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Abstract—In this paper, a flatness-based control strategy for
linear time-varying systems is proposed in order to track a

desired trajectory. The flatness-based control is designed by
using two observers: a reduced order observer with a constant
estimator error gain and an exact observer for designing a
polynomial two-degrees-of-freedom controller without resolving
Bezout equation in time varying framework. The proposed
approach is illustrated with the control of an Anti-lock Brake
System (ABS) and led to track a given trajectory for the wheel
slip.

Index Terms—Linear time-varying systems, trajectory lin-
earization, flatness, path tracking, exact observer, polynomial

controller, reduced order observer.

I. INTRODUCTION

In the control theory, the study of linear time-varying (LTV)
systems has been important since this situation is encountered
not only when some parameters of the system vary with time,
but also when the system to be controlled is nonlinear and
the problem is approached by linearizing this system around
a desired trajectory which leads to an LTV model.

For finite-dimensional and time-invariant linear systems, a
well-known control design technique is obtained by polyno-
mial two-degrees-of-freedom controllers [5], [11], [20] which
were introduced fifty years ago by Horowitz [8]. More details
are given in the reference therein and in the following these
controllers will be denoted as RST controllers [7]. Whatever
the chosen design method, this powerful method is based on
pole placement and presents one drawback: it needs to know
where to place all the poles of the closed-loop system at the
outset.

Following [4], by the use of flatness design control principles,
the problem of pole placement which consists in imposing
closed loop system dynamics can be related to the tracking
problem, to design an RST (two-degree-of-freedom) controller
with very natural choices of closed loop poles. In this design,
a solution of the Bezout equation is obtained depending on
the planned trajectories.

The RST design controller problem is not easy to transcribe
in the case of LTV systems due to the fact that the coefficients
do not commute with the time derivative operator. Besides, the
structure of the set of the poles of the closed-loop system is
more complex.

In this case, the pole placement problem was solved recently
by Marinescu [1], who proposes some technical methods for
factorization of linear time-varying transfert matrices. These
key points lead to solve Bezout equation written in the time-
varying framework.

In order to overcome these two points in LTV framework,
namely the choice of desired poles at the outset and the
determination of solution for the Bezout equation, we propose
in this paper to extend the flatness-based control strategy
developed in [4] to the case of time-varying systems. It will be
seen that applying the guideline induced by a flatness based
control to a LTV system leads to express it in a natural RST
form.

This control strategy is be compared to the flatness-based
control based on the use of a reduced order observer. The
paper is organized as follows: in section II, some background
notions about SISO LTV systems and flatness-based control
strategy are presented. In section III, a reduced order observer
for the state vector are presented. In section IV, the polynomial
controller design based on exact observer is proposed. The
state vector constituted by the flat output and its derivatives
and the designed observer is without dynamics. In section V,
the proposed strategy is illustrated on the control of an Anti-
lock Brake System (ABS).

II. BACKGROUND NOTIONS
A. SISO linear time-varying systems
For finite-dimensional, several input-output descriptions

have been introduced for LTV systems. Here, a time-varying
linear system is described by the following state space model
of dimension n:

z(t) = A(t)z(t) + B(t)u(t)

y(t) = C()x(t)
The matrices A(t), B(t) and C(t) whose coefficients depend
on the time are of dimensions (n x n), (n x 1) and (1 X n),
respectively. If the system (1) is completely controllable and
by applying the algorithm presented in [12], [13], we obtain
the controllable form of (1) given by:

Z(t) = A()Z(t) + B(t)u(t)
y(t) = C(1)Z(t)
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with:

0 1 0
At) = : : :
0 0 1 3)
—o(t) —ui(t) —Yn—1(t)
B:(O 0 1)T,C’:(70(t) “/o(t))

B. Short survey on flatness

The flatness property, which was introduced by Fliess et al.
in (1992) [14], for continuous-time nonlinear systems, leads to
interesting results for control design. This system property was
widely introduced and used in literature [2], [6], [9], [10]. The
existence of a variable called a flat output permits to define all
other system variables. Let us consider the nonlinear system
described by the following differential equation:

&(t) = fz(t), u(t)) 4)

where z(t) € R" is the state vector and u(t) € R™ is the input
vector. Roughly speaking, this system is called differentially
flat if there exists a variable z(t) € R™ of the form:

2(t) = h(z(t), u(t), w(t), ..., u'" (t)) 5)

such that the state and the input of the system are given by:
z(t) = A(2(t), 2(t), ..., 2 (1)) (6)
u(t) = B(z(t), 2(t), ..., 2T (1)) )

where « is an integer. The variable z(t) is called the flat output
of the system.

1) Implication for the LTV systems: Let us consider the
controllable state space equation (2) and let us denote by z;(t)
the i-th component of Z(t). The variable z;(¢), denoted as
z(t), can be considered for this system as a flat output. Then,
the state vector of the controllable form Z(t) is composed by
the flat output and its derivatives.

2) Tracking control and pole placement: For a given
planned trajectory of the flat output, z4(¢), the control law
based on flatness is as follows:

n—1
u(t) =2 () + D k(0 (1) = 20 ®) + ()00 ®
1=0
and by introducing the polynomial:
n—1
K(p)=p"+_ kip' ©)
i=0
where the k; are chosen such that K (p) is a Hurwitz polyno-
mial, the control u(t) can be written as:

u(t) = K(p)za(t) + i(qj}i(t) — k)2 (1)

(10)
i=0
By applying this control, the tracking error verifies:
tlirgo (za(t)—=z(t) =0 (11)

and the closed-loop dynamics are given by the roots of
K (p). This strategy differs from the usual pole placement for

linear time-varying systems obtained by a time-varying state

feedback.
Yo(t) — ko
By denoting: ¢ — k = :
¢n—1(t) - kn—l
the previous control can be written as:
u(t) = K(p)za(t) + (v — k)" Z(t) (12)
where:
Zz=(=0 0 - o)

is the state vector of the controllable form.

To implement the control (12), the vector Z(t) must be
estimated with an observer. In the next sections, two type of
observers are considered.

III. REDUCED ORDER OBSERVER

Let us consider the observable form of the state equation
(1) given by the following relation:

o --- 0 —T0 (t) o (t)
1 . —T11 (¢t o1 (t)
To (t) = ) Zo (1) + u (t)
0 1 —m (t) on-1(t)
y®=(0 - 0 1)z
(14)

As in (14), the system output is the last component, a reduced
order observer is then used to estimate the state vector z, (t).
Let us group the n—1 first components of x, (¢) in x(¢) then':

0 0 o0

. 1 0 T1 o1

x= X vt |
1 0 Tn—2 On—2

G+ Ta1(t)y —ona(t)u=(0 -+ 0 1)y

The observer for this system is then given by:

O T0 ago
1 0 T1 o1
, P y+ : u
1 0 Tn—2 On—2
. 0 1)%)

4+ (5 + a1y — on—1u— (0

-
I

To overcome the output derivation, we are led to propose the
following reduced order observer with the introduction of a

!For space reasons, we dropped the time argument.



new variable ¢(£) = (t) — ( Ao(t) Aa(t) ) y(t):
—Ao 00— On—1Xo
) 1 -1 01— Op—1A1
¢ = ¢+
1 *)\n72 On—2 — Unfl)\n72
—70 — Ao + (Tn-1 — An—2) Ao
Ao —T1— A+ (o1 — Anc2) M

)\nf?) — Tp—2 — ).\n72 + (Tnfl - )\n72) )\n72
As the error dynamics are given by the matrix:

“No(t)
1 ()

1 —)\n;g(t)

we choose for all ¢, A\;(t) as constant parameters to give
an asymptotic observer. The observation of z, () is then
deduced:

To(t) = ()

In this solution, the difficulty appears in the choice of the
observers’ poles in the LTV framework. To overcome this
point, an enlightening ideas suggested in [15] and applied in
[4] can be used. The realization of this controller, using the
exact observer, will be the subject of the next part.

( O+ [ 2o Aaalt) ] ul0) ) as)

IV. EXACT STATE SPACE OBSERVER

Let us consider the model (2) where the first component of
the state vector Z (t) is the system flat output. By successive
derivations of the output plant y(¢) until the order (n— 1), we
get:

Y(t) = Ot Z(t) + M(t)U(t) (16)

where:

s Y0 = (w0 -y )

e Ut) = ( ult) u=2(t) )7,

o O(t) is the observability matrix of the pair (A (t),C (t))
and it is given by:

an

such that:

C1(t) = C(t)

o The matrix M (¢) has the following expression:

M,
U
M(t) = 0 0 (18)
M, o My 0
Mp1 My_12 M,y
with

C_’(t)B fori=2ton—1,

- M1 <t> Moz (6) + X1 M<“ ) .

- Mn—ia t) , M, _5(t) +
St n—i—2) Mf”‘ (1),

- eftc.

As the pair (A(t),C(t)) is observable, the matrix O(t) is of
rank n and the state vector can be written as:

Z(t) =07 )Y (t) — O~ ()M (H)U (1)

Taking into account the state space equation (2) and avoiding
variable derivations, we get:

19)

Zt)=p ' (AW)Z@)) +p " (Bu(t)) (20)
where p~! stands for the integration operator:
t
pih(t) = / h(7)dr Q1)

— 00

with h (—oo) = 0. This last hypothesis ensures commutativity
between p and p~ 1.

By rewriting this equation to the order (n—1), the equation(20)
becomes:

Z(t) =p~ (At)p~ " (AQt)...p~ (A Z(1))) +
p~t (A(t) .. .p_l(A(t)Bp_lu(t))) +
p~" (A(t)Bp~'u(t)) + Bp~u(t)

(22)

If the term Z(t) is replaced in this equation by the one given
in (19), we get:

Z(t)=p' (A () pHAMOTH )Y (1)
— A0~ (t)M Ut) +p (A1)
p~H(A)Bp~tu(t)) +pt (At )Bp‘lu(t))+3p‘1u(t)

(23)
To eliminate the terms containing the derivatives of the plant
output y(¢) in Y'(¢), we proceed by using successive integra-
tions by parts leading to the following expression of the state
vector:

Z(t) =p " (O1()y(t) + -+ (On-a(t)y(t)) +
(©n(t)y(t)) +p~ T (Ar(t)u(t)) +-- -+
p (A (®)u(t) +pt (A(t) ... p7 (A(t) Bp~tu(t)))
+ -+ p L (A®t)Bp~tu(t)) + Bp~tu(t)
(24)



where ©;(t) = ( 61;() 0,;(t) )" and A(t) =
(1015(t) 8 (1) )T. The components 6;;(t) and &;;(t)
are function of the parameters ;(t) and their derivatives. The

control law (12) can be written in the RST form:
R(p~'u(t) = K(p)za(t) = SG~y(t) (25

where:

St y(t) = (k=) (7" (O1(1)y(1) + - + On(t)y(t))

R(p~"u(t)) = u(t) + (k—v) (p~" ™ (A}(t)U(t)) +---
(+p~  (An—1(B)u(®))) + (k=) (p~ A1) ...
+p~ ' (A(t)Bp~u(t)) --- + Bp~tuf(t))

The proposed control design can be seen as an RST controller
without resolution of a Bezout identity. Now the design is
focused in the choice of the trajectory z,4(t) to follow and the
traking dynamis with K (p).

This regulator-observer permits to the output system to track
a desired trajectory without using an observer dynamics then
the problem of pole placement, which consists in imposing
closed-loop system dynamics, can be related to tracking.

V. APPLICATION TO ANTI-LOCK BRAKING SYSTEM (ABS)
IN VEHICLE

As an illustrative example of the proposed strategy, the
control of the wheel slip in an Anti-lock Brake System is
studied. The considered process is an Anti-lock Brake System
(ABS), used to control the slip of each wheel of a vehicle to
prevent it from locking such that a high friction is achieved and
steerability is maintained. The main objective of this control
system is the prevention of wheel-lock while braking and the
maintaining of the wheel slip the nearest possible to 0. The
problem of wheel slip control is better explained by looking
at a quarter car model. A mathematical model of the wheel
slip dynamics is given by [16], [17]:

A = 5 [£ A= 2@0) + 5] FO) + 55T (1)

B(6)= - LFO) o
where:
w (t) angular speed of the wheel (rad/s)
v (t) horizontal speed (m/s)
T (t)  brake-acceleration torque (N.m)
m mass of the quarter car (450 kg)
r wheel radius (0.32 m)
J wheel inertia (1kg.m?)
g acceleration of gravity (9.81 m/s?)
and A (t) is the wheel slip given by:
v(t) —rw(t)
At) = IO 27

The input signal T (t) is a brake-acceleration torque applied
to the wheel, it is expressed in (N.m), and the output is
the vehicle speed v (t). The longitudinal slip A (¢) is defined
by the normalized difference between v (¢) and the speed of
the wheel perimeter w (¢) . F'(\) is the friction force, which
depends on the normal force, steering angle, road surface, tyre

Fig. 1. Quarter car forces and torques.

characteristics and velocity of the car. The friction or adhesion
coefficient j (A) is defined as the ratio of the frictional force
acting in the wheel plane F'(\) and the wheel ground contact

force F:
F ()

nN)=—F~ (28)

The calculation of friction force can be carried out using the
Burckhardt method [19]:

1w\ = ci. (1 - e‘C““)) — e\ (t) (29)

The parameters ¢, co and c3 are given for various road
surfaces.In the case of asphalt and dry road, the friction force
is given by:

F(A) =mg[1.28 x (1 —exp (=24 (¢))) — 0.52X (¢)]  (30)

To design a control law which maintains the wheel slip the
nearest possible to 0, we perform, in the next development,
an approximation to a friction force F'(\) by applying the
Taylor series for this function with a first-order approximation
at A = 0 to obtain:

F(\) =aX(t) 31
where a = 30.2 x mg. The equation of the system (26)
becomes:
: 1 [1 r? 17

. a
B (0) =~ (1)
(32)
By analyzing the equation (32), we remark that the input and
the output system are function of a finite number of derivatives
of the horizontal speed v(t). By denoting z(t) = wv(t), we
obtain:

T(t) = % (%z(t)z(t) — 3 (1 + mf) - (t))
NOEESE0

(33)
Then the vehicle speed is a flat output of the considered non-
linear model. For the considered system, a desired trajectory
(Ty (t), g (t),vq(t)) is defined and the following variables
are given: 07 (t) = Ty (t) — T (t), SA(t) = Na(t) — A (¢)
and 0v (t) = wvgq(t) — v (t). The drawback of the flatness
control is that all system variables are carried out from the
flat output trajectory. This situation is critical for the flatness
control because the dynamics of the output system can not



be well controlled. To deny this critical point, a tyre slip is
imposed and all the system variables are designed from this
trajectory which is given by:

Aa (t) = 0.04 x (—cos (nt) + 1) if t € [0, 2] (34)
From equation (32), the desired flat output are given by:
t
za (t) = [ —=Xa(h)dh
a(t) = [ =5 xa(h) 35)

m

0
— (00ixa) (%(ﬂ) —l—t) + zao

where z4o = 36.11 m/s is the initial condition for the hori-
zontal speed. The brake-acceleration torque 7} (¢) is deduced
from equation (33). The figures 2 and 3 show the desired
trajectories for the input, tyre slip and the flat output of the
nonlinear system. The linearized model of (26) around this
desired trajectory is given by:

_. f— 2
)\dév— a ! )\d—ﬁ—r— _ oM 6—/\+ "7
V4 m J m ) vqa  Jug
. oA
60 = —a—
m

SA =

(36)
To design the closed-loop control which allows to track
variable reference trajectories, the following state space rep-
resentation of the system is considered:

z(t) = A(t)z(t) + B(t)dT'(¢)

A = C(t)z(t) @37
T
with z(t) = ( oA dv ) is the state vector such that:
_a (1 24) A
A(t) — vg <m, + (LJ m ) vg
m 0 (38)

po= (% 0) = (0 1)

For the model equation (36), it can be seen that dv is a flat
output of the linearized system.

The linearization around a reference trajectory leads to a LTV
system and its controllability matrix is given by:

r —7r0g ar 1 r? 2\
Jug Ju; Jug \m J m
ar

0

() =

T mJ Vd

ar?

where . (t) has rank 2 because o T # 0Vt > 0. Then,
the system (37) is completely controllab%e and following [2],
the time-varying linearized system (37) is flat. The observabil-
ity matrix of the pair (A (¢),C (t)) is given by:

0 1
Oum.cen=| _a
m

which has rank 2 V ¢ > 0. The system is then observable
and its controllable canonical form is obtained by applying
the algorithm presented in section II:

8Z(t) = A(t)6Z(t) + BT (t)

SA(t) = Co2(1) 39

0 1

) - 0
with A (t) = ( —1o (t) =1 (t) )7B: ( ! )

T
5Z(t) = P()z(t) and 6Z(t) — ( 82(t) 04(t) ) . The
previous control law (12) can be written as:

T(t) = Ta(t) + (ky — W1 () 62(t) + (ko — Wo(t)) 02(t)

which leads to:
0T (t) = At)6Z(t)

with A(t) = | (Wo(t) = ko) (¥1(6) k) |,
From equation (16), we deduce:

Y (t) = O(t)8Z(t) + M(t)T (1)

with: §Y (t) = ( du(t) 6u(t) )T

0
J o= (o )

The equation (39) can be written as:

5Z(t) =p ' [A(t)oZ(t) + BST(t)]

(40)

(41

C(t)
o) = C(t) + C(HA®)

(42)

By replacing the expression of 0Z(t), deduced from equation
(41), in equation (41) in the right side of the equation (42),
we get:

SZ(t) =p~ ' [AR)OTH(t)SY (t)] —

pl [A(t “L(O)M(£)ST ()] + Bp~ 0T (t) “3)
with:

_ 1 ai(t) oot _ . b1 (t
A0~ (1) = ( aggt; a4gt; ),A(t)O () M(t) = ( a Et;

By using integration by parts, it leads to the following expression

of the state vector:
%) (t) .
0Z(t) = e (1) ov(t)+p du(t)
(44)

( (o751 (t) — (o (t)

as (t) — da (1)

+p’1

_181
(2 Joro

By rewriting the expression (40), the following form is obtained:

(6] (t)
(t) x [( o (b)

ST(t) = A S (t) +

a1 t —dz t _61
p! K o 87@4 8 )&;(t) +pt ( 1B, >5T(t)JJ
(45)
and then:
ST(t) =S (p~",ou(t)) + R (p~",0T(1)) (46)
with:

S(p~tov(t)) = At) x ; ) ov (t)+

az (t
au (t

LT e —aa ) “n

(oot e H

R(p ', 6T(t)) =A(t) xp~ " [( L /3 ) 6T(t)] (48)



By applying the previous control strategy to the new state space
representation and by considering the tracking model set to be a
second order model with a time response of 0.005 s, the simulation
results are obtained in figure 2, where the trajectories of the nonlinear

Speed
= = = Desired speed

Slip
= = = Desired slip
0.05 s
0

02

(m/s)

01

(m/s)

o1 " " " " ! . . . .
Time(s)

Fig. 2. The output v(¢) and the slip A(¢) trajectories of the nonlinear system
and the traking error for the speed by the use of an exact observer

system follow the desired trajectories with a good performance. The
observable forme of the state equation (38) is given by:

. o 0 —To (t) - J'r”rllavd 5T
xdﬂ—(l >x4w+< ; > CHPN

—71 (t)
6v(t):< 0 1 ):co(t)

where:
TO (t) = ,,::}2 (}\dvd —+ (1 + TTzn _ 2)\d> ijd)
T (t) = mav: (1-2n+ mf]) (50)

Following section III, the estimated state vector of the observable
form is given by:

B (t) = <

E ) = ho¢ (1) + <— T

By replacing %, () into the control law (40) leads to:
5T(t) = A(DP (£) 2o (1) 53)

where P (t) is the change of variable from the observable form to
the controllable form. With a constant dynamics observer Ao = 10
and by considering the tracking model set to be a second order model
with a time response of 0.005 s, the results are obtained the in figure
3. These results point out the effectiveness of the use of the flatness-
based approach for the LTV systems in a path tracking context.

(51)

C(t) + Aodv (1)
Sv (t)

) ST (#) + (1 (8) — M) do (52)

VI. CONCLUSION

In this paper, we have underlined the advantage of the use of a
reduced order observer in order to design a flatness-based control
for tracking a desired trajectory in the case of LTV systems. This
advantage consists in the calculation of the error estimator gain which
is found constant. A method with a direct calculation of the state
vector which contains the flat output and its derivatives is proposed
and leads to a control law which can be seen as an RST controller but
without resolution of the Bezout equation. This regulator-observer
permits to the output system to track a desired trajectory without
using observer dynamics. The control law applied on an Anti-lock
Brake System (ABS) gives a high level performances in terms of the
tracking of the wheel slip.

(ms)
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3. The output v(¢) and the slip \(¢) trajectories of the nonlinear system
the traking error for the speed by the use of a reduced order observer

REFERENCES

B. Marinescu, Output feedback pole placement for linear time-varying
systems with application to the control of nonlnear systems, Automatica,
vol. 46, no. 4, pp. 1524-1530, 2010.

F. Rotella and 1. Zambettakis, Commande des systemes par plati-
tude,Techniques de I'Ingénieur, Traité Informatique Industrielle, S 7 450,
2007.

F. Rotella, Systemes linéaires non stationnaires, Techniques de
U’Ingénieur, tome Informatique Industrielle, S-7185, 2003.

F. Rotella, F. J. Carrillo, and M. Ayadi, Polynomial controller design
based on flatness, Kybernetika, vol. 38, no. 5, pp. 571-584, 2002

G. F. Franklin, J. D. Powell, M. Workman, Digital control of dynamic
systems, Addison-Wesley, 1998.

H. Sira-Ramirez and S. K. Agrawal. Differentially flat systems. Marcel
Dekker, New York, 2004.

I. D. Landau, Identification et commande des processus, Hermes, Paris
1993.

I. M. Horowitz, Synthesis of feedback systems, Wiley, New York 1963.
J. Lévine, Analysis and Control of Nonlinear Systems, A flatness-based
Approach, Springer, New York, 2009.

J. Rudolph. Flatness based control of distributed parameter systems.
Shaker Verlag, Aachen, 2003.

K. Astrom and B. Wittenmark, Computer controlled systems. Theory
and design, 3rd ed. Prentice Hall, 1997.

L. M. Silverman, Transformation of time-variable systems to canonical
(phase-variable) form, IEEE Transactions on Automatic Control, AC-11,
pp. 303-306, 1966.

L. M. Silverman and H. E. Meadows, Controllability and observability
in time-variable linear systems, SIAM Journal Control and Optimization,
vol. 5, pp. 64-73, 1967.

M. Fliess, J. Lévine, Ph. Martin and P. Rouchon. Sur les systemes non
linéaires différentiellement plats. C.R. Acad. Sci. Paris, 1-315, pp.619-
624, 1992.

M. Fliess, Sur des pensers nouveaux faisons des vers anciens,
Conférence Internationale Francophone d’Automatique, CIFA2000, pp.
26-36, Lille, 2000.

R. Freeman, Robust slip control for a single wheel, Tech. Rep. CCEC
95-0403, University of California, Santa Barbara, 1995.

S. Drakunov, U. Ozguﬁer, P. Dix, and B. Ashrafi, ABS control using
optimum search via sliding modes, IEEE Trans. Control Systems Tech-
nology, vol. 3, no. 1, pp. 79-85, March 1995.

T. Kailath, Linear systems, Prentice Hall, Englewood Cliffs, N.J. 1980.
U. Kiencke and L. Nielsen, Automotive control systems for engine,
driveline and vehicle, Springer, New York, 2005.

V. Kucera, Analysis and design of discrete linear control systems,
Prentice Hall, 1991.



