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Abstract

We study here the problem of robust ”soft-landing” control for electromagnetic actuators. The
soft landing requires accurate control of the actuators moving element between two desired po-
sitions. We present here two nonlinear adaptive controllers to solve the problem of robust trajec-
tory tracking for the moving element. The first controller is based on classical nonlinear adaptive
technique. We show that this controller ensures bounded tracking errors of the reference trajec-
tories and bounded estimation error of the uncertain parameters. Second, we present a controller
based on the so-called Input-to-State Stability (ISS), merged with gradient descent estimation
filters to estimate the uncertain parameters. We show that it ensures bounded tracking errors
for bounded estimation errors, furthermore, due to the ISS results we conclude that the tracking
errors bounds decrease as function of the estimation errors. We demonstrate the effectiveness of
these controllers on a simulation example.
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Nonlinear Adaptive Control for Electromagnetic
Actuators

Mouhacine Benosman*

Abstract

We study here the problem of robust ‘soft-landing’ con-
trol for electromagnetic actuators. The soft landing
requires accurate control of the actuators moving ele-
ment between two desired positions. We present here
two nonlinear adaptive controllers to solve the problem
of robust trajectory tracking for the moving element.
The first controller is based on classical nonlinear adap-
tive technique. We show that this controller ensures
bounded tracking errors of the reference trajectories and
bounded estimation error of the uncertain parameters.
Second, we present a controller based on the so-called
Input-to-State Stability (ISS), merged with gradient de-
scent estimation filters to estimate the uncertain pa-
rameters. We show that it ensures bounded tracking
errors for bounded estimation errors, furthermore, due
to the ISS results we conclude that the tracking errors
bounds decrease as function of the estimation errors.
We demonstrate the effectiveness of these controllers on
a simulation example.

1 Introduction

In many practical applications such us valves of com-
bustion engines or artificial hearts, electromagnetic
actuators are preferred to other type of actuators.
In this work we concentrate on a particular control
problem of nonlinear electromagnetic actuator called
‘soft landing’ problem. The soft landing requires
accurate control of the moving element of the actuator
between two desired positions. This ‘soft-landing’
performance has to be guaranteed over long period of
time during which the actuator components may age.
The main objective is to attain small contact velocity,
which in turn ensures low component-wear operation
of the actuator. Due to these practical constraints we
have developed a robust control algorithm that aims
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for a zero impact velocity, and adapts to the actuator
aging parts. We present here the results of this study.

Many papers have been dedicated to the soft-
landing problem for electromagnetic actuators, e.g.
1,2, 3,4, 5,6, 7,8, 9]. Several controllers have been
developed in [1, 4, 5, 9] based on linear models of the
system. Linear models allow a relatively easy design
of the control but due to their linearity, are not valid
for a full operation range of the actuator. To control
the system over a larger operating state space, the
controller has to be based on more complex nonlinear
models of the actuators. Different nonlinear controllers
have been used in [2, 3, 6, 8, 10, 11]. For example
in [6], the authors proposed a mnonlinear controller
to solve the problem of armature stabilization for an
electromechanical valve actuator. The authors proved
a global asymptotic stability result using Sontag’s
nonlinear controller. However, this approach did not
solve the problem of armature trajectory tracking
and did not consider robustness of the controller
with respect to system’s uncertainties and changes in
parameters over time. In [2], the authors studied the
problem of electromagnetic valve actuator control in
an internal combustion engine. The solution proposed
by the author is based on iteratively solving a con-
strained nonlinear optimal problem using Nelder-Mead
algorithm. The robustness of this feedforward-based
approach has neither been proven nor tested. In [11],
the authors designed a backstepping based controller
for electromagnetic actuators position regulation.
However, robustness w.r.t. uncertainties in parameters
of the system are not considered in this paper. In [8], a
nonlinear sliding mode approach was used to solve the
problem of trajectory tracking for an electromagnetic
valve actuator. The authors used a nonlinear model
to design the sliding mode control. The reported
results showed good tracking performances, however,
this sliding mode controller does not ensure robust-
ness with respect to model uncertainties. In [3], the
authors used a single parameter extremum seeking
learning method to solve the problem of soft landing
for an electromechanical valve actuator. In [12] a
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multiparameter extremum seeking-based control was
presented. The authors first designed a nonlinear
controller based on Lyapunov redesign technique
and then added a multiparameter extremum seeking
algorithm to tune the feedback gains for the controller.
Although the learning algorithms in [3, 12] were not
directly tailored to ensure robustness of the controller
to model uncertainties or parameters drift over time,
one could argue that this robustness is intrinsic due
the iterative nature of the learning process. In [13],
the authors designed a backstepping based controller
for electromagnetic actuators which was robustified by
an extremum seeking algorithm to estimation some
uncertain parameters of the system. The effectiveness
of the proposed scheme was illustrated numerically,
however, no rigorous analysis was present concerning
the stability of the combined model-based nominal
controller and the model-free learning algorithm.

In this work we first use a nonlinear model of the
electromagnetic actuator to design a nonlinear adaptive
backstepping controller, based on classical adaptive
technique. This first controller is proven to ensure
bounded trajectory tracking errors as well as bounded
uncertain parameters estimation errors. Next, we
use the so-called Input-to-State (ISS) theory to de-
velop a mnonlinear ISS-adaptive controller, merged
with gradient-descent estimation filters. This second
controller ensures bounded tracking errors as well as
bounded estimation errors, furthermore, due to the ISS
result, we conclude that the tracking errors decrease
with the estimation errors.

This paper is organized as follows: We first present in
Section II some notations and preliminaries. In Section
III, we recall the nonlinear model of electromagnetic
actuators. Then, in Section IV, we report the adaptive
nonlinear controllers, with stability analysis. Numerical
validation of the proposed controller is given in Section
V, and finally, concluding remarks are stated in Section
VI.

2 Preliminaries

Throughout the paper we will use ||.|| to denote the
Euclidean norm; i.e., for x € R™ we have ||z| = VaTx.
Also, we will use the notations diag{ms, ..., m,} for nxn
diagonal matrix, and (.) for the short notation of time
derivative. We denote by C* functions that are k times
differentiable.

Let us now introduce some definitions that will be
used subsequently. For this purpose, we first consider
the general dynamical time-varying system definition.
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Consider the nonlinear time-varying dynamical system

o(t) = f(t, =(t)),

where z(t) € D C R™ such that 0 € D, f : [to,t1) XD —
R™ is such that f(-,-) is jointly continuous in ¢ and
x, and for every t € [to,t1), f(t,0) = 0 and f(¢,-) is
locally Lipschitz in = uniformly in ¢ for all ¢ in compact
subsets of [0, 00). The above assumptions guarantee the
existence and uniqueness of the solution x(¢) over the
interval [tg,t1). Without loss of generality, we assume
to = 0.

(2.1) z(to) =x0, t>1o

DEFINITION 1. (LASALLE-YOSHIZAWA [14]) Consider
the time-varying system (2.1) and assume [0,00) x D
is a positively invariant set with respect to (2.1) where
f(t,-) is Lipschitz in x, uniformly in t. Assume there
exist a C1 function V : [0,00) x D — R, continuous
positive definite functions Wi(-) and Wa(-) and a
continuous nonnegative function W (-), such that for all
(t,x) € [0,00) x D,

Wi(z) < V(t,z) < Wa(z),
(2.2) V(t,x) < —W(x)
hold. Then there exists Dy C D such that for all

(to, 20) € [0,00) x Do, a(t) — R 2 {z € D: W(z) = 0}
as t — oo. If, in addition, D = R"™ and Wi(-) is
radially unbounded, then for all (to,zo) € [0,00) x R™,
r(t) =R ={x e R": W(x) =0} ast — co.

DEFINITION 2. (K FUNCTION [15]) A continuous
function o : [0,a) — [0,00) is said to belong to class K
if it is strictly increasing and «(0) = 0. It is said to
belong to class Koo if a = 00 and a(r) — oo as r — oo.

DEFINITION 3. (KL FUNCTION [15]) A continuous
function  : [0,a) x [0,00) — [0,00) is said to belong
to class KL if, for each fized s, the mapping B(r,s)
belongs to class IC with respect to r and, for each fized
r, the mapping B(r,s) is decreasing with respect to s
and B(r,s) — 0 as s — oo.

DEFINITION 4. (INTEGRAL INPUT-TO-STATE STABILITY [16])

Consider the system

(23) i = f(t.2,u),
where x € D C R™ such that 0 € D,and f : [0,00) X
D x D, — R" is piecewise continuous in t and locally
Lipschitz in x and w, uniformly in t. The inputs are
assumed to be measurable and locally essentially bounded
functions u : R>g — D, C R™. Given any control
u € D, and any & € Dy C D, there is a unique mazximal
solution of the initial value problem & = f(t,x,u),

Copyright © SIAM.
Unauthorized reproduction of this article is prohibited.



x(ty) = & Without loss of generality, assume to = 0.
The unique solution is defined on some maximal open
interval, and it is denoted by x(-,&,u). System (2.3)
is locally integral input-to-state stable (LilSS) if there
exist functions a, v € K and 8 € KL such that, for all
& €Dy and all u € Dy, the solution x(t,&,u) is defined
for allt >0 and

(2.4) a(llw(t,&u)ll)Sﬁ(llf\lat)Jr/o Y(llu(s)l)ds

for all t > 0. Equivalently, system (2.8) is LilSS if and
only if there exist functions 8 € KL and 1, 72 € K
such that

(2:5) [le(t, & w)ll < BUEN ) +m (/O vz(IIU(S)II)dS)

for allt >0, all £ € Dy and all u € D,,.

DEFINITION 5. (WEAKLY ZERO-DETECTABILITY [17] )
Let an output for the system (2.3) be a continuous
map h : D — RP, with h(0) = 0. For each initial state
& € Dy, and each input u € Dy, let y(t, &, u) be the corre-
sponding output function; i.e., y(t,&,u) = h(z(t,& u)),
defined on some mazimal interval [0,T¢ ). The system
(2.8) with output h is said to be weakly zero-detectable
if, for each & such that T g = oo and y(t,£,0) = 0, it
must be the case that x(t,£,0) — 0 as t — oo.

3 System modelling

Following [11, 10, 3], we consider the nonlinear electro-
magnetic actuator model

.2
tar T fa
0<z<xy,

2
migh = k(o — )+ -

a di ai
u=Ri+ go 0~ Gra? &,

(3.6)

where, x represents the armature position physically
constrained between the initial position of the armature
0, and the maximal position of the armature zy, ‘fi—f
represents the armature velocity, m is the armature
mass, k the spring constant, xy is the initial length

of the spring, n the damping coefficient (assumed to

be constant), represents the electromagnetic

force (EMF) generated by the coil, a,b being constant
parameters of the coil, f; a constant term modelling
disturbance forces, e g. static friction, R the resistance

of the coil, L = ;%= the coil mductance (assumed to

be armature—p051t10n dependent),

the back EMF. Finally, ¢ denotes the coil curren‘mg;
its time derivative and u represents the control voltage
applied to the coil. In this model we do not consider
the saturation region of the flux linkage in the magnetic
field generated by the coil, since we assume a current
and armature motion ranges within the linear region of
the flux.

$
(HZ)Q G represents
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4 Adaptive Nonlinear Backstepping Control

4.1 Classical Backstepping Adaptive Con-
troller Consider the dynamical system (3.6). Defining
the state vector z := [z; 22 z3)T = [z & 4]T, the ob-
jective of the control is to make the variables (z1, z2)
track a sufficiently smooth (at least C?) time-varying
50 (1)

position and velocity trajectories zIEf (t),

dz;ﬁf(t) h isfv the followi . .
—L7— that satisty the tollowing constraints:

Z;Ef(to) = Zlines TEf(tf) = 21y,

Z'Iej:(to) = Z'Iej:(tf) =0,
'.?’:1 (to) = ’:7’:1 (tf) = 07

(4.7)

where % is the starting time of the trajectory, t; is the
ending time, z1,,, is the initial position and z1, is the
final position. To start, let us first write the system
(3.6) in the following way:

2:’1 = Z2
T _ ., a 2 4 fa
(4.8) 72 = (:L‘O z) + m <2 Qm(b-i-Z1)2 z3+
3 R
R z3 + b+z122+
1 (==

Consider the system in (4.8) with constant uncertainty
in spring constant k, damping coefficient n and additive
disturbance f4. Since the parameters are unknown,
we will use the certainty equivalence [18] and define
the virtual input @ where the parameters k, 7, fq are
replaced by their estimates k 7 and fd

(49) “= 2t ) (b (g — z) + Lz + 22 — 27

+es(z1 — 24) +er(z — 25 “f)).

Together with the control input
(4.10)
U =g (- cz<z3—u)+m<z2 2°7)

nz(b;;zl) & 25 +27n22 ( ke (TO z1)+ KR 22+ Tpf+(’1(22 zrcf)

+es(z—217))+ (’”“’—t”w(zo zl>+"22+fd+”<k<xo 1)

__ 2223
et

( R(b+z1)

,

) z f m(b+z
+lz2—L‘%‘*‘Wd))‘*‘(%)(cl(%(10—21)‘*‘%22_mpzsg+W
=250 =25 ey (z2—23T)).

In addition, we will make use of the following
equations for the parameter estimation dynamics:

e

U= o 1(ro—z1)((2z2— erf) (TAH‘mCl)(@))
(411) ) = oaza((z2—25)—(ibmer) (LEE2))

P ref . 22(z3-a)
fia = o5((za—=5") = (Amey ) (21

with 01,09,03 > 0 design parameters. The controller
(4.9), (4.10) and (4.11) is obtained by the constructive
proof of the next lemma.

LEMMA 4.1. Consider the closed-loop dynamics given
by (4.8), (4.9), (4.10) and the parameter update laws
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given by (4.11). Then, there exist positive gains ci, 0y,
1,2,3 such that z(t), za(t), z3(t), k(t), () fd()
are globally bounded, and satisfy hm 2(t) = 25 (1),

7 =
limy o0 25 () = Gy (t).

Proof. Primarily, we consider the mechanical subsys-
tem, described by the dynamics (4.8), with the virtual
control input @ := z3. Consider the Lyapunov function
Veubog =3 (21=27) 4 5 (22 =532l (b= )P i (=)
+3— (fa—fa)?, where z{ef and zgef are known C* func-
tions, cz,01,092,03 > 0 are design parameters, and
l%,ﬁ, fd are estimates of the actual parameters k,n and
fa. Taking the derivative of Vy,,, along the first two
equations of (4.8), we get
(4.12)

Voubaa =(z2— z;“f>[os<zl—z”f>+k<zo 21)+ Lt dd

3

R E—T
2m(b+z1)2

Substituting (4.9) into (4.12) , and defining e :=
k—k,ey,:=n—1nep, = fa— fq we have

(4.13)
Vsubad = —c1(z2—25%0) 2 +ey, 4(10721)(:127%66 _m%fl>
Ay
Ag Az

Next, we define the augmented Lyapunov function for
the full system, Viug,y = Vsubay + § with e 1= 23 — .
Taking the derivative along the trajectories of the whole
system and utilizing (4.9), we obtain

(4.14)

Vaugea =(z2— z;efncs(n ) @o =)zt I —

a
27n(b+z1)223
+(=3-) 223(*712(17:“) = R )w)

= —cC1 (22—z;€‘f)2+ekA1+ET,A2+EfdA3
R(b+2z1)
a

Z2%3

b4z *
= u) —u

e gz (=5 )2 (-

(4. 15)
U= Amtae (E(go—zy)+ Lot I 20 ey (20— 25 )+
Cs(zl—zfef))‘f‘ 72m(b+zl) —Ezz

+

m z 2
+ ImOd=) <,’z<mo Z1>+SLZz+m+m(

efd'*'fd _ a 2
m 2m(bt21)2 3

2m (b 2 e ), +k o 47 e +fq
+ Emer (( (z0—2)+ Sy L

m
z2 z;"f) —E;Cf+c;3(22—z;cf)> .

(xo—21)+

MZQ—‘—

m

—_—
2m(b+zq )2

Rewriting (4.14) by grouping the terms involving ey, e,
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25— e (= R) (k) — 55 (=) (R)— b (Fa—Fa) (o)

£5°T e (=) (F) = 3 (=) () = 5= (fa— fa) (fa)

and eyf,, we get the following inequality:
(4.16)
Vaugad =—c1(22—25 ) +ep (A1 —
(2 c1))en (Mo — (2202202 (2 gy (2
eg, (g —(22EED) (52

(2mlrz®y 2 gy (za=zy
)(Z+e))
— @) (&) +en)+(23—)(T),

with A;, i = 1,2, 3 defined as given in (4.13) and

(4.17)
J— b+
T = 727n(b+21)2 (22— Zz )+22 (— Z3+(;<2Fz?)j" aZl w)+
(2m(b+zl) )( ) (4n1(btzl)z2)(%(zo zl)+ﬁz +f .rcf+
o m z 2
e (z2— z”f>+c3<z1—z”f>>—<w>(k(xo 2)+ Lz ldq
3 (E(go—z1)+ 2 2 24 day)_(2meia)?)

(c1(E(zo—z1)+ L 22

R(b+2z1)
a

2m(b+z1)2

f - 3
)]

In order to render Vaugad equal to —cy(z2 — zgef)2 -
c2(23 — @)%, we have to eliminate the terms multiplying
the estimation errors ey, e, and ey, and set T" equal to
—co(23 — ). We achieve this by using the parameter
dynamics (4.11) and the control input (4.10). Based on
the negativeness of V., and the definitions of Vg, ,,
Vsub,,, we conclude about the global boundedness of
21,22, €, k, 7 and fd Finally, LaSalle-Yoshizawa Theo-
rem implies the regulation of z to 5% and 22 to @.

REMARK 1. Notice that /2;,77 and fd do not necessarily
converge to k,n and fg when the control scheme dis-
cussed in Lemma 4.1 is utilized. This prevents us from
proving convergence of z1 to zfef by analyzing the zero
dynamics of the mechanical subsystem. Hence, by an-
alyzing the zero dynamics of (4.8), (4.9), (4.10) and
(4.11) with the output (2o — zgef,zg - ﬁ), we can only
conclude about the boundedness of ||z — 2,7 |.

4.2 ISS Adaptive Backstepping Controller We
now address the control problem of the adaptive trajec-
tory tracking with asymptotic convergence of the esti-
mation errors ey, e, and es,. First, the backstepping
controller is modified as follows:
(4.18)
= (R(b:zl)z3 2923
—e2(25—0)) P52 (5 (w0 —21) 4k 22 g dres (21 —27 )
+ei(za—23 ) 4m1 (22 =25 ) |03 —25°7)
+%§z”((i(xoﬁ1)+i22+%f

(ertralll3+2)+E257)
+7n(l:,§zl)(2"‘fll(zz Z;‘(’f)( 19*2)2(*22)_;'_

1 a _ref
(b+zl>+253(27n(bj»zl)2(22 z3)

a 2_gref
2m(b+21)2 28 72 )

(122

o2 (sg—21)+ L 2+ 1
2(7"'( 0~ 1>+ 2+ 2'm(b+zl)2)))

2
752(,’53 (:1+fi1”¢”§+7%
N HIlIE— k(25 —a)
+M( fzz Eg f+63(22 %),

!—T“““”I i}

b+z1) |2 2
201 (22— 2] LA <2y MTE

5 . .
71:727"@;”) (%(10721)+%22+%+C3(Z17z'£ef)

. , 2 -
+er(za—2pf) =25 )+ 2RO (o) (20— 25 00)13),

(4.19)
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where the uncertain parameters k, 7, f4 have been

replaced by their estimated parameters k, 7, fq, with

p2[mon 2 o)t
m m m

lemma.

. We can now state the following

LEMMA 4.2. Consider the closed-loop dynamics given
by (4.8), (4-18) and (4.19), with constant but unknown
parameters k,n, f4 and the parameter error vector A =
[ k—k n—"n fa— fd ]T Then, there exist positive
gains ci, ca, c3, K1, K2 and K3 such that (z1(t), 22(t))
are uniformly bounded and the system (4.8) is locally

integral input-to state stable (LilSS) with respect to
(A A).

Proof. Consider the full mechanical subsystem that
consists of only the first two equations with the virtual
control input @ := z3:

(a20) 1T
' 22:%($0—Zl)+%22+%—mﬂ.
Defining the Lyapunov function Vi, = % (21 — ,zﬂlﬂef)2 +

(2 — zgef) , with ¢3 > 0, we would like to design @

so that Vi = —c1 (22 — 25°7)? along the trajectories of
(4.20), but since the system parameters k,n and fy are
unknown, we design the virtual input to be @ given by
(4.19). Inserting @ from (4.19) into Vi, we have the
following derivation:

Vaup=cs(z1—27") (21— 27 )+ (22— 23 ) (22— 25°T)

=(z2— zrcf)(cs(zl—z;ef)—&-%(ro—zl)—F%zQ

ref_ o o
2 2m(bt21)2 @)

=—ci (22— Z?Ef) (22— Z"'Gf)((k—’;)(m()_zl)+(7l—ﬁ>z2
tidty gy (2 — 25003

(4.21)

Using the definitions of the vectors ¢ and A, we have

Vius<er(za—25") 2 4|22 =257 [0 T |2 ]| A2

oy 2 AERIVIE 2
' <—er(za—57 P2 = [lra— 25 Iy llo - Ll ] P4 1002
<—cy (zz—z;ﬁf)2+7”ﬁi“1g ;
. s 4T .
where A = [ k—k n—% foa—fs] is the vec-

tor holding the discrepancy between actual system
parameters and estimated parameters. Note that
we have made use of the nonlinear damping term
7IY214h)12 to attain a negative quadratic

—k1 (22 — 2
o _ ref Nk

term of ¢ and A (ie,—r1 [[z2 — 2 |[P]l2 — 5

A3

4){1 )
hence rendering Vi, an ilSS-Lyapunov function for the
mechanical subsystem. Next, we define the Lyapunov

and a positive term that is a function of A only (

33

Downloaded from knowledgecenter.siam.org

(23 —1)*

function for the full system:V,yg = Viup + . Tak-
ing the derivative of Vg, along the trajectories of the
full system, leads to the following inequality:

Vaug<—c1(z2—25°T)2 +“AH2+(Z§—5L)
a(z Z’ref
(4.23) _altazz )

T —i +(z5—a)(2z3(—

ey + ),

R(b+z1)
a ZB

where 4 writes as

(4.24)
ﬁ :M( k (xo—21)+7L i zz+ L teg(z1— Zrﬁf)
e (zo—zgel )+ AN (1) (2, Y 225
+M( 5 (zo— z1)+ a 22+H)+M((%($0_21)
+.Z 22+
+M(2m(zz ) (ep

2 il n .Te
~ s s etm w3+ )+ )

22(7(370 Zl)+722+ m)
e )

£ 037 ey (20— ).

+ 27n(b+z1) (

By substituting the control input given in (4.18) into
(4.23), we attain the following inequality:

. INIE _
Vaug<—e1(z2—25 )2+ 1212 ey (23 —0)2
. b+ k—k)(zg— — fa—1F
3—a) (it (h=Rleo—z)  (oizz 4 Juzda

—(23
2)) (23— ) (2m1 (22— 25! ) (220E20)

(ertm 13+ ;
( (k*’%)(IO*Zl) + (nfﬁ)w + fd*fd )

4.25
(4.25) —(23- a><M><k<mo zmwmfd)

m m m

s (23—10) M\ 13—k (=3 —a)°
|m(b+z1)| |

2| 2o(btzy) |2
a3+ |+ |2mn (za—2pe ) || 22| 3.

Using the aforementioned definitions of the vectors v
R X . X T
and A, and noting that A = [_k —7 _fd} , we can
further bound Vaug in the following way:
(4.26)
Va,ug< e1(za— Zref) JrIIAII2 702(z27u)2
2D | | oy pa |34+ 17 (12112
5o || 282 |y T 1A

mz3

| 1 ) Al s

2k1(z2—2

miten) %) 2

:1

m(b+2z1)
Z3

—ko(z2—a)? crtrl[¥l3+

} III2.

zo(b+21)

mz3

+|2n1(227zg'3f)|2

By making use of the nonlinear damping terms the same
way as they have been utilized in deriving (4.22), we get

Vn,ug§—61(22 zrcf)2 ||A||2 02(22—71)2
2
—m[\zg—ﬁ %ﬁ”!\clmnwn% 2 il ”ﬁ”j}
a3 _ re b
(4.27) + 4,‘;22*n2[|zr§’7u||2m(22722 || 22820 |,
2
[rall an3 2 ~|| m(bt+z1) LA
- J I |3 a] | e |y 1812 |
NH
+ 4.‘£3 .
Copyright © SIAM.
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Finally, using the inequality (4.27), we have

Vaug<—c1

1413
2kg °

(=257 —ea(3—0)*+ ghtgk (1Al

(4.28)

It is easy to see that the uncertain system can be
expressed in the following nonlinear time-varying form:

(4'29) é = f(t7 67 A)?

with e € D,, A € Dy, where e 1= [z — z’{ef 29 —
2¢0 22 — @7 and A = [A A]T. Then, by considering
the output map defined by h = [z0 — 257 22 — @], we

can show that the system (4.29) with h is weakly zero-
detectable (i.e. using an analysis of the zero-dynamics of
(4.29) with h = A = 0). Next, using the weakly-zero-
delectability property together with inequality (4.28),
we can conclude (via some additional steps, which are
not included here due to space limitations, but will be
included in a journal version of this work ) that system
(4.29) is LiISS with respect to the input A, implying
that there exist functions o € I, g € KL and v € K,
such that, for all e(0) € D, and A € Dg, e is defined
and

(4.30) le@)]| < B(lle(0)[I, ) + a(/o Y(I1A]))ds
for allt > 0.

4.2.1 Estimation Module The motivation behind
proving that the system is LISS with respect to (A, A)
is, if by an estimation method, the vectors ||All2 and
|All2 can be taken to 0, then we can claim via (4.30)
that the system becomes stable. The advantage of using
this method is that it provides modularity in the sense
that the control law can be designed independently from
the estimation law. Thus, it would be sufficient to
design an estimation law that will take || Al and ||A||2
to 0 sufficiently fast. To this purpose, we use a gradient
descent-based filters [18]. We have three parameters
that are varying over time k, 7, f4. These parameters
enter the dynamics through the following equation:
(4.31)
, k

22:f(z7u)+F(z,u)T9::7L32+[ Lo~z 22 n
fa
The main problem with estimation for the system at
hand is there is only a single equation through which the
uncertain parameters enter the dynamics (4.31). Hence,
using the z-Swapping Scheme given in [18], we can only
estimate one parameter at a time. To this purpose, we
state the following assumption:
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ASSUMPTION 1. The wuncertain parameters k, n and
fa vary slowly, and over a given period of time, only
a single parameter can change while the others stay
constant.

We use the following equations for the estimation filters
[18]:

QT =(Ag—AF(z,u)T F(z,u)P)QT +F(z,u)T
Qo=(Ao—AF(z,u)T F(z,u)P)(Qo—2)+f(z,u)
ezzfﬂgfﬂTé,

(4.32)

with the gradient law for updating estimated parame-
ters:

(4.33) 0=T r=r7>0, v>0.

Qe
1+vielZ’
In the filter equations given in (4.32), Ag, P = PT >0
are constant,design matrices that satisfy the Lyapunov
equation, PAg+ AgP = —1I, and ) is a design variable.
Since we estimate only one parameter at a time, the
equations become scalar for each parameter. The
following equations are used for estimating k, n and fy
separately:

- For the parameter k:

. 2

Q=(Ag—A 202" pyo (Fazz1)
. ) 2 2
QOZ(AO_)\(Eo;L;l) P)(QO_ZQ)_‘_%_‘_%_&BQ

(4.34) ) met
Ezzz—Qo—Qk}

P Qe

k=T i+vielf

- For the parameter 7 :

2
Q=(Ao—\3% P)0+22

m

- 2 - 2
Qo=(Ao—A% P)(Q)—22)+ 0 1)+",%7—f;?%

4.35
(4.35) e=25—0Q0—QA

=D —Qe
= Tz

- For the parameter fa:

Q=(Ao—A 2z P)O+L

. —z p=3
(4.36) Qo:(Ao7A#P)(Qofz2)+%+7(zom 1)7m—j%

E.ZZQ—QO_Qfd

fa=" e
LEMMA 4.3. Consider the closed-loop dynamics given
by (4.8), (4.18) and (4.19), with an unknown parameter
k, n, or fq. Then, under Assumption 1, there exist
positive gains ¢y, Cca, €3, K1, ke and ks such that the
closed-loop dynamics given by (4.8), (4.18), (4.19) and
the filters (4.34), (4.35), (4.36) are stable, and that the

unknown parameter is asymptotically estimated.

Proof. The proof is straightforward from the result of
Lemma 4.2, and the known convergence properties of
the gradient descent-based filters [18].
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Parameter Value

m 0.27 [kg]
R 6 [Q]

n —0.25 [kg/sec]

Zo 8 [mm]
75 [N/mm)]

14.96 x 1076 [Nm?/A?]
4 x 1075 [m)]

SRS

Table 1: Numerical values of the mechanical parameters ° Time [s] e =20

Figure 1: Estimation of k over time

—-0.2

—-0.25

5 Simulations ol ,

We show here the behavior of the proposed ap-
proach on the example of electromagnetic actuator pre-
sented in [11], where the model (3.6) is used with
the numerical values of Table 1. The desired trajec-
tory has been selected as the 5th order polynomial —osE o e =5 = o o5
aref (t) = 3°0_, ai(t/ty)?, where the a;s have been com- Time [s]

puted to satisfy the boundary constraints z7¢/(0) = ) . L )
O.Q,m”f(tf) _ xf,:icTef(O) _ m'ref(tf) — 0,5/ (0) = Figure 2: Estimation of n over time
iref(ty) = 0, with t; = 0.5 sec, xy = 0.85 mm. Due to

space limitations, we only report hereafter the results

—-0.41- o

Tlint — 7T/nom —_—7)
—0.45} :

of the ISS adaptive backstepping controller. However, o ——
we can underline here that the first adaptive controller —10} int. T

fa

nom fa

leads to numerical results in concordance with the theo-
retical analysis, i.e. convergence of the armature veloc-
ity to the desired velocity, with bounded position track-
ing error and bounded uncertain parameters estimation
errors. To test the ISS adaptive controller, we consid- -50
ered the following scenario: We considered uncertainties —eq

X ) . . X 5 80 85 20 95 100 _ 105 110 115 120
in the model appearing sequentially over time. First, at Time [s]

t = 0 sec, we considered that the parameter k£ has an

error of 16%. Next, we consider that at ¢ = 38 sec, Figure 3: Estimation of f4 over time

the parameter 7 sustains an error of 50%, finally at

t = 75 sec, we assume a disturbance force f; of —50N

(static friction force). We simulated the controller (4.18) 1 —
and (4.19) with the gains ¢; = 100, ¢2 = 100, ¢3 = 50, o | T thing the estimated value of k
K1 = kg = kg = 1. For the filters (4.34), (4.35), (4.36), 8 |=—x without Bstimation

we used the gains Ag = —0.5, P =1, A =1, ' = 100. T ‘
We underline here that, due to the structure of the T
model, we could estimate only one parameter at the
time (see Section 4.2.1). We see clearly on Figures 1,
2, 3 that the numerical results are concordant with the —~—
theoretical analysis, since the estimated parameters con- o oo o1 oas o2
verge all to their actual value. Furthermore, we see on

Figures 4, 5 that we achieve very good tracking of both Figure 4: Moving element actual position vs. desired
the desired position and the desired velocity trajecto- position

ries.

025 03 035 04 045 05
Time [s]
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— Xref
—% using the estimated value of k
—% without Estimation q

025 03 035
Time [s]

L L L
0.1 0.15 0.2

Figure 5: Moving element actual velocity vs. desired
velocity

6 Conclusion

We have studied in this paper the problem of adaptive
control for electromagnetic actuators. We have devel-
oped two trajectory tracking controller based on adap-
tive backstepping approaches. We have studied the sta-
bility properties of the proposed controller and shown
the performance on a numerical example.
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