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Abstract. The singularly perturbed relay control systems (SPRCS) are
examined. The mathematical apparatus for investigation of the fast peri-
odic oscillations of SPRCS is developed. The theorem about existence of
fast periodic solution of SPRCS is proved. The theorem about averaging
is given. It is proved that the slow motions in SPRCS with fast periodic
solutions are approximately described by equations obtained from the
equations for the slow variables of SPRCS by averaging along fast pe-
riodic motions. The algorithm of asymptotic representation for the fast
periodic solution of SPRCS is suggested. The algorithm for correction of
the averaged equation is given. The stability of the fast periodic solution
is investigated.

It is shown that in the case when the original SPRCS contains the relay
control linearly the averaged equations and equations which describe the
motions of the reduced system in the sliding mode are coincide. The
example is given which shows that in the general case when the original
SPCSC contains the relay control nonlinearly, the averaging equations
do not coincide with the equivalent control equations or the Filippov
extension definition which describe the motions in the sliding mode in
the reduced system. The algorithm is proposed which allows to solve
the problem of eigenvalue assignment for averaged equations using the
additional dynamics of fast actuator.

1 Introduction

The chattering phenomena is one of the actual problems in modern sliding mode
control theory. The presence of actuators and measuring devices is one of the
basic reasons for chattering in sliding mode control systems ([17],[4],[2]). The
behaviour of such systems is described by singularly perturbed relay control
systems (SPRCS). Moreover, for such systems the conditions of dynamic un-
certainty hold, which means that for the original SPRCS there are no stable
first order sliding modes, but for the reduced system the sufficient conditions for
existence of a stable first order sliding mode hold ([4],[3],[9]).

If the original SPRCS contains either a sliding mode of 3rd order and greater
or positive feedback, then the sliding modes are unstable ([1],[10]). In such sys-
tems fast periodic oscillations can occur ([17],[9]).



The general model of sliding mode control systems with fast actuators and
measuring devices has the following form (see [4])

pdz/dt = g(z, s, , u(s)), (I1.1)

ds/dt = hi(z,s,z,u(s)), dz/dt = ha(z,s,z,u(s)),

where z € R™, s € R, z € R™, u(s) = sign(s) and g, h1, hy are smooth func-
tions of their arguments. System (I.1) under such assumptions can describe for
instance the behaviour of control systems in which variables z, s describe plant
behaviour, and the vector z describes the behaviour of the fast actuator.

Conditions of dynamic uncertainty for system (I.1) mean that letting g = 0
and expressing zo = ¢(s, z, u(s)) from the equation

g(zo, 8, z,u(s)) =0
according to the formula zo = ¢(s, z, u(s)), we obtain the reduced system

ds/dt = hi(p(s,z,u(s)), s, z,u(s)) = Hi(s,z,u(s)), (1.2)

da/dt = ha(p(s, z,u(s)), s, z,u(s)) = Ha(s,z,u(s)).

It is assumed that
(1) almost everywhere on s = 0

hi(z,0,z,1)h1(z,0,2,—1) > 0 (1.3)

or

hi(z,0,2,1) > 0, hi(z,0,2,—1) < 0;

(ii) the measure of the domain
S={z:H(0,2,1) <0, H(0,z,-1) >0} € R”

is nonzero and consequently § is the domain of stable first order sliding for
system (I.2).

This chapter is devoted to the investigation of chattering problem in (I.2)
from the viewpoint of averaging and specific features of fast periodic solutions
of system (I.1). The chapter consists of four sections. Section 2 is devoted to the
development of mathematical tools for the investigation of periodic solutions of
SPRCS. In section 3 these tools are used for the investigation of the behaviour
of sliding mode control systems with fast actuators. The proposed new approach
is used in section 4 for the design of desired averaged equation in sliding mode
control system with fast actuators.



2 Mathematical Tools

2.1 Problem Formulation

In this section we will consider the existence and stability of the fast periodic
solutions for singularly perturbed relay control systems (SPRCS) of the form

/Ldz/dt:g(z,f,:c,u(f)), (1)

/Ldf/dt = h1(27€7 T, U(f)), dx/dt = h2(27€7 T, U(f)),

where z € R™, £ € R, z € R™,u(€) = sign (€£) and g, hq, he are smooth func-
tions of their arguments. Introducing the ‘fast time’ 7 = ¢/u into (1), we obtain

dZ/dT:g(z,f,:c,u(f)), (2)

dé/dr = hi(z, &, z,u()), de/dr = pha(z, €, 2, u(€)).

For smoothly singularly perturbed system the existence and stability of the
first approximation of the fast periodic solution was investigated by [14]. The
existence and stability of the first approximation of fast periodic solution of (1)
was investigated in [9].

It turns out that for the investigation of the fast periodic solutions of the
singularly perturbed system (2) it’s impossible to use standard small parameter
methods [7] for autonomous systems because setting 1 = 0 in (2) we will obtain
a degenerate equation for the slow variables z.

In this section we develop the mathematical tools for investigation of the fast
periodic oscillations (1),(2). To this end we employ the point mapping method
(see [12],[13]).

2.2 Some Properties of the Point Mapping which Made by SPRCS

Let us denote the variation domain as Z, X with variables (z, s, z) and z.

Definition1. We shall call the surface £ = 0 the surface without stable sliding
towards trajectories of the system

dz/dr = g(z,&, 2z, u(€)), (3)

df/dT = hl(z,f, :B,U(f)),

if all the trajectories of (3) which start outside the surface & = 0 cross it at the
point (z,0, z) where the conditions

hi(z,0,z,1)h1(z,0,2,—1) > 0

are fulfilled.



Suppose that the following conditions are true:

10 h17h27g € CZ[Z X [_17 1]]7

20 the surface & = 0 for all z € X is a surface without stable sliding towards
trajectories of system (3);

30 system (3) for all z € X has an isolated orbitally asymptotically stable
solution (zo (7, z),&o(r, z)) with period T'(z);

4% let R(z, ) be a point mapping of the set V = {(z,z) : h1(2,0,2,1) > 0}
on the surface £ = 0 into itself performed by system (3), which has a fixed point
z* () corresponding to (zo(7, z),&o(7, 2));

5° suppose that for all z € X X;(z) (i = 1,...,m), the eigenvalues of the
matrix R

a_Z(Z* (:B)v :B)v
the inequalities |A; (z)| £ 1 are true;

6° the averaged system dz/dt = p(z), where

€T

T(z)
p(z) = % /0 ha(zo(T,2), éo(T, 2), 2, u(éo(T, 2))dT, (4)

has an isolated equilibrium point z¢ such that

d
p(eo) =0, det|E (20)| # 0.

Let us denote as 2% (7, z, z, 1) and (7, 2, z, u), the solutions of system (2)
with the initial conditions 2% (0, z, =, u) = 2,6*(0,2,2z,1) = 0 for & > 0 and
£<0.

The point mapping of the domain V of the surface £ = 0, associated with
gystem (2), has the following form

D(z, @, p) = (P1(2, 2, 1), Ba(z, 2, 1) =

(Z_(97 Z+(67 Z? :B, /‘L)7 :B-I—(a? Z? :B, N)?N)? :B_(97 Z+(67 Z? :B, /‘L)7 :B-I—(a? Z? :B, N)?N))?

where the functions 6(z, z, i), @(z, z, p) are determined by equations
€+ (67 Zy Ly /L) = 07

6_(97 Z+(67 Z? :B, /‘L)7 :B-I—(a? Z? :B, N)?/‘l‘) = 0'

This means that @41(z,2,0) = R(z, z).

The surface £ = 0 is the surface without stable sliding for system (3). This
means that there exists a neighbourhood of the point (2*(zo), zo) on the surface
¢ = 0 for which

maz{|d¢t/db), |de™ /dO|} > 0.

It follows from condition 1° and the implicit function theorem that for some small
o, the functions @, 6, @ have continuous derivatives in some set U x [0, o] on
the surface £ = 0. This means that we can consider the function @ as the point



mapping of the set U x [0, o] on the surface £ = 0 into itself. Moreover we can
rewrite @(z, z, ) in the form

B(z, 2, 1) = (R(z,2, p), 2 + pQ(z, 2, 1)),
where R(z, =, 1), Q(z, z, p) are sufficiently smooth functions and
Q(z*(%0), 20, 0) = 0, R(z* (), =, 0) = 2*(z).

Let’s introduce into the function @ new variables using the formula n =
z — z*(z). Then the point mapping @ takes the form

‘I’(ﬁa ZB,/L) = (![/1(777 fBaN)vlpZ(ﬁv ZB,/L)) =

= (R(n+ 2" (2),2, 4) — 2" (2), 2 + pQ(n + 2" (), z, 1)), ()
and consequently ¥ (0, z,0) = (0, z).

2.3 Existence of the Fast Periodic Solution

Theorem 2. Under conditions 1° — 6°, system (1) has an isolated periodic so-
lution with the period u(T(zo) + O(p)) near to the circle

(zo(t/ps o), ot/ 1, o), o).

Proof. We will prove the existence of the periodic solution as the existence of the
fixed point (n* (@), z* (1)) of the point mapping ¥. Let’s rewrite the conditions
of existence of this fixed point in the form

o= () = (L) = o

m
It is necessary to take into account that for 4 = 0 9*(0) = 0,2*(0) = 2o and
G2(0,20,0) = —=T'(z0)p(z0) = 0 and consequently for y = 0 conditions (6) are
fulfilled. Moreover, taking into account that G1(0,z,0) = 0 for all z € X we can
conclude that 251 (0, 29, 0) = 0. Let us compute the Jacobian of function G with

ox
respect to variables 5,z at p = 0.

oG
W(O, Zo, 0) =
_ I, — %(z*(:vo), Zg) Oa 20
28 (0,20,0)  —T(x0) 2 (o)

This means that there exists an isolated fixed point (2*(y), z*(p)) of the point
mapping G which corresponds to the periodic solution of systems (1) and (2)
and in this case z*(p) = 2% (zo) + O(p), * (1) = zo + O (). O



2.4 Stability in the First Approximation

Assume that

7° the eigenvalues \;(zo) of the matrix %(z(:vo), o) satisty the inequalities
[Ai(zo)| < 1(i=1,...,m);

8° the eigenvalues vj(zg), j = 1,...,n of the matrix g—i(:vo) satisfy the in-
equalities

Rev;(zo) < 0.

Theorem 3. Under conditions 1°—8° the periodic solution of (1), (2) is orbitally
asymptotically stable.

Proof. Let’s find the derivatives ¥ by variables 7, z

o [T — ZE(20) + O(p) O(p)
B0 L) = | 9 (020, 0) + O() T + T () (o) + O() |

Consequently the matrix I'(n, z, i) has at the small vicinity of (0, z0,0) two
groups of eigenvalues
Ai(mo) + O(p), i =1,...,m,
14 uT(zo)vj(zo) + o(p), 5 =1,...,n.
This means that under conditions of theorem 3 there exists some neighbourhood
of (0, zg, 0) for which ¥ is contraction mapping and corresponding fast periodic
solution of systems (1),(2) is orbitally asymptotically stable. O

2.5 Some Auxiliary Theorems about Decomposition of Two - Speed
Point Mappings

It is obvious that the problem of stability of fast periodic solution of system (1)
is equivalent to the problem of stability of the fixed point n*(u), 2™ (1) of ¥ ().
Let’s introduce into ¥ new variables according to the formulae x = n—n*(u), x =
z — z*(p). Then, taking into account that 0¥ (0, zo,0)/0z = 0, we have

Al('%a X /L) = PK: + Q(Ra X /L)a
Az(k, X, 1) = X + pR(K, X, 1) (D.1)
where ) and R are smooth functions and under conditions 1° — 79
P = 0R/0z(2(z0), z0), I|P]| < L;
Q(k,x, 1) = O(R)O(|6] + Ix]) + O(6]* + [x]*),
R(k, x, 1) = O(|&] + |x])-
Thus we can reduce Cauchy’s problem for system (1) with initial conditions
2(0, 1) = 2°, 5(0, ) = 0, 2(0, p) = 2°. (IC)
to the investigation of the two-speed discrete system

K1 = Prg 4+ Q(kr, Xks 1), Xe+1 = Xi + pR(kr, 1), (D.2)

Ro = 2° = 2" (2" (1)), xo = 2° — 2" ().

In the sequel we will use the following theorems about decomposition of point
mappings (D.1),(D.2) (see [16]).



Proposition D.1. Assume that for system (D.1) conditions (D.2) hold. Then
system (D.1) has a slow motions integral manifold of the form v = V(x, p) for
small . Then there exist Cy, C3 such that

||V(X7 /L)H < Cla

1V (x: ) = VO wll < Callx = xlI-
The motion on the manifold k = V(x, p) is described by the equation

AL (V (X, 1)y x5 1) = X 4 RV (X 1), X5 1) (D-3)

For the slow coordinate solution of (D.2) x1(xo0), and X1 (X) the solution of sys-
tem (D.3) with initial condition xo = x, there exist¢ > 0,0<¢<1land x €R
for which the inequality

Ix(x0) — X(X)| < cq”

8 true.

Proposition D.2 (reduction principle). If

Q(0,0,p) =0;  R(0,0,p) =0,

then the problem of stability of the zero solutions of systems (D.1) and (D.3) are
equivalent. This means that the zero solution of (D.1) is stable (asymptotically
stable, unstable) if and only if the zero solution of (D.3) is stable (asymptotically
stable, unstable).

The function V(x, ) may be found from the equation

PV (x;p) + Q(V(x, 1) x, ) = V(X + pR(V (X, 1)s X, )5 1)

with any level of precision in form

Vix, 1) = Volx) + uVa(x) + B’ Va(x) + -+

The function V() is a solution of the equation

PVo(x) + Q(Vo(x): x,0) = Vo(x)-

Function Vi () can be found from equation

PVi(x) + @, (Vo(x)s x, 0) = Vi(x)-

An equation describing the flow on the slow motions integral manifold has the
form

Az (V(x, 1)y x5 ) = X + pR(Vo(x), X, 1)+ (D-4)
+1* (R, (Vo (x), x, 0)Va(x) + R}, (Vo(x), x, 0)) + O ().



2.6 Theorem about Averaging

Assume that
9° The solution Z(t) of the averaged system (3) with initial conditions Z(0) =
20 for t € [0, L] is situated in the closed subdomain X € X.

Theorem 4. Under conditions 1° — 7% and 9°, the slow coordinate x(t,p) of
solution (1), (IC) and Z(t) satisfy the inequality

sup |z(t, u) — ()| = O(p).
te[0,L]

2.7 Searching for the Periodic Solution

Assume now that B
1A° hl, hg,g € Ck+2[Z X [—1, 1]]
We will find the period of the desired periodic solution of (2) in the form

T(p) = To+ pTo+ p°To + ..., (7)
where Ty = T'(zo) and the time interval for which « =1 and v = —1 in form
O (1) = 05 + pbf + 205 + -+ phOE -

where Goi = 6% (o). Then the asymptotic representation of the desired periodic
solution on [0, T'(x4)] takes the form

2(1, 1) = 20(7) + pza (1) + p222 (1) + oo+ P2 (1) + ..,

2(7y p) = Eo(7) + péa(r) + p2€a (1) + oo+ pFE(T) + ooy
w(1, 1) = o + per (1) + plaes (1) 4+ oo + pFar(r) + ..

Denote
Ty (p) = To + pT1 + /Lsz + ...+ /Lka,

O0F (1) = 6F + b + 1265 + ...+ poE.
Let’s find the k — th approximation of the asymptotic representation for the
desired periodic solution for 7 € [0, T;(#+)] in the form
Tl ) = 20(r) + pa(r) + 522 (7) + o+ b2 (1),

E(ryp) = &o(7) + péa(T) + pPea(r) + oo+ pF & (1),
Xi(r ) = w0+ w1 (7) + i () o (),

where the continuous functions z;, &, #; are smooth on [0, é,;"(/j)) U85 (1), The (12)]
but have jumps in the derivative at 7 = GN;: (1¢). Let’s show that under the
conditions of theorem 2 the functions zzi,fzi,:vzi and the constants 6;, ©; for
every ¢ = 1,..., k can be uniquely found.



Let’s introduce in system (2) two ‘new times’ according to the formulae
T = T/él-cl_(/‘);T_ =(r— élj(/‘))/ék_ (/‘)77_:‘: € [0, 1],
and the auxiliary functions zoi (%), foi (%) as the solutions to
dzE Jdrt = 65 g(2F, ¢, w0, £1), (8)
déE Jdr = 0T hy (2F, €E w0, +1)
with initial and periodicity conditions
23 (0) = 2% (wo) = 25, £F(0) = 0; (9)
25 (0) = 23 (1), & (0) = &5(1) =05

7o (1) = 2"(xo), &5 (1) =0.

From the periodicity of functions zo(7), £o(7) it follows that the system (8),(9)
has a unique solution.
The functions :Bli(r) are described by the equations

d:vli/dTi = 6’0ih2(zoi (Ti, zo), foi (Ti, o), Lo, £1), (10)
with initial conditions and periodicity conditions given by
of (0) =27, z5(0)=2{(1), =zy(1)=27, (11)

Moreover

1
[hao](mo) = /0 hz(zo(r‘l', ibo),fa_(T+, o), Zo, 1)d7’+—|—

1
+/ hZ(ZO(T_7 :Bo)vgo_ (T_a ibo), Zo,y _1)dT_ = 07 (12)
0

aet) 202 ()| = T(20) 2 (20) £ 0.

This means that for every z7 there exists a unique solution of (10) and (11) for
which fol iEiI_(T+)dT+ + fol Z1 (77 )dr™ = 0 and we can define the function z1(7)
in the form

21(7) = 2] + T1(7) =

_ {fv’{ + & (78 () for 7€ [0,6 ()]

wf + &7 ((r = 6 (10)/8; (W) for 7 € (65 (), Te (w))-

The functions zli (%, x3), fli (%, z7) are defined by equations
dzf [dr = 65 ("5 28 + ¢85 + g 2f) + 67 9% (13)

dgy Jdr = 63 (W2 + W + hyet) + 07 i



where the values of g%, hli and their derivatives are calculated at the points

(zoi (Ti, zo), foi (Ti, z9), To, £1).
Initial and periodicity conditions for system (13) are defined by equations
2 (0,27) = 21 (L,21) = 21, 21 (0,27) = 21 (1,23); (14)

&0, 27) =& (L, 2]) = &1 (0,27) = &1 (1,27) = 0.

Equations (13) depend linearly on zli,fli,é’li and consequently their solutions
Zi(T, z3), fli (r,z3), Gli(:v”{) are linearly dependent on the initial conditions
zli((),:v”{) Expressing Zit(T, x”{),fli(r, xi),@li(:v”{) through 2 (0,z3) and sub-
stituting the results in the first equation of (14) we have a system of alge-
braic equations linear in 2z}t (0, z;) whose determinant coincides with det|I,;, —
OR(z"(z0), z0)/0z| # 0.

The functions z5 (7) are described by the equations
def Jdr = 6F (WY, 2E+
+h €1 + hy 2T + 67 Do, (15)
where the values of h2i are calculated at the points
(23 (T, 20), &5 (7%, 20), mo, £1).
Initial and periodicity conditions are
23 (0) =23, 3 (0) =23 (1), =3(1)=aj. (16)

The condition under which system (16) has periodic solutions for every z% takes
the form

1
/0 (63 (2 (7, 7) + Whe (7, )+
CHh e () + 0F () hE]drt 1
1
+ / (6 (W (1 o) + et (= w))+

+hy,zy (7, 27)) + +6; (27)hy JdrT = 0. (17)

Conditions (17) are a system of linear equations for obtaining z7%, whose deter-
minant coincides with g—i(:vo) # 0. This means that we can find uniquely the
function z2(7) in form z3(7) = #35 + Z2(7), where Z3(7) is the function with zero
averaged value.

Now suppose that the functions z;(7),&;(7), z;(7) and the constants =7, Hj»i,
j =1,...,4— 1 have been found. Moreover, the periodic function z;(r) for every
z} can be represented in form of the sum of 7 and the function Z;(7) with zero

averaged value.



(3 (3

Then the functions zli (%, x:‘),fzi (%, z7), :B»i(ri, z}) are defined by equa-
tions
dzi[dT* = 63 (9552 + 9,76 + g2 )+

+6F (27)gF +H< ) (18)
déi/dr® = 65 (W2 + WiegE + bl )+

6 (27)hi + I (7%),

where the values of g%, hli and their derivatives are calculated at the points

(Z(:)t (Tiv 550)7 gtz)t (Tiv 550)7 Lo, :I:l),

and Hjii,j = 1,2 are uniquely defined functions containing the terms of order p’
in the asymptotic representations of g%, hli depending on zji, &, :Bji, z;,j <i—
1. Initial and periodicity conditions for system (18) are defined by the equations

2 (0.2]) = 27 (L2) = 77, 7 (0,27) = 2 (1,27) (19)
€10,57) = 65 0,07) = (0.90) = &7 (1) =0

Equations (18) depend linearly on z; ,52 , 05 * and consequently their solutions

zli (r,z}), fzi (r,z}), Gzi(:vf) are linearly dependent on the initial conditions

zzi((),:v:‘) Expressing Z;t(T, :B:»‘),fii(T, xf),@zi(:v:‘) through 2} (0,z}) and sub-
stituting the results in the first equation of (19) we have a system of alge-
braic equations linear in ;' (0, z}) whose determinant coincides with det|I,,, —

IR(z" (o), o)/ 02| # 0.
The functions z;41(7) are described by the equations

d$z+1/d7' = ai( 2z21i 551 + hzxfBl )+

+6Ehi 1 + Wi(T)a

where the values of h2i and its derivatives are calculated at the

(Z(:)t (Tiv 550)7 gtz)t (Tiv 550)7 Lo, il)

and 7r§» are uniquely defined functions containing the terms of order u' in the
asymptotic representations of h2i depending on zji, ji, :Bji, z}, j <1— 1. Initial
and periodicity conditions are

xz-'l—+1(0) = $r+1v :Bi_+1(0) = x;’:—l(l)? :Bi_+1(1) = $r+1- (20)

The conditions under which system (20) has a periodic solution with zero
averaged value for every z7, ; takes the form

1
/0 (6 (W2 (7, ) + WREF (7 o)+

+hshal (rF,2])) + 67 (7%, 2 hfJdr T+ (21)

25T



1
+ [ () b (i)
0

Ry (v 2)) + 6 (2] hy Jdr = 0.

Conditions (21) are a system of linear equations for obtaining of z}, whose
determinant coincides with g—i(:vo) # 0. This means that for every z7,; we can
uniquely find the function z;11(7) in the form z;y1(7) = &7, + #;41(7), where
Z;+1(7) is a function with zero averaged value. To finish the algorithm for the
design of the desired asymptotic representation, it is necessary to define

(2i(7), &i(7)) =

(=" (7/6F (), 27 ),§7(7/9+(#) zj))for 7€ (0,65 (n)),
= (& (7= 65 () /65 (), = ),57((7—92’( /0 (1), z5))
for 1€ [92’( ), Te(p)], =0, ..., k.

o+ &f (/8 (1) for 7€ [0,6] ()],
wj(r)={ =} + 5](( —92’( ))/6; (1)
for 7€ [ F), Te (W), 7= 1,0 k.

2.8 Correction of Averaged Equations

Let us now show how we can use knowledge about the fast periodic solution for
the correction of averaged equations with any precision level according to the
small parameter degrees. The knowledge of such equations is necessary the case
when the linear part of the averaged equations (3) has spectral points on the
imaginary axis.

Assume that we have found the functions

0% (z, ) = 65 (= —|—Z/j9i

T(z, p) = o* (@, p) + 07 (z, )

and
(zi(r,2),&i(T,2)) =
(2 (/6% (p, ), ), &F (7/6F (u, ), 2))
_ for [0,9":(#, z)],
(zi (1 — 61 (1)) /0~ (), ), &7 (1 — 67 (1, )) /0~ (1, ), )
for  [6%(u, z), T(p, )],
then

2(1y 1) = zo(Ty ) + pza (T 2) + oo 4 pizi(T ) + ey
6(7-7 L, /L) = 60(7_7 :B) + /Lgl(Ta :B) + ...+ /Ligi(Ta :B) + eeey
w(ry e, 1) = pe(r,2) + o+ plai(r, ) + .



Then the precise averaged equation has the form

1

T(z,p)
dx dt:—/ hol(z(T, @, ), E(T, 2y 1), 2+
/ Tn) Jo 2(2(7y @, ), E(7 @, 1)

3 (r, 1), (€, ). (PAB)

Equation (PAE) correspond to the system (D.4) which describes a flow on the

slow motion manifold in system (D.1). In this case the first order approximation
of (PAE) has the form

To(x)
de/dt = TO](-CB) {(1 — /LTl(ZB))/O hodT+

+p

To(x)
/0 (h;zzl(T, z) + h'zgfl(r, z) + hgxil(r)) dr+
+91|' (2)ha(z0(6o(z), 2),E0(f0 (), ), z, 1)+

+07 (2)h2(20(To(z), ), £o(To(z), ), z, —1)] }, (FAAE)

where the values of the functions hs and its derivatives in the integral terms
are calculated at the points (zo(7, ), &o(T, ), 2, u(éo(7, 2))). Analogously we can
obtain the averaged equations with any precision level expanding in powers of
the small parameter.

2.9 Investigation of stability in critical Case

Theorem 5 Reduction Principle. Under conditions 1° — 7° the periodic so-
lution for original system (1) is stable (asymptotically stable, unstable) if and
only if the equilibrium point of system (PAE) is stable (asymptotically stable,
unstable).

Corollary 6. Assume that for system (1) conditions 1° — 79 are true. If the
equilibrium point of system (FAAE) is asymptotically stable (unstable) in the first

approximation then the periodic solution for original system (1) is asymptotically
stable (unstable).



3 Analysis of Averaged Equations in Sliding Mode with
Fast Actuators

3.1 Averaged Equations of Systems which Linearly Depend on
Relay Control

In this section we will consider the SPRCS which linearly depend on relay control.
We will show that the averaged equations which describe the slow motions in
such SPRCS and the equations which describe the sliding motion in the reduced
systems coincide.

Let’s consider the system

pdz/dt = A(s,z)z + fi(s, z) + K1(s, z)u(s),
ds/dt = B(s,z)z + fa(s,z) + Ka(s, z)u(s),
da/dt = D(s,2)z + fa(s,z) + Ks(s, z)u(s), (22)

where z € R™, s € R,z € R", u(s) = sign(s) and f;, K; (1 = 1,2,3) are
smooth functions of their arguments. Setting p = 0 and expressing zo from the
first equation of system (22) according to the formula zo = —A~1(s, z)[f1(s, z) +
K1(s,z)u(s)] we obtain the reduced system

(s,
(s,

ds/dt = —B(s,z) A (s, z) f1(s, %) + fa(s, 2)—
—[B(s,2) A" (s, 2) K1 (s, ¢) — Ko (s, z)]u(s),
dz/dt = D(s,2) A~ (s, z) f1(s,2) + f3(s,2)—
—[D(s, £) A~ (s, 2) K1(s, ) — K3(s,z)]u(s).

Suppose that for the original system (22) the conditions of dynamic uncertainty
hold which means that

K5(0,z) >0, B(0,z)A7*(0,z)K1(0,z) — K2(0,z) > 0. (CDU)

The equations which describe the motion in sliding modes in the reduced
system have the form

dz/dt = —D(0, :B)A_l((), z)f1(0,z) + f3(0,2)—
—[D(0, 2) A0, 2)K1(0, 2) — K3(0, 2)](u(s) — teq(2)), (23)
tUeg(z) = [B(0,2) A0, 2) K1(0, 2) — K2(0, )] x
x[=B(0,2)A™(0,2) (0, z) + f2(0, z)].

Let’s show that the averaged equations for the original system (22) coincide with
system (23).

Suppose that for all z € X the following conditions are true:

(¥) Re SpecA(0,z) < 0;

() futeg()] < L.



It is obvious that if the conditions of dynamical uncertainty are true it is
reasonable to consider only solutions of system (22) with initial conditions

2(0, 1) = 2% (0, ) = s, (0, p) = 2°,
which are situated in the O(u) vicinity of the switching surface. Following [3],[9]
let us increase 1/p times the neighbourhood of the discontinuity surface s = 0
in system (22) and let the variable § = s/u. Then we will rewrite system (22) in
the form

pdz/dt = A(pé, )z + fi(pé, =) + K1(p€, 2)u(s)
pdé /dt = B(pé, )z + fa(pé, x) + Ka(pé, z)u()
du/dt = D(ug, x)z + fa(ié, v) + Ks (g, 2)u(€).

In this case the system which describes the fast motionsin (24) has, analogous
to (3), the form

b
b

(24)

dz/dr = A(0,z)z + f1(0,z) + K1(0, z)u(f),
dé/dr = B(0,z)z + f2(0,2) + K2(0, z)u(é), (z— parameter). (25)

Introducing into system (25) the new variables n = z + A=1(0,z)[f1(0,z) +
K1(0, z)ucq(z)] we will have

dn/dr = A(0,z)n + K1(0, z)u(, z),
d¢/dr = B(0,z)n + K2(0, z)u(¢, z),
u(&, ) = w(f) — ueg(2). (26)

Let’s consider the point mapping of the surface £ = 0 into itself which is made
by system (26). The solution of system (26) with initial conditions

nt(0,p) =9, & =0;
ne€ QT ={(n,p): B0,z)n+ K5 (0,z)a(¢, z) > 0},
K = Ki(l —ueg),i=1,2

has the form
nt(r,mz) = (n+ AT'KS) — AT'KT,

X (ryn, p) = BA e — D)(n+ AT K[~
—(BAT'K{ — KT

Here and in the sequel the functions A, B, K1, K> are computed at the point
(0,z). For 7 = 0d¢/dr = B(0,z)n + K (0, z)u(¢, z) and consequently

EH(rmp) >0
at least for small 7 > 0. On the other hand from condition (i) it follows that

lim &% (r,n, p) = —cc.
T—00



This means that there exists 8(r, 7, i), the smallest root of equation

€+ (6(7—7 7, N)a 7 N) =0.
Let’s rewrite this equation in form
BA Y (e* —I)(n+ A7'K}) = (BAT'K{ — KJ)6.

It follows from the definition of 8 that dé* /dr(#) < 0. This means that we can
define the point mapping of the set £27 into the set

027 ={(n,p) = B(0,2)n" (8, m,2) — K5 (0, 2)tucy(é, z) < 0},
where K, = K;(1 4 ueq), ¢ = 1,2. Analogously the point mapping
17 (0,1,x) = e*®(n - AT'KD) + AT
BA Ye*® —I)(n— A'K])= —(BA™'K; — K; )@
transforms the set 27 into the set
2 ={(n,p): B(0,z)n— K5 (0,z) >0,z € X}.
This means that the point mapping
P(n,z) =1~ (0,9%(8,7,2),z)

given by formula

d(n,z) =e*® (e (n+ AT'KT) — 247 K1)+ ATYKT

transforms the set £2* into itself. Let’s denote n*(z) as the fixed point of the
point mapping ¢(n, z) which corresponds to the periodic solution

(zo(T, 2), &o(T, ).

For n*(z) we have the formula
() = {211 — AOTO AT AO) (1 )} AT,

Let’s study the properties of averaged values of the T'(z) = 6(z)+6(z) - periodic
solutions no(r, z) and &o(T, z).

T(z)
I(:B) = / 770(7—7 :B)dT = [(1 + ueq)e - (1 - ueq)a]A_lK]_.
0
Taking into account that & (T'(z), z) = 0 we have
$o(T(z),z) =

T(x)
= / Brno(1,2)dT — Ka[(1 4 teq)O — (1 — ueq)8] = 0.
0

This means that (1 4 4eq)@ = (1 — u.q)6. The following lemma is true.



Lemma 7. If there exists a solution of system (26) of period T(z) then

T(x)
/ no(T, z)dT = 0,
0

T(x) z) — 6(z
/0 u(no(r, ))dr = % = Ueg().

Remark. This lemma was obtained for the first time in [11] by using transfer
function methods.

Let’s turn to system (22). If for system (24) the conditions of theorem 3
are true there exists an isolated periodic solution (z(7, u), &(7, u), (7, p)) which
corresponds to the periodic solution (no(7, ), &o(T, )) of system (26). Moreover

T(z)
/0 zo(T, 2)dr = A_l(O, z)(f1(0, z) + K1(0, z)teq(x)).

This means that the averaged equations which approximately describe the be-
haviour of the slow motions in system (22) coincide with equations (23) for the
sliding motions in the reduced system .

3.2 Example

Suppose that a mathematical model of a control system taking account of actu-
ator behaviour has the following form

pdz/dt = —z —u,ds/dt = z+ (e + z)u, o > 0 (27)

de/dt = —z 4+ 2 — u, (28)

z, 8, € R,u(s) = sign(s), u - actuator time constant. The fast motions taking
place in (27), (28) are described by the system

dz/dr = —z —w, dé/dr = z 4+ (o + z)u, u = sign(€). (29)

System (29) is symmetric relative to the point z = £ = 0 so we shall consider it
as a point mapping R(z, z) of the domain z+ o > 0 on the switching line £ =0
into the domain z + o < 0 with ¢ > 0. Then ¥(z) = —1 + e~ T (2 4 1) where 7 is
the smallest root of equation

(1—e” T z+l)=1-a—=z)r.

)
The fixed point z* = ¥(z*(z), z) correspondlng to the periodic solution (29) is
determined by the equation ¥(z*(z),z) = —z*(z) . Then the fixed point z*(z)
(amplitude) and the semiperiod T'(z) of the perlodic solution are determined by
equations

%UK(T/2) = (1 — o — x)T, 2*(z) = th(T/2). (30)



Equations (30) with 0 < a4+ z < 1 have positive solutions which corresponds to
the existence of a 2T periodic solution in system (29). The slow motions averaged
equation for system (28) assumes the form

de/dt = —u.

This equation has the asymptotically stable equilibrium point = = 0. It follows
from (30) that T ~ 3.83, A & —0.07, and so system (27), (28) has an orbitally
asymptotically stable periodic solution which lies in the O(u) neighbourhood of
the switching surface.

3.3 The Systems Containing The Relay Control Nonlinearly

Consider the control system which is described by the equations

pdz/dt = —z —u,ds/dt = z + au,

de/dt = (2* — 22 + Bz, (31)

where 2,5,z € R, u(s) = sign(s), 0 < a,8 < 1 and p is the actuator time
constant. If we take 1 = 0 in system (31) we will have

ds/dt = (a — Vu, dz/dt = (u* — u? 4 B)z. (32)

In system (32) a stable sliding mode exists. Both the classical extension defini-
tion of solutions according Filippov [8] and the equivalent control method [17]
coincide. These motions are described by the equation dz/dt = Bz. The zero
solution of this equation is unstable for g > 0.

At the same time if 0 < o < 1 in system (31) fast periodic solutions occur.
Let us denote z(7) as the first coordinate of the periodic solution (29) for z = 0.
If « and 3 are selected so that

T (o)
. /0 [A(r) — 22(7)]dr < —B < 0

the averaged equation has the form dz/dt = —(y —3)z. The zero solution of this
equation is asymptotically stable. This means that system (31) has an asymptot-
ically orbitally stable periodic solution in the O(u) neighbourhood of the point
s = & = 0. The averaged equation does not coincide with the equations of the
equivalent control method and Filippov determination of solution. Moreover the
introduction of positive feedback was used for transition from one vector of con-
vex closure of the right hand part to the other one and for giving the system
desired dynamic properties.



4 Eigenvalue Assignment in Averaged Equations using
Dynamics of Actuators

4.1 Problem Formulation

Let us suppose that the behaviour of control system is described by the state
vector (s,z) (s € R,z € R™) with equations

§ = A1s+ Ase + biu(s), & = Azs + Agz + bau(s), (33)

where s € R, z € R"” the discontinuous control law has been designed in the form
u(s) = sign(s). Let us suppose that this control law ensures a stable sliding mode
on the surface s = 0.

Then the motions in the sliding mode in system (33) are described by the
equations

& = (Ag — bab] " Az) . (34)

In [17] two methods were proposed to solve the problem of eigenvalue assignment
in (34):

(i)to extend the state space by using additional dynamics and to solve the
problem of eigenvalue assignment in the extended state space;

(ii) to include the derivatives of the variable s into the equation of the switch-
ing surface.

In [15] the fast variable describing the behaviour of the fast actuator was in-
troduced in the equation for the switching surface for motion control in singularly
perturbed discontinuous control systems. This approach ensures the existence of
a first order sliding mode in overall system. For such systems the composite
control method ( see [6]) was used [5].

We suggest using the dynamics of the actuators which are present in the
original system to solve the problem of eigenvalue assignment in (34). The pro-
posed algorithm is based on theorems 2,3. It is necessary to note that in this
case we can use only the slow coordinates of the state-vector for control design
and we can solve the eigenvalue assignment problem in the space of the sliding
mode equations. On the other hand, the proposed algorithm is useful only in
case when the actuator is a MIMO system.

4.2 The Eigenvalues Assignment in Averaged Equations

Let us suppose that the complete model of the control system taking into account
the fast actuator dynamics has the form

pz = B1z+ Bys+ Bzz +dyv
$ = Byz + Bss + Bz +dsv, & = Brz+ Bgs+ Bozx + d3v, (35)

where z € R™, v € R! and p is actuator time constant. Now we suppose that
the conditions



rankd; > 2, m> 1> 2 (36)

are satisfied. The conditions (36) mean that the discontinuous control is trans-
mitted to the plant through the actuators with the number of inputs and outputs
no less than two. Ignoring fast dynamics, having accepted that p = 0 and ex-
pressing z according to the formula z = —Bl_l(Bgs + B3z + dyv) we obtain

$ = (Bs — B4By{'Bs)s + (Bs — B4By'B3)z + (ds — BaBy dy)v, (37)
& = (Bg — ByBT'Bs)s + (Bo — BBy 'Bs)x + (d3 — By By 'dy)v.

Let us suppose that in the case when the control law has been designed in
the form v = Ku(s) (u(s) = sign(s), K is constant vector), systems (37) and
(33) coincide.

The proposed algorithm uses theorem 3. We propose to use the control law
in the form

v = Ku(s) + w. (38)

From theorem 3 it follows that the slow motions in (35) are described by the
equations

T = (A4 — b2b1_1A2)$ — [d3 — B7b1_1(d2 — B4Bl_1d1)]w (39)

Assume that
D.1.Matrices

(Ay — bybT 1 As) and [d3 — B7by (dy — BaBy'ds)]

are controllable.

Then, choosing the control vector in the form w = Lz, we can solve the eigenvalue
assignment problem for (39). This means, that an algorithm for design of the
control vector w is proposed which allows us to solve the eigenvalue assignment
problem for system (39). If the conditions of lemma 7 are fulfilled, the equations
(39) coincide with the averaged equations which approximately describe the slow
motions in a small neighbourhood of the switching surface of system (35). To
use this algorithm it is necessary to ensure existence and stability in the first
approximation of periodic solutions of the system

dz/dr = B1z + d1 Ku(s), ds/dr = Byz + d2 Ku(s), (40)

describing the fast motionsin (35) in the small neighbourhood of the equilibrium
point = 0 of the averaged equation (39).
To formulate the sufficient conditions consider the point mapping R(z) of the
domain
2" ={z: Byz—d2K > 0,z€ R"}

on the surface s = 0 into itself, given by the formulae
RY(z) =P (2 + By 'd1K) — By 'd1 K,

R(z) = P (R¥(z) — By *aK) + By 'K,



where 71, Tathe smallest positive roots of the equations
ByBy (P — I)(z + BT 'd1K) = (ByBy'dy — d2) Ky,
ByBi' (P — D)[eP ™ (2 + BT N1 K ) —
—2B7Yd1 K] = —(ByBy'dy — do) K 1s.

Taking into account the symmetry of system (33) for u(s) = sign(s) we can

rewrite the conditions of existence of the fixed point in the form RT (z*) = —z*.

Then
2t = [I 42T Y1 - 5 T)B YK,

where the semiperiod of the desired periodic solution 7' > 0 is the smallest root
of the equation

ByB7 (P T —I)(2* 4+ B{'d1K) = (B4By'd; — d2)KT.
Then from theorems 2,3 it follows

Theorem 8. Assume that condition D.1 is true and By and R(z) satisfy the
conditions

D.2 Re SpecB; <0.

D.3 The point mapping R(z) has an isolated fized point z* € £2*.

D.4. For X\i(zo) (i = 1,...,m), the eigenvalues of the matriz %(z*), the in-
equalities | ;| < 1 hold.

Then there exists a matriz L which ensures that the characteristic polynomial
of the matriz

(Ay — bybT 1 As) — [d3 — BrbT(ds — B4By dy)]L

has the desired form and the averaged equations for system (35) has the form
(39) and for systems (35) and (39) theorems 2,3 are true.

4.3 Example

Let us suppose that the state vector of the control system is described by the
equations
§=wu(s)/2, &1 = x3, &3 = —21, $,21,22 € R (41)

and the discontinuous control u(s) = —sign(s) has been designed. The motions
in the sliding mode in (41) are described by the equations
il = T2, ig = —ZI1. (42)

The spectrum of matrix in (42) is situated on the imaginary axis. Let us suppose
that the discontinuous control u(s) is transmitted to the plant with the help of
actuators whose behaviour is described by the variables z;,z2 and the overall
model of the system has the following form

pz1 = —2z1 +v1 — T1, 22 = —22 + va,



é:Zz—FUg/z, ilzxg, ig:Zl. (43)

It can be easily seen that in the case where we suppose that v1 = v2 = u(s) =
—sign(s), system (43) takes the form

piy = —z1 — sign (8) — x1, puE2 = —z2 — sign (s),
§ = za + 1/2sign (s), 1 = ©2, &2 = 21

and the slow motions in it are described by system (42) with an accuracy of

O(n).
Let’s show that for system (43) the conditions of theorem 8 are fulfilled.
Denote z = (21, 22). Consider the point mapping R*(z) of the domain

0 ={(z2) : 22—1/2> 0}

on the surface s = 0 into the domain 2= = {(z,z) : 22+ 1/2 < 0} made by the
system
dzy1/dr = —z1 — sign (s), dzz/dr = —2z3 — sign (s),

dé/dT = z3 + 1/2sign (s). (44)

The point mapping R*(z) of the domain £2* into the domain 27 = {z : z2 +
1/2 < 0} made by the system (44) has the form

R*(z) = {Rf(2), Rf (2)} =
={-14e T (z1+1),-14+e " (22+1)},

where 7 > 0 is the smallest root of the equation (1 —e~7)(22 4+ 1) = 7/2. System
(44) is symmetric with respect to the point (0, 0) and consequently the condition
of existence of a fixed point z* corresponding to the desired periodic solution of
(44) takes the form R'(z*) = —z*. Then z* and the semiperiod T' satisfy the
equations z3 = th(T/2), 4th(T/2) = T with the solution 2] = 25 = 0,95, T ~

3, 83. Moreover
OR* () = —0,07 0
8(21, Zz) o 0 —0, 07 /"

This means that for system (44) the conditions of theorem 3 are fulfilled and the
slow motions in (44) are described by the averaged equations (42). This means
that for eigenvalue assignment in the system we can use a control law of the
form

vy = —sign (8) + Lz + laza, va = —sign (s).

Assume that for our goal the desired characteristic polynomial of averaged equa-
tions

il = T2, ig = (ll - 1)$1 + l2$2 (45)
has the form

A2 + a) + B, «, Bare constants. (46)
This means that choosing I; = 1 — 3,l; = —«a, we can ensure that the charac-

teristic polynomial of the averaged system (45) has the form (46).



Conclusion

As a mathematical model of chattering in the small neighbourhood of the switch-
ing surface in sliding mode systems the singularly perturbed relay control sys-
tems was examined.

The following mathematical apparatus for the investigation of the SPRCS
has been designed

— the sufficient conditions for existence of fast periodic solutions;

the averaging theorem;

— the algorithm for asymptotic representation of fast periodic solutions;

the sufficient conditions and reduction principle theorem for the investigation

of the stability of fast periodic solutions.

It was shown that the slow motions in such SPRCS are approximately de-
scribed by equations obtained from the equations for the slow variables of SPRCS
by averaging along fast periodic motions.

The analysis of oscillations of sliding mode systems in the small neighbour-
hood of the sliding mode control systems has shown that

— in the general case when the original SPCSC contains the relay control non-
linearly, the averaging equations do not coincide with the equivalent control
equations or the Filippov extension definition which describe the motions in
the sliding mode in the reduced system;

— in the case when the original SPCSC contain the relay control linearly, the
averaging equations and equations which describe the motions in the sliding
mode in the reduced system coincide.

The results obtained were used for eigenvalue assignment for slow motions using
the dynamics of the actuators in the case when the actuator is a MIMO system.
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