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Abstract— This paper presents the the formulation of an
adaptive disturbance accommodating controller for nonlinear
stochastic systems with unknown nonlinearities and external
disturbances. The disturbance accommodating control scheme
presented here utilizes an estimator to deter minethe corrections
to the nominal control input required to minimizes the effects of
both unknown system nonlinearities and external disturbances
on the controlled system. Similar to the disturbance accom-
modating controller for linear systems, performance of the
nonlinear disturbance accommodating controller depends on
the accuracy of the assumed disturbance model. The proposed
formulation indicates that an adaptive law can be developed for
updating the process noise covariance matrix associated with
the disturbance model online so that the controlled system is
stable.

I. INTRODUCTION

The adaptive disturbance accommodating control scheme
presented here combines two different techniques in nonlin-
ear control: disturbance rejection and complexity mitigation.
The problem of rejecting unwanted disturbances occurring
in dynamical systems is a fundamental problem in control
theory, with numerous technological applications in control
of vibration, active noise control, and control of rotating
mechanisms. There are numerous papers in the literature
on the subject of disturbance rejection for nonlinear sys-
tems [1]-[4], but all of them assume perfect knowledge of the
nonlinear system and/or the disturbance model. There is very
little research about the rejection of stochastic disturbances
in nonlinear systems. Complexity mitigation or complexity
reduction involves forcing the original nonlinear system to
behave like a chosen reduced complexity model by treating
the effects of the original complexity-related terms as dis-
turbances acting on the reduced-complexity system [5]. This
paper presents a robust control approach where the unknown
complex nonlinearities and external disturbances are lumped
into a disturbance term, and utilizing a Kalman estimator
the disturbance term is estimated in real time. The estimated
disturbance term is further used as a signal synthesis adaptive
correction to the nominal control input to achieve maximum
performance.

The main disadvantage of the Kalman filter-based distur-
bance accommodating control is that the accuracy of the
estimated disturbance term depends on how well one can
model the model error dynamics or the dynamics of the
disturbance term. The process noise covariance used in the
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estimator is a quantitative measure on the accuracy of the
assumed disturbance term dynamics. Therefore, as shown
in [6], [7], the closed-loop performance of the disturbance
accommodating control system depends on the estimator
parameters, such as the process noise covariance. In [6],
an adaptive law is synthesized for selecting a process noise
covariance so that the controlled linear system is stable. In
this paper, it is shown that a similar adaptive law for the
process noise can be developed based on the supermartingale
theory so that the controlled nonlinear system is stable.
The formulation of the nonlinear disturbance accommodating
controller is given next. Afterwards, an adaptive law is
synthesized for the selection of an appropriate process noise
covariance associated with the disturbance term dynamics
so that the controlled system is stable. Finally, simulation
results and conclusion are presented.

I1. CONTROLLER FORMULATION

Let (Q, F,{Fi}i>1,,P) denote a complete filtered proba-
bility space, where F is a o-field, {F; }.>4, is a collection of
sub-o-fields called a filtration and P is a probability measure
on the measurable space (€2, F). Additionally, the elements
of Q2 are denoted by w and the members of F are called
events. Now consider a nonlinear system of the following
form:

dX1 (t) = {A1X1 (t) + AQXQ(t)}dt, Xl(to) = X1,
dXo (t) = {A3X1 (t) + AsXo (t) + Bu(t)+ (D)
g (X(t), u(t), W(t)) }dt, Xa(to) = x2,

Here, the stochastic state vector, [X{(t) XQT(t)}T =
X(t) £ X(t,w) : [to, tf]xQ — R, is an n-dimensional ran-
dom vector for fixed ¢; for convenience, the dependency of a
stochastic process on w is not explicitly shown. The state ma-
trices and control distribution matrix, A; € Rr—r)x(n-7)
Ay € RO=XT A € R Ay € R and B €
R7>", are assumed to be fully known. Also, the input matrix,
B, is assumed to be nonsingular. The control input and the
stochastic external disturbance are denoted as u(t) € R"
and W (t) £ W(t,w) : [to, ts] x Q — R", respectively. The
nonlinear term, g(-) : R™ x K" x R” — K", is assumed
to be unknown. The unknown external disturbance model is
assumed to have the following form

AW (1) = o (W(t) dt + dB(t) Wi(ts) =0, (2)

where ¢(-) : R" — R” indicates an unknown operator and
B(t) £ B(t,w) : [to,ty] x Q +— R, is assumed to be a



stationary Wiener process with zero-mean and the correlation
of increments

E [{B(r) - BOHB(r) - B} | = Qr — ¢,

where @ € ®"*" > 0 and is unknown.
Assumption 1: The stochastic external disturbance, W (¢),
is assumed to be mean square bounded, i.e.,
sup E [WT ()W (t)] < wimax.
t>to

Assumption 2: The nonlinear term, g(-), is assumed to
satisfy the following growth condition Vx € R™ u €
R and w € R":

g (x,u,w) 2 <k (14 [x]” + [uf® + [wf?)
where x > 0 is a known scalar constant.
The measurement equation is given as
Y(t) = X(t) + V(1) ®)

where the measurement noise, V(t) £ V(t,w) : [to,ts] x
Q — R™, is assumed to be zero-mean Gaussian white noise,
ie, V(t) ~ N(0,R5(7)). Using Ité formula dg(-) can be
written as

dg() =9 (X, u, W) dt + 3 (X, u, W) dB(t).  (4)

Here (1) : R" xR xR — R and X(-) : R x R"X RN —
R”*" denote unknown nonlinear operators. Combining (1)
and (4) yields

dXq(t) = {A1Xq(t) + A Xoa(t)} dt

dXs(t) = {AsX1(t) + AsXo(t) + Bu(t) + g (1)} dt (5)
Let Z(t) = [XT(t) XI(t) g"()] T Now the system
in (1) is rewritten as the following extended dynamically
equivalent form;

dZ(t) = {FZ(t) + Du(t) + Ly ()} dt + LL(-)dB(¢), (6)

where
Ay Az O(nfr)xr O(nfr)xr
F = As Ay I , D= B ,
07"><(n—1") O xr O xr O
O(n—r)xr
and L = Orxr |. Now the measurement equation can

) I’I“ Xr
be rewritten as

Y (t) = HZ(t) + V(t), (7
where H = [Inxn  Onxr).
Assumption 3: The nonlinear terms, +(-) and X(-), are
assumed to be locally Lipschitz continuous, i.e.,
Y (21) — ¥ (22) | < calz1 — 22|, and
| 2 (2z1) — 2 (2z2) |I€ calz1 — 22|, Vz1,22 € Rnt2r
such that |z1], |z2] < «, where | - | denotes the usual

Euclidean norm, || - || denotes the matrix two-norm, and
co > 0 is a scalar constant.

Assumption 4: The nonlinear terms, +(-) and X(-), are
assumed to satisfy some growth condition, i.e.,

W (z)|* <k(1+z*) and

|| Y (Z) ||2S k (1 + |Z|2) , Vz e é}%n+2r

where k£ > 0 is a scalar constant.
Assuming B(tg) = 0, Z(tg) is Fo-measurable, and the
nonlinear terms are not explicit functions of time, the local
Lipshitz condition (assumption 3) and the growth condition
(assumption 4) provide the sufficient conditions for the
existence and uniqueness of a continuous solution of (6) [8].
The total control law, u(¢), consists of a nominal control
and necessary corrections to the nominal control to compen-
sate for system nonlinearities and external disturbances. Thus
the disturbance accommodating control law, u(t), is selected
as

u(t) =a(t) - B~'g(-) ®)

where a(t) is a nominal controller. Though the term g(-)
is unknown, an estimator such as a Kalman filter can be
implemented in the feedback loop to estimate this nonlinear
term. For this purpose, an assumed model of the extended
system in (6) is constructed as

Ao (t) = {FZpn(t) + Du(t)} dt + LAW(t),  (9)

where Z,,(to) = [x{ OT]T and W(t) £ W(tw) :
[to, ] x Q — R" is a stationary Wiener process with zero-
mean and the correlation of increments

E [{W(r) =WOHWE) - WO | = Qlr =<l

where Q € R™*" > 0. Note that the measurement noise,
V(t), can be formally written as [9]
dy(t)
V(t) ~ ——=
(1)~ —
where V(t) £ V(t,w) : [to,tf] x Q — R" is a station-
ary Wiener process with zero-mean and the correlation of
increments

E [{V() = V(O}V - V(O] = Rlr =<

where R € £™*™ > 0. Now an estimator is designed based
on the assumed model in (9) to estimate the system states
and the disturbance term. The estimator dynamics can now
be written as

dZ(t) = {FZ(t) + Du(t) + K (O H|Z(?) Z(t)]} dt
(

FE®)dV()
(10)

where the matrix, K (t) € R(t7)x" is the observer gain
and it is calculated as

K(t)=Pt)H'R™! (11)



where P(t) € R(+7)*(n+7) can be obtained by solving the
continuous-time matrix differential Riccati equation:

P(t)=FP(t)+ Pt)FT — P)HTR'HP(t) + LQL”
(12)

For the purpose of analysis, the nominal control is assumed
to be a state feedback control that would guarantee asymp-
totic stability of the assumed system, i.e.,

X ()

at) = —[Kml sz} [X2 (t)} = K. X(1)

where X;(t) and Xs(t) are the estimates of X;(t)
A

and Xo(t), respectively. The feedback gain, K,, =
[Km, Km,], is selected so that (A — BK,,) is Hurwitz,

where
o Al A2 o O(nfr) X7
A o |:A3 A4:| and B o |: B

Now the disturbance accommodating control can be written
as
17 [X()
u(t :—[Km B 1} {
() ()

After substituting the control law in (13), the estimator
dynamics in (10) can be written as

] = SZ(t) (13)

dZ(t) = {[F + DS]Z(t) + K(H)H[Z(t) — Z(t)]} &
+K(t)dVv(t)
Note that (14) can also can be written as
Z(t) = [F + DS] Z(t) + K(t)Y (1) (15)

where Y () = Y(t) — Y(t). Notice that the performance
of the proposed control scheme depends on how well the
estimator could estimate the extended states. The estimator
given in (15) is optimal only if the extended plant dynamics
given in (6) is a fully known linear system with additive
Gaussian white noise processes as shown in (9). Though
none of these assumptions are true here, just as in the case of
an extended Kalman filter, the estimator parameters such as
the process noise covariance, @, and the measurement noise
covariance, R, may be selected so that that the estimates are
fairly accurate. For example, if the assumed process noise
covariance @ is selected to be really small, i.e., @ ~ 0, then
the estimated nonlinear disturbance term g(-) = 0, V¢ > to.
Also note that as R, the measurement noise covariance,
increases, the observer gain decreases, and thus the observer
fails to update the propagated disturbance term based on the
measurements. Therefore, for small values of @ or for large
values of R, the total control law given in (13) becomes
just the nominal control and the system nonlinearities could
degrade the closed-loop system performance. On the other
hand, selecting a large @ value would compel the estimator
to completely rely upon the measurement signal and there-
fore the noise associated with the measurement signal is
directly transmitted into the estimates. This could result in a
noisy control signal, which could lead to problems such as

chattering and controller saturation. For a system with large
uncertainties, a small @ or a large R would also result in an
undesirable closed-loop performance as shown in [6].

I1l. ADAPTIVE SCHEME

If the estimator in (15) is able to obtain accurate estimates
of the system states and the disturbance term, then the control
law in (13) guarantees the desired closed-loop performance.
The accuracy of the estimated system states and the dis-
turbance term depends on the estimator parameters such as
the process noise covariance, @, and the measurement noise
covariance, R. Since the measurement noise covariance can
be obtained from sensor calibration, the process noise matrix
is treated as a tuning parameter. Based on the stochastic
Lyapunov analysis, an adaptive law is developed here for
updating the selected process noise covariance online so that
the controlled system is stable.

After substituting the control law given in (13), the system
in (1) can be written as

ax(t) = {AX(t) - BK,X(t) + G [g() — &()] } dt (16)

where G' = (0,5 (n—r) I,,XT}T. Based on (14), dX(t) can
be written as

dX(t) = {[A ~BK,]X(t) + K. (t)HZ(t)} dt
+K,(t)dV(t)

(17)

where Z(t) = Z(t) — Z(t) and K,(t) € R"*™ denotes the
first n-rows of the (n 4 r) x n matrix K (¢) given in (11).
Define X () = X(t) —X(t). Now subtracting (17) from (16)
yields

aX (1) = {[A - K1) X()) + G&() } dt — K. (V1)
(18)

where g(-) = g(-) — &(-). Note that (17) can also be written
as

X(t) = [A - B, X() + K. ()Y(1)  (19)
and (19) can be written as
X(t) = AX(t) - K. ()Y (1) + G&()  (20)

Assumption 5: Without loss of generality, it can be as-
sumed that the matrix .4 is Hurwitz. In the event that is
not the case, one could always make appropriate changes to
matrices A3 and A4 and corresponding changes to g(-) so
that A is Hurwitz.

Theorem 1. For the nonlinear stochastic system given
in (1) and the estimator given in (10), the disturbance
accommodating control law given in (13) guarantees that
the system states, X (), is asymptotically stable in the first
moment, i.e.,

lim E[X(t)] =0

t—o00



and E[X(t)] € Lo N Lo if the process noise covariance is
updated online using the adaptive law

dQ(t) = [AQQ(t) + Q(t) AL + 28(t)g”

2:SZ()Z7 (1)ST + %{W?T (Y (t)+ (1)

)+

26(1 4 Wiax) + 2/<;YT(t)Y(t)}Irw} dt

where the Hurwitz matrix Ag € R is selected such
that 2Tr{AgQ ()} < LQ(t)LT and the adaptive gain, v
is selected such that

v > (Tr{P(t)H"R"'HP(t) — 2FP(t }Tr{R}
+ 1+ || Ky (OEL(1) )
Here the matrix R denotes the lower bound

E [S?(t)?T(t)} >R V>t

(22)

and P(t) satisfies the continuous-time matrix differential
Riccati equation:
dP(t) = {FP(t)+ P(t)F" — P()H'R™'HP(t)
+ LQ(t)L"}dt, P(ty) = Py

Proof: Let F, Y denotes a filtration generated by Y (t) =
X(t) + V(t) such that X(¢) is adapted to 7Y, i.e.,

E[X(s) | FY| = X(s)

Now consider the following nonnegative function:

(23)

s<t

Vit X.Y.8 P.Q) = E[X()| 7] xE[X(0) | 7]

+ [ e[ 2] B o) | 2] ar 4 Te(p - pO0)

where Q* > Q(t) Vt > ¢, is a stabilizing process noise
covariance and P* is selected such that P* > P(t), Vt > to.
The matrix X is a positive definite matrix of appropriate
dimensions and it is selected so that it satisfies the following
matrix inequality:

X[A=BKy]+[A-BE,]" X+ XX+ M<0
where M > 0. Note V (s, ¢, X,?,g, P, Q) can be written as
X(0) | Y]+ 70{Q" - Q1))

FX] B[ | 7Y ar

V()=E [X(t) | ]-"ﬂTXE

n tE[?(T)
e &) | fﬂTE &(r) | FY | dr +Tr{P* - P(t)}

/
/

av()=E[Y@)|FY] > Y ()| Y| at - Tr{dQ(1)}

Now dV (s,t,X,Y,&, P,Q) can be calculated as

E[X(tﬂ]{ﬂT[A—BKm] XE[ ()|]—‘Y} di+

+/tE [3?(7) | ffgrE [?(T) | fﬂ dr+Tr{Q* - Q(t)}

E[ ()|fY} [A—BKm]E[X(t) |}'ﬂ di+

[ |fY} XE {Kx(t ?(t)|]—"ﬂ dt — Tr{dP(t)}

+ B K ()Y (1) | FY
Based on the inequality
p[x) | 7] xxe ko) | 7] +
B[K0Y @) | F¥] B [Kz@)?(t) FAE
B[k | FY] xe[Xo)| 7]+
e[%0) | 7Y xE[K,0¥0)| 7]
an upper bound on dV(-) can be obtained as

V()< E[Y ()|fY} BY@) | FY]d+

E [X(t) | fﬂ {X (A~ BEKp] + [A - BE,T

XX}E [X(t) | fﬂ dt — Tr {dQ(t) + dP(t)} +

B[00 | FY] B[K0¥ () | FY] dit
elew | 7Y Blew | 7)o
Now employing the Cauchy-Schwarz’s inequality gives
v () < B YTV @) | FY | dt - Te{dQ(t) + dP(t) }+
E[YT 0K (K.Y (@) + & (0&(t) | 7Y | dt
- B [x0)1 2] me[x0

Note

) | fY} dt

g' (te(t) < 28" ()-() + 28" (t)&(t)
and
g’ ()g() =
The last inequality follows from assumption 2. Thus, the
following inequality holds:

gl (tg(t) < 2&(1 + XT ()X (t) + uT (t)u(t) + WT ()W (t))

+2g7 (t)g(t)
After substituting the control law given in (13), the above
inequality can be rewritten as

g7 (0&() < 26(1+ XT(OX () + 27 (1 )STSZ( )
W(1)) + 28" (g()
,X)Y)g)P)Q) Can be

g ()2 < (14 [x? + [uf® + |w]?)

+ WT(t)

Now an upper bound on dV (s,t
obtained as

dV()<E[YT() ()|fY} dt — Tr{dQ(t) + dP(t)} +



(B YT ORI 0K (1) + W OW() | FY] -

B[x01 7] mE [

+2m(1+E{XT

)| FY] 428 |87 (s(t) | 7Y |
)+ ZT(1)STSZ(t) | ]-"SYD }dt
Since Y (t) = X(t) + V(t), the following inequality holds:
B [XT()X(t) | FY| < B [YT()Y(@) | FY].

Now based on assumption 1, after substituting (21) and (23),
an upper bound on dV (s,t, X, Y, &, P,Q) can be obtained
as

av() < {E[YT0)Y () + 28" (0a(t) | FY | +
E[YT 0K (K.Y (0) + 2:YT ()Y (1) | FY| -
E{X(tﬂ]—"fr/\/l B [X(®) | FY| + 2601 + wmax)+
B |27(1)STSZ(1) | FY | = Tr{40Q() + Q) AG+
26(1)g” (1) + 2/<;SZ(t)ZT t)s7} —Tr{—{'yYT HY (8)+
26(1 + Wmax) + 26Y ()Y () } Lrer } — TH{FP(t)+
P(t)F” - ()HTR VHP(t) + LQ(t LT}}dt
Note Ag is selected such that
~Tr{AqQ(t) + Q)AL } — Tr{LQ(t)L"} <0,
and
YT (KT (K. (0T () <|| KT (OK.0) | YT 0¥ ).
Combining the similar terms yields
Elav()| FY] < -E[X ()|}'Y] ME [X() | FY| dt+
B[+ 1| KX WK | =) T {¥OY ()} | FY ] dt—
E[Tr{FP(t)+ PO)FT - P()H"RHP(0)} | FY| dt

Let v = v1 + 2, Where ~; is selected such that

N2> 1+ | K7 () K () || (24)
Note B

E[YOY"() | FY| = R
Now an upper bound for E [dV(s,t,X,?,g,P Q) | ]-“ﬂ

can be obtained as
[ ()|fY} < E[ ()|}'Y} ME[X@)m?}dH
PHHTR™HP(t) }|]—'Y] dt—
[’YQTF {RH dt

E [Tr {FP(t)+ P(t)FT —

Finally, note that

plave)| 7¥] < —B[%0) | FY] mB[X@) | 7] d

if 5 is selected such that
2 > Tr{P()HT R HP(t) — 2F, P(t)} Tr {R} "
(25)

Thus selecting 1 and ~» according to (24) and
(25) yields V(to,t,X,Y,g&, P,Q) is a nonnegative FY-
supermartingale [10], [11] and the nonnegative supermartin-
gale probability inequality yields [12]

t>to

X7 (o) XX (to) + Tr{Q* - Q(to)} + Tr{P* - P(to)}

A
where A > 0 is any positive constant. Thus, selecting
sufficiently large X yields

IP)(Sup V(to,ﬁ,X,?,é,P, Q) < OO) =1

t>to

That is, Vgo,t,X,?,?g‘,P, Q) is almost surely bounded.
Assuming Y (to) is precisely known yields

E [?(t) | ffg} -5 [?(t)}

Now note V (to,¢,X,Y,&, P,Q) is defined as

V(to,t,X,Y,8, P,Q) = /tt E [?(T)}TE [?(T)} dr+

()" B dr+

E [X(t)}TXE X®)] + t

Tr{Q* - Q(t)} + Tr{P* - P(t)}
and

E [dV(s,t,X,?,g,P, Q)] <_E [X(t)}TME [X(t)] dt
Therefore,

V(to.t,X,Y,8 P,Q) € Lo

— B {?(t)} € Ly, E[g(t)] € La, Q(t) € Lo,

P(t) € Loo

P almost surely (a.s.).

P almost surely.
and

E [V(to,t,X,?,g,R Q)} <00 — E {X(t)} € LyN Lo
Since P(t) is a.s. bounded, the estimator gain, K(¢) =

P(#)HTR™!, is also a.s. bounded. Thus, there exists a k*
such that

P (sup I K00 1> 4°) =0

t>to
Note that
E [?(t)} €ly—E [X(t)} € Lo
Now consider the state estimation error dynamics given

in (20). Based on assumption 5 and Lemma 5.5 in [6] it
can be concluded that

E [X(t)} €L and lim E [X(t)} =0



Note that the nominal controller is selected so that the
matrix (A — BK,,) is Hurwitz. Since K ,(t) is almost surely
bounded and £ Y(t)] € Lo, based on Lemma 5.5 in [6] it
can be shown that

lim E [X(t)} -0

t—o0
Since X(¢) is defined as

X(t) = X(t) — X(t)
it can be easily concluded that

E[X(t) € LyNLs and lim E[X()] =0

t—o00

]
Since the nonlinear system considered here is state feed-
back, the internal stability of the controlled system can
be obtained based on assumption 1. The proposed scheme
can be easily extended to output feedback system if the
nonlinear system considered is zero-detectable [13], [14]
and the assumption 2 can be expressed in terms of the
output instead of system states. Zero-detectability is a central
property in the general theory of nonlinear stabilization on
the basis of output measurements. For more information on

zero-detectability, see [15], [14], [16] and [17].

IV. NUMERICAL SIMULATION RESULTS

For simulation purposes, consider a two-degree-of-
freedom helicopter whose nonlinear equations of motion for
the helicopter can be written as

(Jegp + mhelil?:m)é = KppVimp + KpyVin,y — Bpé—

Mhe1iGlemC08(0) — mueril?,,c0(0)sin(0)gp? + Wi (t)
(26a)

(Jeqy + mhelilimCOS(Q)Q)ll} = KyyViny + KypVinp—
Byt + 2my,eil?,,cos(0)sin(0)4d + Wa(t)
(26b)
The linear model is given as
(Jeq.p + Mnetilinn)0 = KppVinp + KpyViny — Byb) (272)
(Jeq,y + mhelilgm)ql; = KyyViny + KypVimp — By@[’
(27b)

A detailed description of system parameters are given in
Table I.

The control input to the system are the input voltages of
the pitch and yaw motors, V,,, , and V,, ,, respectively. Let
U=lur u2]” =[Vinp Vinyl®. Now the assumed model
can be rewritten as

O = a1,,0m + b1, uy + bo, uo
U = a2, Pm + b3, u1 + b, u

where the parameters, ay,, as,,, b1,,, b2,,, bs,,, and by, can

be calculated using the assumed system parameters given in
Table | as

-B, -B,

TABLE |
HELICOPTER MODEL PARAMETERS

ai,, = az,,

(Jeqm + Mnetil?,,) (Je(by + Mnelil?,,)

System Assum. True
Param. | Description Values | Values Units
B, Viscous damping (pitch) 0.8000 1 N/V
By Viscous damping (yaw) 0.3180 | 0.3021 N/V
Jeq,p | Moment of inertia (yaw) 0.0384 | 0.0288 | Kg-m?
Jeq,y Moment of inertia (pitch) 0.0432 | 0.0496 | Kg-m?
Kpp Torque constant (pitch)
from pitch motor/propeller 0.2041 | 0.2552 | N-m/V
Kpy Torque constant (pitch)
from yaw motor/propeller 0.0068 | 0.0051 | N-m/V
Kyp Torque constant (yaw)
from pitch motor/propeller 0.0219 | 0.0252 | N-m/V
Kyy Torque constant (yaw)
from yaw motor/propeller 0.0720 | 0.0684 | N-m/V
mper; | Total mass of the helicopter | 1.3872 | 1.3872 Kg
lem Location of center-of-mass 0.1857 | 0.1764 m
bl _ KPP b2 — pr
" (Jegp + Mhetil?y,) " (Jeqp + Maetil2y,)
b3m — K’!/p b47n, — Kyy

(Jeq,y + mhelilgm) (Jeq,y + mhelilgm)

Let X1(t) = [0(t) (t)]T and Xo(t) = [0(t) 4 (t)]7. Now
the state-space representation of the assumed linear model is

X1, (t) = A1 Xy, (t) + AsXo (1)

m m

XQ (t) = A3Xy (t) + As Xo (t) + BmU(t)

a, 0
0 ag '

m

where A1 = As = 0axo, Az = loxo, Ay, = [

b1, b
and B, = b

the nonlinear sigtem4i7ﬁ (26) is
Xl(t) = A1X1(t) + AQXQ(t)
Xg(lf) = A3X1(t) + A4MX2(1‘,) + Bmu(t)+
g (X(t),u(t), W(t))

T
DR x

Zm | The state-space representation of

where the nonlinear term g (-) £ [g1() g2(")]
R2 x N2 — N2 is defined as

1
(Jeq,p + mh,elilgm)

MetiGlemC0S(0) — mpersl2,,c08(6)sin(0)y? + Wy (t)}

g1() = {Kppul + Kpyua — Bpé—

— {al 9+b1 u1+b2mu2}

m m

1
Jeqy + Mhetil?,€05(6)2)
Byt + 2mneiil?, cos(0)sin(8)0 + Wa(t) | -
{azmd} + b3, u1 + by, UQ}
The external disturbance dynamics is selected as
dW(t) = A,W(t)dt +dB(t) W(ty) =0

o

92 () = ( {Kyyu2+KypU2—

(28)

where
A, =




and E [ {B(r) = B(O)} {B(r) = BO)}"|=10 2 ool ().
The nominal controller is a linear quadratic regulator, which
minimizes the cost function

J = EE /Ooo((xm(t) — %) T O (Xm (1) — Xa)+

uT(t)Ruu(t))dt}

where X7 = [0 g 0 0], 65 and ¢4 are some desired
final values of 6 and v, respectively, and Q4 and R, are two
symmetric positive definite matrices. The nominal control
that minimizes the above cost function is

a(t) = — K (X(t) — Xq)
where K, is the feedback gain that minimizes the cost
function. Now the total control law can be written in terms
of the estimated states and the estimated disturbance term as

)A((f,) — Xd

u(t) =| — Ko —B;Llu o

:| = SZ(t) + K Xq

TABLE Il
NOMINAL CONTROLLER/ESTIMATOR MATRICES

LQR Weighting Matrices
Ru =10 x IQXQ,
Q _ "500 X IQXQ 02><2 -‘
X = O2x2 100 X I2x2
Covariance Matrices
R= {10*3 X Iax2 O2x2 J
o O2x2 1072 X Ioxa |’
_ et q2(t) _[1x1073 X Isxa  Ouxe
Q= {(13(75) Q4(t)w » Plio) = [ 0O2x4 szz-‘

Table Il shows the nominal controller and estimator ma-
trices. Since the measurement noise covariance, R, can be
obtained from sensor calibration, the process noise matrix,
Q, is treated as a tuning parameter. Based on the weighting
matrices given in Table 11, the feedback gain is calculated to
be

| 7.0229 0.8239 1.6691 0.3310
T |—0.8239 7.0229 —0.0830 2.4486

For simulation purposes, the initial states are selected to be
0o Yo 6o o]t =[-45° 0 0 0]7 and the desired
states 6, and 14 are selected to be 45° and 30°, respectively.
For the implementation of the adaptive law, the following
parameters are selected:

K

KR = 10, Wmax — 1, AQ =—-0.5x IQ><2 and

Desired States

4. 6
Time(sec)

Fig. 1. Desired System Response

For the first simulation, a constant process noise co-
variance is selected as @ = 1072 x I,.o. Figures 2(a)
and 2(b) show the system response and the disturbance ac-
commodating control input obtained for the first simulation.

Figures 3(a) and 3(b) contain the estimated disturbance

System States

60 0

Timé{(secy Timé{(secy

(a) (b)

Fig. 2. Nonlinear System States and Control Input: Without Adaptive
Scheme & Q =102 x Iax2
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Fig. 3. Disturbance Term and State Error: Without Adaptive Scheme &
Q=10"2 x I2x2

term and the error between the desired states and the true
states corresponding to the first simulation. Note that the first
simulation results given in Figs. 2 and 3 are much different

v =|| K(t) || +Tr { P(t)HT R-"HP(t) — 2FmP(t)}Tr{R}*1 from the desired results because of the low value of the

Note that an upper bound on wp,, can be obtained by
solving the algebraic matrix Lyapunov equation:

Awp—FPAw = —10_2 X 12x2

The desired response given in Fig. 1 is the linear system
response to the nominal control when there is no model error
and external disturbance.

process noise covariance matrix selected. The small process
noise covariance reduces the disturbance accommodating
control into the nominal state feedback controller designed
for the linear model and the system nonlinearities degrade
the performance, as shown in Figs. 2 and 3.

A second simulation is conducted using the proposed
adaptive scheme, where the initial process noise covariance is
selected to be Q(ty) = 1072 x Iwo. Figures 4(a) and 4(b)



show the system response and the control input obtained
for the second simulation. Figures 5(a) and 5(b) contain
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Fig. 4. Nonlinear System States and Control Input: With Adaptive Scheme
& Q(to) = 1072 X Iaxz
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Fig. 5.  Disturbance Term and State Error: With Adaptive Scheme &
Q(to) = 1072 x Ioxo

the estimated disturbance term and the error between the
desired states and the true states corresponding to the second
simulation. Note that the second simulation results given in
Figs. 4 and 5 indicate that the adaptive scheme was able
to recover the desired performance despite the low initial
process noise covariance selected. Figure 6 shows the time
varying process noise covariance obtained for the second
simulation.
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Fig. 6. Adaptive Process Noise Covariance: Q(fp) = 1072 x Iax2

V. CONCLUSION

This paper presents the formulation of an adaptive distur-
bance accommodating controller for nonlinear stochastic sys-
tems. The control scheme presented here utilizes an estimator
to determine the corrections to the nominal control input
required to minimize the adverse effects of both unknown

system nonlinearities and external disturbances. The esti-
mated states are used to develop a nominal control law while
the estimated disturbance term is used to make necessary
corrections to the nominal control input. Performance of the
proposed approach depends on the accuracy of the assumed
disturbance model. The process noise covariance used in the
estimator is a quantitative measure on the accuracy of the
assumed disturbance term dynamics. Selecting a very low
process noise covariance value would reduce the disturbance
accommodating control to just the nominal control, and
the unknown system nonlinearities and external disturbances
could severely degrade the controlled system performance.
This paper focuses on developing a stochastic adaptive
approach to update the process noise covariance online so
that the closed-loop performance of the nonlinear plant is
guaranteed. Based on the stochastic analysis, an adaptive
law is developed for updating the selected process noise
covariance online so that the controlled system is stable. The
simulation results given here supports the theory presented.

REFERENCES

[1] Z. Ding, “Universal disturbance rejection for nonlinear systems in
output feedback form,” Automatic Control, |IEEE Transactions on,
vol. 48, no. 7, pp. 1222-1226, July 2003.

[2] M. Tomizuka, K. K. Chew, and W. C. Yang, “Disturbance rejection
through an external model,” Transactions of the ASME Journal of
Dynamic Systems, vol. 112, no. 4, pp. 559-564, December 1990.

[3] Z. Ding, “Adaptive disturbance rejection of nonlinear systems in an
extended output feedback form,” Control Theory & Applications, IET,
vol. 1, no. 1, pp. 298-303, January 2007.

[4] S. Messineo and A. Serrani, “Adaptive feedforward disturbance re-
jection in nonlinear systems,” in Proceedings of the 47th |EEE
Conference on Decision and Control, Cancun, Mexico, December
2008, pp. 2575-2580.

[5] A. P. Bukley and C. D. Johnson, “Complexity mitigation by active
control,” in Proceedings of the AIAA Guidance, Navigation and
Control Conference and Exhibit, Boston, MA, 1998.

[6] J. George, P. Singla, and J. L. Crassidis, “Adaptive stochastic dis-
turbance accommodating control,” International Journal of Control,
vol. 84, no. 2, pp. 310-335, February 2011.

[7] J. George, “An adaptive disturbance accommodation approach for
robust control and fault detection in uncertain stochastic systems,”
Ph.D. Dissertation, University at Buffalo, State University of New
York, 2010.

[8] K.L.Chungand R.J. Williams, Introduction to Stochastic Integration.
Boston, MA: Birkh&user, 1990, ch. 10, p. 229.

[9] L. Arnold, Stochastic Differential Equations: Theory and Applications.
New York, NY: Wiley, 1972, ch. 1-3.

[10] H. J. Kushner, Stochastic Stability and Control.
Academic Press, 1967, ch. 1-2.

[11] R. S. Liptser and A. Shiryayev, Theory of Martingales. Dordrecht:
Kluwer Academic, 1989, ch. 1.

[12] J. L. Doob, Sochastic Processes. New York, NY: Wiley, 1953, ch. 7.

[13] D. Liberzon, A. Morse, and E. Sontag, “Output-input stability and
minimum-phase nonlinear systems,” Automatic Control, |[EEE Trans-
actions on, vol. 47, no. 3, pp. 422-436, Mar 2002.

[14] E. D. Sontag and Y. Wang, “Output-to-state stability and detectability
of nonlinear systems,” Systems & Control Letters, vol. 29, pp. 279-
290, 1996.

[15] E. D. Sontag, “Conditions for abstract nonlinear regulation,” Informa-
tion and Control, vol. 51, pp. 105-127, 1981.

[16] A. Isidori, Nonlinear Control Systems Il. London: Springer-Verlag,
1999.

[17] H. K. Khalil, Nonlinear Systems, 2nd ed.
Prentice-Hall, 1996.

New York, NY:

Upper Saddle River, NJ:



