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Abstract: For a class of nonlinear stochastic systems in strict-feedback form, where the
diffusion coefficients depend on the state, we obtain risk-sensitive state-feedback controllers
which are both globally inverse optimal and locally sub-optimal. These controllers also lead
to closed-loop system trajectories that are bounded in probability.
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1. INTRODUCTION

The last decade has witnessed considerable effort on
stabilization and control of stochastic nonlinear sys-
tems. One way of approaching these problems, with
an eye on robustness, is through a risk-sensitive for-
mulation. This approach has received much attention,
particularly in the light of the established relation-
ship between risk-sensitive stochastic control (RSSC)
problems and a particular class of stochastic zero-sum
differential games (Whittle, 1990; Basar and Bern-
hard, 1995; Fleming and McEneaney, 1992; Runolf-
sson, 1994), both involving the solution of a particu-
lar Hamilton-Jacobi-Bellman (HJB) equation. Solving
this HIB equation has presented a formidable task
when the system dynamics are nonlinear, and this dif-
ficulty has driven the need to look into nonlinear sys-
tems exhibiting special structures, which might lead to
constructive solutions of the HIB equation. One such
structure is the strict-feedback form, which has been
studied in (Pan and Basar, 1999). With some positive
cost term ¢(x) and no cost on control, a stochastic
backstepping tool was developed, as a generalization
of the backstepping methodology developed for de-
terministic systems (Krsti¢ et al., 1995), to obtain
a controller that delivers any prespecified achievable
long-term average cost, while leading to closed-loop
system trajectories that are bounded in probability. In
a related work (Krsti¢ and Deng, 1998), the stochastic

stabilization problem for strict-feedback systems has
been considered, and an inverse optimal control law
constructed using a quartic stochastic Lyapunov func-
tion, instead of the traditional quadratic one.

Noting that nonlinear systems in strict-feedback form
admit controllable linearizations, and cost functions
can admit quadratic approximations, a further devel-
opment in this area has been to construct control laws
that meet both a local design specification and a global
one, with also positive cost on control. In the specific
case when the diffusion coefficient does not depend
on the state, a stochastic backstepping design can
solve locally a related LEQG problem and globally
an inverse RSSC problem, as shown in (Bagar and
Tang, 2000). This result can be viewed as a gener-
alization of those developed for deterministic strict-
feedback systems (Ezal et al., 2000; Ezal et al., 2001).

In this paper, we extend the previous results to en-
compass the larger class of strict-feedback stochastic
systems where the diffusion coefficients are allowed to
depend on the state. We construct a stabilizing state-
feedback controller with appealing global and local
optimality properties. The next section introduces the
design problem, along with the notions of global and
local optimality. In section 3, a state-feedback con-
troller is constructed recursively using a stochastic
backstepping tool. A numerical example illustrating
the design concludes the paper.



2. PROBLEM FORMULATION

We consider the following stochastic nonlinear system
in strict-feedback form:

dxg = [x2 + f1(xq)]dt +hf (x1)dwg

dxn—1 = [Xn + fa1(Xpn_g)]dt +hy_q (Xjn—)) dwe
dx, = [fn(x[n]) + b(X[n])U]dt + h:] (X[n])th
1
where x is the n-dimensional state, u is the scalar
control input, w is an r-dimensional standard vector
Wiener process, and Xy = (X1,-.-,%)". The under-
lying probability space is the triple (Q, F,P). The
functions fi: R' — R,hj: R = R",i=1,---,n, and
b: R" — R are smooth, with f;(0) = 0,h;(0) > 0, and
b(x) > 0,¥x. u(t) = pu(x(t)), where p € U, the set of
all locally Lipschitz continuous state-feedback control
laws. To facilitate the exposition, we rewrite (1) as

dx = [f(x) + G(x)u]dt + H (x)dw (2)
with f,G,H appropriately defined. Note that here

H(x) depends on the state x, instead of being a con-
stant as in (Basar and Tang, 2000).

Associated with system (1), we introduce an exponential-

of-integral cost function

J:Iimsup%lnE[eXp(g/oT q(x) + r(x)u?dt)] (3)

T—o

where 8 > 0 is the risk-sensitive parameter, and
q(-),r(-) are nonnegative-definite (n.n.d.) continuous
functions. One of our goals is to design u* € U so
as to achieve global inverse optimality, i.e. to attain
J* =infucq J(W).

Definition 1. A control law p € U is globally inverse
optimal (g.i.0.) for system (1) if it achieves the optimal
value J* of (3) for some q(-) and r(-), and some 6 > 0.

From RSSC theory, given that there exists a g.i.o.
controller, then it can be expressed as

W00 = OGN (@

where V is obtained as the solution of
37 = min {Vy(x) f (x) + Vx ()G (x)u+q(x) + r(x)u?
0 1
2 H OOV + S TrVa(0)H <x>H'<x>}}
=V 1(0) — (B (XG (V)
0 1
2 IH OO+ 900 + 5 TrVa (OH (x)H' ()]
©)
In addition to g.i.0. for the nonlinear system, we also
wish to achieve local optimality or sub-optimality for a
corresponding linearized system, with respect to some

n.n.d. quadratic functions x’Qx and Ru? in place of q(-)
and r(-)u? in (3). Toward this end, we rewrite (2) as:

dx = [Ax+ f(x) +Bu+ G(x)udt "
+(D+H(x))dw ©)

where A = f4(0), B=G(0) =: (0 --- 0 by )" and
D = H(0) =: (dy --- dy)’, with obvious definitions
for the perturbation terms f,G and H. Denote the
unperturbed or linearized versions of x and u by x, and
Uy, respectively. Then, the linearized system is given
by

dxg = [Axg + Buy]dt + Ddwy. (7

Note that (A,B) is a controllable pair by the structure
of these matrices. Consider now the LEQG problem
with dynamics (7) and cost function

T
Jg:limsupilnE[exp(g/ X'Qx+Ru?dt)] (8)
T o0 oT 2 Jo

where (A, Q) is observable. From LEQG theory, since
(A,B) is controllable and (A,Q) is observable, there
exists a finite number 67, such that for each 6 < 67,
this risk-sensitive stochastic control problem admits
the unique solution

Wi (x¢) = —R™B'Pxy, ©)
where P is the minimal p.d. solution of
A'P+PA—P (BR™!B'~6DD')P+Q=0. (10)

Furthermore, the optimal cost is J; = Tr(PDD’) and
A—R1BB'P is Hurwitz.

Definition 2. Consider system (1) with its exponential-
of-integral cost function (3), where the following rela-
tionship holds:

r(0) <R, auw(0) <Q. (11)

A g.i.o. control law p € €U is locally sub-optimal
(I.s.0.) if for some R, Q satisfying (11), the linearized
control law L, is optimal for the corresponding LEQG
problem (7)-(8). W is locally optimal if y, is optimal
for the LEQG problem, with equality holding in (11)
and J* attained.

3. INVERSE OPTIMAL CONTROLLER DESIGN

A g.i.o. state feedback controller is constructed in two
steps. First, the linearized system is considered, to
which a backstepping-based design is applied. Then,
this construction is extended to the original nonlinear
system.

3.1 Linear Optimal Design

The linear optimal controller design is essentially the
same as the one presented in (Basar and Tang, 2000;
Ezal et al., 2000). Consider the linear system (7). The
solution to (5) is

Vi(x) =x'Px, J; =Tr(DD'P). (12)

Apply a coordinate transformation z = Lx based on a
Cholesky decomposition of P, P = L’AL, where A is
a diagonal matrix consisting of the positive constants



0;’s, and L is a lower triangular matrix. This brings the
GARE (10) into the form

A'A+AA—A(BRIB'—6DD')A+Q=0 (13)

where A = LAL™!, D = LD and Q = (L')"*QL L.
An important observation here is that A has the same
structure as in the original coordinate system. This,
together with the diagonal structure of A, leads to the
important property that each principal minor of the
GARE is itself a GARE for the corresponding minor
of A. The transformed subsystem can be represented
by

dZ[k] = [A[k]Z[k] +(--- Zk+1)/} dt+ ﬁ[k]dwt

for 1 <k < n, where 7 = LXq. This enables one to
proceed with backstepping by recursively generating
the value function

Zé.z, =7NA (14)

with Vi = Z[]A['] i being the value function for the
i-th subsystem. In view of GARE
i85 + By Ay + 84Dy DAy + Qi =0, (15)

one arrives at the following expression for dVi:

dV[' B 22[] U Hdwt + (Tr[A[] li] [,]]
—62[ A Dji Dfy Ay i) — 24 Qg + 22i 6.z.+1) dt.
When zi,1 = 0, V; satisfies a HIB equation with cost

Ji = Tr[A; Dy m] Proceed with the steps fromi =1
ton—1, and at the last step let z, = x, — dn,l(z[n,l]).
The actual control emerges as Xp.1 = bou, and the
transformed system is now described by

dz(t) = (Az(t) +Bu(t))dt + Ddw;.  (16)

This also leads to an expression for dV, as in the
solution of the LEQG problem:

dV, = 2Z/ADdw; + (Tr[ADD’] — 67/ADD'Az
~2'Qz + 22y 8nbou, + R™1038322) dt

with the optimal control being | (z) = —R~1B’Az and
cost Jj' = Tr[ADD’]. When the controller uj = py(z) is
applied, the value function V, satisfies a transformed
HJB equation

- 1- -
VizAz — =V, (BR™1B' — DDV,
4 I (A7)
+7Qz+ ETr[VgZZDD’] =Jf.

3.2 Nonlinear Inverse Optimal Design

Now, for the actual nonlinear system (2) in strict feed-
back form, we need to apply a different transformation
from the linear design. The reason is that with the
perturbation in (6) brought in, the second-order term
appears in the corresponding HIB equation and cannot
be eliminated by simply using the above backstepping

method. The transformation we use now is a nonlinear
mapping z = ®(x), and this construction results in a
lower-triangular diffeomorphism. Moreover, ®(x) =
Lx + ®(x), where Lx is linear part of this diffeomor-
phism, and ®(x) contains only the higher-order terms.
Combining with an appropriate choice of cost term
q(z), we are able to obtain a globally optimal control
law u = p(z) with respect to a RSSC problem, where
the cost term is q(z) +r(z)u?, similar to (3).
At the first step, define z; = x; and select Vy =
Z/[l]A[llz[l] = 612§ as the value function. Then,

dzy = [Ayza + fi(z) + (X2 — ap (22))]dt

R, (z0)dwe (18)

where é[ 1 = apy +C_X[1]7 f1(z1) = f1(z1) +61(21) and
hl(zl) = hy(z1). The virtual control law is a;(z;) =

O[yZ1 +@1(z1), with a[l] given by the locally optimal
backstepping design in previous subsection, and 61 ()
being an additional nonlinear term. Using GARE (15)
with i = 1, we have

d\71 = 221§1H/1 (Zl)th + ([61d:id_ﬂ
—62181h) (21 )Ny (22)8121 — Ga (21)_ )
+[81h7 (z1)h1(z1) — &1dydi] — 21Qpyz1 +Qa(21)

~ 0 - - - -
+22161(f1(21) + E (h&(Zl)hl(Zl) - dg_dl) o1z1
+X2 — (_X]_(Zl))) dt.

Pick G1(z1) to cancel out the nonlinear terms:

~Fila) ~ (2o (2r)  dih)Buzn
and let c; = &1(0) be the possible drift introduced by
the nonlinear transformation. At this particular stage,
¢1 = 0, which has been included for clarity and ease
in the design at later stages. In addition, let z, = x, —
(01(z1) —c1) and

Gu(z1) = 2Quza — (B1h} (z2)h1(za)

61(21) =

—51d1d1) —|—2015121—|—2Q[1 61C1. (19)
We have the following expression for dV;:
d\71 = 22161_}'_]/1 (leth —+ (Jl — dl (Zl) (20)

—92161h/1 (21)h1 (21)6121 + 2216122) dt,
where J; = &;d}d; + 2Q l62c1. Then, V; satisfies the
HJB equation

v, A £ 0 I h VL

V1z (A[l]Z]_ +f; (Zl)) + Zvlzhl (z1)h1(z1)Vy,
_ 1_ - - —

+01(21) + 5 TrV1ah1 (22)he (20)] = J1.

We repeat the preceding step fromk = 1to i—1, where
at the i-th step, we define

Zi = @i(x) =X — (Qi-1(zjj—j) — Ci-1)

with @i-1(zjji_1)) = Qji_yZji—g) + Gi-1(Zj-1)), Ci-1 =
@i—1(0) being the possible non-zero drift, and select
the value function V; to be

\7i = \7i—1 + 6iZi2 = Z/mAmZm.



Assume the following dynamics for zj; _y;:

dz[i—]: [A[ 1Zi-y + fioy (Zi-y)
—|—(O . —Qj_ 1( )) } dt—|—H[i_1]th
and the following Ité differential for \7i,1:
dVi1 = ZZE_”A[i—l]H[i—l](z[i—l])dwt
+ (i1 = Giea(Zi-y) + 221817 (1)
—BZ/[iil] li- 1]H[ ]H[I 1] [ ]Z[i,l])dt,
with the choice of J;_; and gj_1 as
Jifj_:Tr[A[i 1]5[ ][_)[ 1]]
+20Ei li— 1Q[| | 1]»
Gi1 =75 Qi 11— (Tr[A[ yH g Hig]
—Tr{A;_yDj; ]D[u ]])+20fi71] [i-1]2[i-1]
+2Ci_y i 1y Q i 11y

where ¢jj_y = (€1 -+ Ci—1 )" is the drift vector due to
the nonlinear transformation. Then, letting

ai(zg)) = ogpyzg) + Gilzp)
be the virtual control law for x;j. 1, we get

dzi = [agz + fi(z) + (X2 (22)
—ati(zi))]dt + h () dw

with é['} defined in the locally optimal design, and

fiz) = o ¥y (z) + ( ( 1))+ Gi(zgi)

au -
—0i-1,i-1Ci—1 — Ofj_q fiq — az[,l 11]f[71]
0Gi_1 ~ o
az[, a2y y izt 0z

024 _
0z 7 1H[' 1(@i-1)Hj_y (2Zi-1)
Zli-q] _

Py = i (@5 (23) —

fT

Here, the term me (zjy) = [‘I] (z5i) — [I] zjj) contains
the higher-order terms. After the above transforma-
tion, the z[;-subsystem becomes

dzj = [Auzi + fi (7
0= Aoz +fnG) 23
+ (0 s Xl — (Xi(Zm)) i| dt + H[i]th~
Noting that dV; = dV;_; 4+ d(8;z?) and using (21), we
can select di(zm) to cancel out the nonlinear terms,
ie.,

Qi(zg) = —ap Wy (z) — fi (‘D[.] (zji)) + Qi-1i-1Ci-1
A~ aa|71 ~
40 _ _11)+ _1(zZgi—
a[i 1 ficy (Z—y) 52y i—1)(Zji—1))
a-_ —
+6z - [A[i,l]z[i,l] +(0 - zi = Cima)']
620 1.~ -
§T ﬁ [,,1](Z[,,l])H'i_l](Z[,,l])

[
—ee(hf(z[i})Hfi_l] (2-17) — d{Dji_ 1A 11Zi1]
—E(h{(z[])h i(zgj) —didi)dizi

In addition, pick c; = G;(0) and

Ziy1 = Xip1 — (0(zp) — i)
as the nonlinear coordinate transformation for X;.1.
Select Aq;(zj;) such that

qi(z i) = Qi-1(zji— 1])+Aq,( i)
= 2 Quzy — (Tr[Am i m]
+2C[I]A[|] [,]—FZC Q[I]

[ [iJf)mf)fi]])

The form of qi(z;) is now dlfferent from the one in
(Basar and Tang, 2000) with extra terms brought in
because of the state dependent diffusion coefficient
Hiij(zj)) and the nonlinear transformation. Addition-
ally, it results (by necessity) in a much more complex
form of the nonlinear term Gi(zj;)). These choices re-
sult in:

dV; = 220 A Hyg (2 )dwe + (3 — Gi(z;7)
—6z)A HH[,](z[,])FIH( i) m+22i5izi+1) dt,
where
Ji = Tr[A;D HD[I}] +20 Q[.]
Then, V; satisfies a correspondmg HJB equation
Vie (A2 + iy (2)) + eVnsz(Zm) Hfy (2 Viz
ailz) + 1Tr[v.zz ozl )] = 3.
At the final step of the backstepping procedure, we let

— (On-1(zpn-1)) —Cn-1)
with ¢,—1 = @p—1(0), and choose

Zn :Xn

V(2) =Va-1(zpn_1)) + Onzh = 7'z (24)
as the value function. The dynamics of z, are given by
(22) with i = n, xn;1 = b(z)u and a, = 0. Therefore,
we have obtained a coordinate transformation z =
®(x) through a nonlinear backstepping procedure, and
in this new coordinate system, the system is described

by
dz = (Az+ f(2) + G(z)u)dt + H(z)dw, (25)
and the Itd differential of value function V is
dV = 27/AH (2)dw; + {Tr[AﬁB’] + 26}, Bn-1)

Q P11 — O AR (2)2
( )b(2)82 +Aqn( 2) + Tr[8nhy (2)hn (2)]
*Q() T[6 ]7ZQZ+Zn 1]Qn 1Z[n 1]

427,50 (e [H

e[ (Z) n(z) — d_d_]5n2n+fn(z)+b(Z)U>
+(R'b§ — T H(2)b%(2)) 825 } dit

—df "Dl 1]]A[n 11Z[n-1]

(26)
To achieve g.i.0., we need to find some n.n.d. functions

q(z) and r(z) such that a form of HIB equation (5)
holds, with the control law being

(2) = —(1/2)F (2)G(2)\V, = —F1(2)b(2)Bnzn.

(@7)



The desired 1to differential dV has the form
dV = 27AH (z)dw; + (I —q(z).
—67AH (2)H' (2)Az — F(z) ~1b?(2)8222) dit
Comparing (26) with (28), this yields

(28)

d()=—ZQZ+

12yz+2Q lAc\Q (Tr[AHH’
ADD]

R™106)8hzq — 2203n1(2)
(29)

where ¢, = —fn(0),c= (¢ -+ ¢y ), and

1(2) = fal@) +cn + 8 (M (@) Ffy_yy — diDfy )

9 -
Din-1)Zjn- 1]+ (ha(z)hn(2) - d, dn)anzn,

and r(z) > 0 is constructed such that q(z) is p.d. To
achieve 1.s.0., we want to ensure that condition (11) is
satisfied in the z coordinate, which can be achieved by
a judicious choice of r(z). Since the leading term in
(29) is quadratic, we also need:

Assumption 1. For some K > 0, H(z) satisfies
Tr[AH (2)H'(2)] < Tr[aADD'| +K|z]2.  (30)
Further, Tr[AH (z)H’(2)] is convex at the origin.

This technical assumption is necessary to bound the
variance of the state, hence to make the cost term q(+)
be nonnegative, and thus to ensure the stabilizability
of the system and existence of an optimal control law.
The construction of r(-) is of course not unique as
in the deterministic case. In fact, one possible design
here is the one given in (Ezal et al., 2000). We do not
give details here, but simply the main result.

Theorem 3. Consider the stochastic nonlinear system
(1) with coordinate transformation z = ®(x) through
a nonlinear backstepping design. Let Assumption 1
hold, and Q > 2Kl,,R > 0. Then, there exist a n.n.d.
function q(z) and a strictly p.d. function r(z) satisfying
(11) in the z coordinate, such that with the control law
(27), the CL system is |.s.0. with respect to

J= Ilmsup o InE[exp 2/ (ZQz+Ru?)dt)],

T—o
(31)
where J; = Tr[A[_)[_)’] and g.i.0. with respect to
3 2
J= '?‘fﬂp a7 InE [exp 2/ +r(z)u%)dt)],
(32)

where J* = Jj + 2¢'/AQ*Ac. Furthermore, the CL
system trajectory is bounded in probability.

Proof. The proof for the theorem except for the last
statement on boundedness has already been outlined
in the preceding derivation. We note that the condition
V(2) < ¢1[q(2) +1(z)i2(2)] + ¢y is satisfied for some
positive constants c1,Cy, where V (z) is the value func-
tion for the RSSC problem. It follows from (Pan and
Bagar, 1999) that the transformed system (25) is stable
(bounded in probability).

Remark 4. By applying the stochastic backstepping
method introduced in this section, we are able to ob-
tain the state feedback control law (27) with desirable
global and local properties, with the only constraint
being condition (30) which restricts the growth of the
diffusion coefficient. This condition is expressed in the
transformed coordinate z, which is hard to check and
verify. Further extensions of current work would be to
relax this condition or convert it to the original coor-
dinate system, and relate it to the matching conditions
in nonlinear robust control problems.

Remark 5. The difference between the RSSC optimal
cost J* (with respect to system (1)) and the LEQG
optimal cost J; (with respect to the linearized system
(7)) is 2¢'AQ*Ac, which is dependent on the dynam-
ics of the nonlinear system as well as the nonlinear
coordinate transformation ®. A challenging question
is whether it is possible to design a control law such
that this difference is made as small as possible.

Remark 6. When the diffusion coefficient does not
depend on the state, and the additional nonlinear trans-
formation terms @;’s are homogeneous with their n-th
order derivatives, one can verify that Assumption 1 is
satisfied and ¢ = 0. Thus in that case the constructed
control law is both g.i.0. and locally optimal.

4. EXAMPLE

Consider the system:

dxg = (0.25x; — 0.00007x3 + X2 )dt -+ 0.1x,dwy + dw
dxa = (0.25x1 + X2 +0.25x, + x5 -+ u)dt

+dw; —0.1x;dw;,
The linearized system is

dxg = (0.25%1 + X2)dt 4 dwy
dxz = (0.25%1 + 0.25x2 +u)dt + dwy

with quadratic cost functional

J= Iimsup ot InE[exp 2/ (X2 +x3) + 4u?dt)]

T—o0
In this case 6; = 0.18. Picking 6 = 0.018, the relevant
solution of (10) is

p_ 4.41258 4.81184
~ | 4.81184 7.77023

The linear optimal controller is
U= —B'Px= —4.81184x; — 7.77023x,. (33)

If we apply this linear controller to the full-order non-
linear system, the CL system will not be globally sta-
ble. Now following the steps of the earlier derivation,
we first rewrite P as P = L'AL,

T R
~lo619267 1| ST | 0 777023

and use the linear transform z = Lx, that is z; = X1,
2o = X2+ 0.619267x;. In the new coordinate system,



(33) is now expressed as u = —B/Az = —7.77023z,.
Carrying out the nonlinear part of the design, we have
&1 = 0 which leads to the same coordinate transfor-
mation as

— — X1
2= 00 = [0.619267x1 +x2} '
The nonlinear system is now described by

dzy = [~0.3693z; — 0.0000716Z} + z;]dt
+0.1z;dwy + dwsy

dzp = [(—0.13349 — 1.23852,)z + 1.383522
+0.86932, + 75 — 0.000044367; + u]dt
+(1+40.06193z; )dw; + (0.6193 — 0.1z1 )dw,.

Note that c; = ¢, = 0, and Assumption 1 is satisfied,
i.e. with K = 0.25, Tr[AH(z)H(z)’ — ADD'] < K]|z|2.
Let

V(z) = 7'z = 1.432772% +7.7702325.

Then, using 1t6’s formula as well as GARE (13), we
obtain a form of (28), i.e.

dV (z) = (0.2865522 + 15.54052, + 0.96237212,)dw;
+(2.8655z; — 1.554217, 4 9.623725)dws
+[12.1828 — 0.00021z] — 0.000689473 2,
—(120.753r % (z) — 13.5088)z3 + 15.0519z3dt
+[15.540573 + (—0.93632 + 21.50012,)23
+(0.7912; — 19.247475)z;|dt

The nonlinear feedback control law is given by
up = [(z) = —7.77023r (2)z, (34)
or, in the original coordinate system,
up = —7.77023r1(x)(0.6193x1 +X2), (35)

where r(x) = r(®(x1)). This controller is globally
optimal for cost function (32), where

q(z) = (—14.3441 4 60.37641 1(2))z5 — 15.540525
—0.008353(—0.04259 + 2,)(2573.97 + 25)23
—0.0006894752, — 0.9289717, + 19.24742,75

r~1(z) = 0.25+[—0.1088z; + 2.4303z3
40.000155973 +0.25747;]

As shown in Fig. 1, q(z) is a p.d. function, and its
second order term at the origin is indeed greater than
Q. Now, with Q > 2Kl, and from Theorem 1, the
controller (35) achieves both I.s.0. and g.i.0., and the
CL system is bounded in probability.

5. CONCLUSION

In this paper, we have studied the RSSC problem
for strict-feedback stochastic nonlinear systems and
constructed feedback control laws that are globally
inverse optimal and locally suboptimal. The con-
trol laws further lead to system trajectories that are
bounded in probability. These results hold under cer-
tain growth conditions on the system nonlinearities,
which are expressed in a new coordinate system driven
by the backstepping methodology. Further research is
needed to relax these conditions and express them in

Fig. 1. q(z) function

the original coordinate system, as well as to obtain
similar results for stochastic systems that are not in
strict feedback form.
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