in (41) have the following block structures:
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A A T
—1 11, 12, _ _ T T
di = Ti Ai Ti = [ ,21’; ,22::| , '@i = Tl‘ Bi = [‘@1,1' '@2,1'] ,
T T T
Fi=T,F=[" Z1].

The LPV model in canonical form is described by

X =110)x; + L 120)y +%B1(0) u

42
Yy=250) x| +2»0)y+ B,0)u+ HA,, 42

with the non-measurable x; € R"”~?) and the measurable states y € R”. The trans-
formed system matrices in (41) have the following block structures:

211(0) 212(0)

_ -1 _
4O =TAOT = [dmo) o 2(0)

], 20)=TB0) = [#]0) B10)] .

# =TH=0" %}]T.

4.2 Sliding Mode Observation

TS Sliding Mode Observation

The TS sliding mode (TS SM) observer for the system (41) in transformed form is
given by

N,
Z (@) (D% + A0+ Briu— A e,

(43)
hi (@) (F2i% + 0§+ Briv — (Fni —d3)e, + ),

1

>
I
,_2 i

wheree, = y — y denotes the error vector and &%, is acommon stable design matrix.
An obvious choice for &%, is a diagonal matrix, where the elements are the desired
eigenvalues of the output error dynamics. Using the inverse transformation Tl._l, the
TS sliding mode observer can be obtained in the coordinates x of the original model
(37)

N,
§=Zh(z)Ax+Bu—Gl,e‘+Gn,v) (44)

with the observer gains
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_ oAy 1 [0¢=
Gl,i =T 1 |: 12,i , Gn,i — Ti 1 (nIp)xp )
P

LPV Sliding Mode Observation

The LPV sliding mode (LPV SM) observer for the system (42) in transformed form
is given by

X1 =10k + A 120)F+ B1(0)u— o 1,0)e,,

. (45)
Yy=2n0)X] + H»0)y+ PB.0)u — (dzz(o) —42{32) e, + v.

Using the inverse transformation T-!, the LPV sliding mode observer can be obtained
in the coordinates x of the original model (38)

X=A@)X+B@)u—G@0) e, +G,v (46)

with the observer gains

_ -1 f'Q{l2(0) _ -1 0(}1—p)><pi|
S P N el i

The discontinuous term v is necessary for both observer structures in (43), (44) or
(45), (46) to establish and maintain a sliding motion. The sliding motion is given by

P2 €y
” Pse,

v =—p if e, #0, (C))

where p is a gain factor and P, is the symmetric, positive definite solution of the
Lyapunov equation

P, o, + ﬂizT P, = —Qy, (48)

where Q; is a symmetric positive definite design matrix. Note that the discontinuous
term v in (47) is undefined in the case of e, = 0 [6]. Once the sliding surface

S =le() eR":=F [e[e]]" =0} (49)
——
with € =CT,' =[0,x0—p I, ] (50)

is reached at the time ¢t = #,, the TS SM observer attempts to maintain the sliding
motion on the surface .#.

Actuator Fault Reconstruction by TS SM Observation

For the actuator fault reconstruction we consider first the TS model (41) and the TS
SM observer (43) in canonical form. The derivatives of the error of non-measurable
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and measurable states are ¢ = §1 — X, ¢ = 51 — y and substituting (41) and (43) it
can be verified that

N,
é = Z hi(@)l 11 € (51

i=1

and

N,
é, = Z hi(@) (2o e1 + D5 e, +v—Foif,). (52)

i=1

Assume the TS SM observer has been designed and a sliding motion has been es-
tablished from ¢ > ¢,. This means that e, = 0, &, = 0. In this case the error equation
(52) is simplified to

N,
0= hi@(@a;ei+vey—Faifa) (53)

i=1

and the discontinuous term v is replaced by the so-called equivalent output injection
signal [4]

Veg = Vs(t = 1), (54
where vs denotes an approximation of (47) by introducing a small positive scalar &

P2 €y

AT Y

Vs

It should be noted that the value of § should be chosen as small as possible, because
it influences the quality of the fault reconstruction [6]. Thus, the equivalent output
injection signal is given by rearranging Eq. (53) according to

N,
Veg = z hi(z) (‘?2,1' f, — dzl,i el)‘ (56)

i=1

Substituting the steady-state solution of (51) into (56), we get the relation

N, +
f, = [Z hi(z) 92,,} Veg, (57)

i=I
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where (-)* denotes the pseudo-inverse of the convex combination of the matrices
&,.;. Note that the pseudo-inverse of the convex combination of matrices exists if
the full rank characterization is satisfied by the theorem proposed in [11].

Actuator Fault Reconstruction by LPV SM Observation

Equal to the TS approach, the error equations are defined by €; = 2 1,(0)e; and
€, = § — ¥. On the sliding surface it simplifies to

éy:0:.d21(0)e1+veq—9f2fv. (58)

Substituting the steady-state solution of €; into (58), which is stable by the design of
the transformation matrix T (cf. Sect. 6), leads to

f, = [4:]" vy (59)

5 Simulation Results for the Case Studies

After the canonical form of the observer and the existence conditions have been
shown, the main focus is directed on the degrees of freedom in the design process
having a direct impact on the reachability of the sliding surface. This is a necessary
assumption in the reconstruction of the faults. Furthermore, the quality of the fault
reconstruction directly depends on the chosen parameters. The design process can be
considered as an iterative procedure [8] using the simulation environment including
the nonlinear model and the constructed observer. Note that the simulation itself in-
fluences the quality of the reconstruction through parameters like the chosen solver,
the fundamental sample time and effects like chattering. The following descriptions
of the design process are based on the experiences of the authors and sketch a pos-
sible way of achieving a well-operating observer. Anyhow, there might be different
approaches, which work as well.

The design matrix &3, (cf. (48)) plays an important role in the design process,
since it governs the output error dynamics. One way to evaluate the influence of
&%, in the simulation is to operate the designed observer in the form similar to the
Luenberger observer without the switching term

=

X hi(z) [A%k +Bu—Gpe;], §=Ck,  resp.

1

(60)

i

X =A% +B@)u — G;(B)e;, §=CK

until the desired behaviour of the downgraded observer is achieved. Based on the
designed Luenberger-like observer and after enabling the switching term again, the
parameters p and § for the equivalent output injection signal can be acquired. As a
first step, § can be chosen as a small scalar (cf. Tables4 and 5) and creates an area
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Table 4 Design parameters for case study I

233

Parameter Value TS Value LPV

5, —10 diag(1, 1, 1) —10 diag(1, 1, 1)
Q2 diag(1, 1, 1) diag(1, 1, 1)

P 1000 1000

8 10-13 10-13

Resulting matrices from the design process

P, 0.05 diag(1, 1, 1) 0.05 diag(1, 1, 1)
[13.09 0 0 (205 0 0
G 3444 0 0 108.4 0 0
0 10 1 0 101
| 138 0 9.99 | 28 010
(100 1 00
G, 3100 10500
010 0 10
L0 01 L0 01

around the sliding surface, which reduces effects like chattering. As an indication
of the magnitude of the gain matrix p, the proof of the stability of é through the
Lyapunov function, presented for example in [8] for TS and in [1] for the LPV case,
can be utilised. Therefore, the maximum values of the errors, matrices, faults and
uncertainties have to be estimated. Afterwards, the magnitude of p can be altered
iteratively until the desired results are achieved. In case of the wind turbine observer, a
matrix p was used instead of a scalar, which takes account of the different magnitudes
of the outputs of the wind turbine. Especially for multiple faults to detect, the use of a
matrix can lead to an improvement of the performance. This allows a higher degree of
freedom in the design process, but increases the complexity of finding a combination
of entries in p, which leads to a good reconstruction accuracy. The entries in p have
to be well matched for a good reconstruction accuracy. To integrate the extended
switching term with p as a matrix, a weighting matrix W is introduced into the
switching term. The entries of W contain the reciprocal values of the maximum
estimated faults of the outputs and lead to a normalisation [6]. Note that the iterative
alteration of p (or p) does not depend on one specific fault, but rather on the accuracy
of the reconstruction over a range of faults is used as a criterion. A well-working
combination of parameters for the case studies is shown in Tables4 and 5. They
represent a possible solution for the fault reconstruction; however, other parameter
sets might lead to a good reconstruction of faults as well. In case study I the ODE3
Simulink® solver with a fixed sample time of 0.001 s was used. Case study II was
calculated by an ODE4 Simulink® solver with a fixed sample time of 0.001 s.
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Table 5 Design parameters for case study II
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Para. | Value TS Value LPV

o5, | —100 diag(1,1,1,1, 1, 1) —100 diag(1, 1,1, 1,1, 1)

Qy | diag(l,1,1,1,1,1) diag(1, 1,1, 1,1, 1)

] diag(1.2e3, 75e3, le7, le4, led, led) diag(1.2e3, 75e3, le7, le4, led, led)
w diag(1/1.4, 1/20, 1/4000, 1/5, 1/5, 1/5) diag(1/1.4, 1/20, 1/4000, 1/5, 1/5, 1/5)

8

0.005

0.005

Resulting matrices from the design process

Py 0.005 diag(1,1, 1,1, 1, 1) 0.005 diag(1,1,1,1,1, 1)
[—3.26e3 —0.0073 0 ]
—10.5 1104 —0.0026 0453
0.99  0.0043 0
0 0 50
G I = Gy = 1/ Vi)
100 0 0
0 —1234 0
063 0 100 0
0 0 —1234
L 0 0 100 |
1 0 0 1 0o 0 ]
0 1 0 0 1 0
—0.0001 0.0001 0 04,3 —0.0001 0.0001 0 04x3
0 0 1 0 0 1
Gn 0 0 0 0 0 0
1 0 0 1 0 0
06x3 0 0 O 06x3 0 0 O
0 1 0 0 1 0
0 0 0 0 0 O
L 0 0 1 L 0 0 1]

Note that the observer matrix G; depends on either the membership functions £;
or the affine term 6,. The matrices shown in Tables 4 and 5 are based on the operating
point, where h; = 1/N, Vi and 6; = 0 Vi, and give an idea of the structure of G;.

5.1 Simulation Results for Case Study I

Figure 3 shows the reconstructed fault fp by the LPV sliding mode observer based
on the approximated model compared to the real occurring fault fr. In Fig.4 the
reconstructed fault f r of the TS sliding mode observer compared to the real occurring
fault fr is plotted. Both designed observers show a good accuracy of reconstruction.
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Fig. 3 Reconstructed fault f r by the LPV SM observer of the inverted pendulum benchmark
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Fig. 4 Reconstructed fault f r by the TS SM observer of the inverted pendulum benchmark

5.2 Simulation Results for Case Study I1

The benchmark model of the wind turbine by Odgaard et al., presented in [15], was
created for the evaluation of FDI and FTC methods. For this reason, fault scenarios
are implemented in the MATLAB model of the wind turbine. As an example, Fault
8 (cf. [15]), which results in an offset of f, = 100 Nm on 7, and is active from
3800s <t < 3900s, was chosen to give an impression of the performance of the
designed sliding mode observer. The observers based on the TS and on the LPV
model were simulated in parallel to the nonlinear benchmark model of the wind
turbine with the faults included. From ¢ = 3800 s to t = 3900 s an offset of 100 Nm
on the generator torque 7, occurred. The benchmark provides additional noise to
the output of the model, which leads to a fluctuation in the fault-free and fault-
afflicted reconstruction signal, cf. Figs.5 and 6. The reconstructed signals of the
faults are based on the signals of the noisy benchmark. This is handled by the use
of a filter with a transfer function H(s) = %%, which is applied to the
noisy reconstructed signals. The plots in Figs. 5 and 6 show the filtered reconstructed
signals. Note that, for example in the moment of occurrence of the fault, the fault
to the nominal torque magnitude ratio is approx. f,/T, = 0.8 %. The sensor noise
itself can reach magnitudes of 30 Nm, which makes it harder for the used observers to
reconstruct the induced fault. Anyhow, the observers for the LPV and TS model show
an identical accuracy of reconstruction of approx. 95 %. This result is not surprising,
since the LPV and TS models are an exact representation of the nonlinear model and,
as shown in Table 5, the design leads to exactly the same sliding mode observer.
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Fig. 5 Reconstructed fault f, by the TS SMO of the wind turbine benchmark
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Fig. 6 Reconstructed fault f, by the LPV SMO of the wind turbine benchmark

6 Stability of TS and LPV Systems: A Comparison

Consider the autonomous system in the LPV description as it was introduced in
Sect.2.2
x=A()x. (61)

As described by Shamma in [13], the system is quadratically stable if there exists a
symmetric, positive definite solution P of

PA@)+A®B)'P < 0 (62)

for all possible trajectories €. This condition is based on the exploitation of the
characteristics of the Lyapunov function V = x"Px, which ensures quadratic sta-
bility. Since the LPV and TS system descriptions lead to a convex formulation, this
approach can be handled by the use of linear matrix inequalities (LMI). When com-
paring LPV and TS models the way they are introduced in this discourse (cf. Sect. 2),
it is possible to show that, with the same nonlinear functions, the LMI constraints
become the same. Consider the system matrix in (61), where the structure can be
arranged to

A9) = A0|§_+% +A1(01) + Ax(02) + - + Ay, (0n)). (63)

This model has n; nonlinearities (f € R™). Note that due to lack of space in the fol-
lowing considerations Ao}Z 2z defines Ay 4z, . Since the prob-
=i 2 2

Az az
2 +5t 2+ 5%, 2, +
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lem was formulated as in Eq. (5), itholds that§; € [—1, 1] Vi. Because this is a convex
problem formulation, the LMI constraints are governed by the bounds of each 6;.
Therefore, there are N, = 2" possible combinations. Setting the matrices according
to the possible combinations leads to

A= A0|§+% +AG =D +AG=1)+--F+A,06, =1)

A= Aol ou +AIG =1+ MO = D)+ Ay 0 = =)
) (64)

Ay, = A FA G =—D+ A0 =—1) 4+ A, 0, =—1).

Az
z+5"

From the definition of the LPV model in (6), it is easy to verify that A;(6; = 1) =
A;|s,; and A;(6; = —1) = A;|_s, holds. Using this knowledge, (64) can be de-
2

2

scribed by

A0|Z+% +A1|% +A2|%+"'+An,|AiA =A|

i

AO|;‘_+% +A1|% +A2|%++A”1|7-A”% :Az

215 22,52y

215 22508,

71[ (65)
Aol, oo + A1 a0 + Ao s+ A a = Ay
TR 2 2 2 Lpp Loy,
Thus, the LMI constraints to solve equal
T P +PA 0
1 21y 2250022n + 1|Z Z2yeees Zn <
A2 f: 22402 P+ PA2|11, 22,002 <0
' s Zy ' Z,, (66)
;N ’T P + PAN < 0
"2y Tyl T2 Tyl
The comparison of the matrices A[, i €{1,2,..., N,} to the individual matrices of
the submodels in the TS formulation
N,
x= > hi@Ax (67)

i=1

leads to the realisation that they are the same. When using the Lyapunov function
approach for the TS model, it is easy to verify that LMI formulation of the TS and
the LPV system result in the same constraints.

As described in [1, 8], the error dynamics for the non-measurable states €, =
&1 e| are ensured to be stable by the use of an LMI problem formulation
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P, >0,
A 1OP; +P1A, 11(0) + Aui1(0)'NT +NA, 11 (0) <0,
resp.
P, >0,
AciiPr+PA +Auoi NS +NiA 1 <0, fori e {1, .“’Nr}(.68)

As outlined, the LMI constraints for the TS and LPV model are equal, when based on
the same nonlinear functions. However, there might be a difference in the solution.
This is due to the fact that for the TS observer the solver is allowed to find &V, different
solutions for N;, since the resulting transformation from the design process can be
applied to each individual subsystem {A;, B;, C;} of the TS system description.
In case of the LPV design process one solution for N is accepted based on the
same constraints. This is due to the fact that no obvious assignment of a solution to
individual matrices results from the design process.

7 Conclusions

In this chapter, aLPV and Takagi—Sugeno model-based sliding mode observer design
approach was investigated. After a brief introduction of both model structures, the
entire modelling process for the observer design was studied in detail by means of
two case studies using LPV and TS techniques.

As a result, it can be noted that there exist wide similarities between the LPV
and the TS extension of the canonical LTI form of sliding mode observers. Both
approaches of the polytopic extension of uncertain LTI systems are suitable for
the consideration of nonlinearities of the nominal system dynamics. In particular,
there are few differences which can lead to different dynamics of the reconstructed
unknown inputs, respectively, occurring faults:

e In the case of non-factorizable fault distribution matrices F(@) (inverted pendu-
lum), the use of the LPV approach requires a model approximation. In contrast,
the TS model approach does not require any approximation and it is therefore
straightforward to implement without loss of accuracy.

e The TS model structure is characterised by weighted convex combinations of linear
submodels. This can be exploited in the design process, because the LMI problem
formulation allow for different solutions for N; from which i € {1, ..., N,} ob-
server gains G;; and G, ; follow for each individual subsystem. In contrast, the
individual matrices in the LPV structure cannot be assigned to related submodels.
Based on this fact, the LMI problem formulation caused a common solution N
whereby the sliding mode observer design is also restricted to a common transfor-
mation matrix T.
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However, it must be noted that the performance of the LPV sliding mode observer
can be seen as equivalent to the TS sliding mode observer. In both case studies the
designed observers achieved a high accuracy of the reconstructed fault signals.
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