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Acceleration Feedback Enhanced H_, Disturbance
Attenuation Control for a Class of Nonlinear
Underactuated Vehicle Systems

HE Yu-Qing!?

HAN Jian-Da'

Abstract In this paper, a generalized acceleration feedback control (AFC) design method, named AFC enhanced Ho, controller,
is proposed for both fullactuated and underactuated nonlinear autonomous vehicle systems. The AFC is designed as a robust
enhancement to the normal control based on known dynamics. First, in order to reject the uncertainties and external disturbances,
a linear prefilter is used in the new AFC design method to replace the high gain in the normal AFC. Then, backstepping algorithm
is applied to the AFC design of underactuated systems. The analysis of both the disturbance attenuation in frequency domain and
input-output finite gain Lo stability shows the new controller design method is applicable. In the end, simulations are conducted
with respect to the tracking control of unmanned model helicopter. The results are compared with those obtained by the tracking

control without AFC to verify the feasibility of the new method.
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Unmanned vehicles are being anticipated to handle some
high-risk tasks that are dangerous or even impossible for
humans. The general goal of the autonomous control for
unmanned vehicles is to enable these systems to complete
tasks with minimal human interventions. Precise tracking
control is a key technology for unmanned systems which
are widely used in the areas such as satellite clusters, air
traffic control, and the UxVs in battlefield (unmanned

ground /surface/air vehicles)!!l. However, there are at least
three difficulties or challenges in the tracking control of un-
manned vehicles.

1) The dynamics of most unmanned systems are highly
nonlinear, time-varying, and coupled, which might be too
complicated to be used for controller design. The controller
based on a linearized or simplified model might only guar-
antee a local performance or result in unexpected tracking
error because of the model differences.

2) The working environments of unmanned vehicles are
usually dynamic, complex, and unstructured, which bring
unpredictable disturbances to the control system, for ex-
ample, the aerodynamics of UAV and the wave/wind for
USV.

3) Many unmanned vehicles, such as vAvVE usviE-4,

and UUVD! are underactuated, i.e., a system possessing
more degrees of freedom than independent control inputs,
which might bring more difficulties for its controller design.

Thus, how to overcome the above difficulties and achieve
high tracking performance has been one of the main tasks
of the autonomous control of unmanned vehicles.

Traditional robust and adaptive control methods for
uncertainty and external disturbances suffer from several
problems, including conservativeness because of the inac-
curacy in the preassumption of uncertainties, online diver-
gence because of unknown external disturbances, and the
complication for real-time implementation.

Many researches on the trajectory tracking of underac-
tuated vehicles have been proposed[G], among which back-
stepping technique sounds as a useful tool with encour-
aging achievements. In [2] and [7], backstepping method
was proposed for the control of a helicopter, where stable
controller and good simulation results were obtained. In [3]
and [4], Do et al. successfully designed a path following con-
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troller for an underactuated ship. In [8—10], backstepping
was used to design a stable tracking controller for UUV.
However, the technique itself cannot reject disturbances on
either model errors or external disturbances well. Most re-
cently, it was combined with some normal robust control
schemes ' =14 Whereas the backstepping-type robust con-
trol still has the disadvantages of normal robust control as
mentioned above.

With the advantages of simple structure, high robust-
ness, and easy implementation, acceleration feedback con-
trol (AFC) has been successfully used for suppressing un-
certainties and external disturbances of “fullactuated” non-
linear mechatronic systems™® =11, The AFC method is a
kind of robust enhancement to the normal control schemes,
such as PID. However, a great disadvantage is that it still
cannot be used in nonlinear and underactuated systems.
Besides, because the direct feeding of acceleration mea-
surement into the input force/torque of the system, the
normal AFC introduces an algebra loop which results in
that the high-gain AFC is difficult to be implemented for
real systems[lg].

It should be noted that in most mechatronic systems, if
the acceleration signals are measurable, so do the distur-
bance signals. Thus, AFC design is in fact a disturbance
attenuation robust control problem with measurable dis-
turbance signals.

In this paper, the normal high-gain AFC is introduced in
Section 1. In Section 2, a “prefilter” is designed to obtain a
new AFC enhanced robust controller called AFC enhanced
H controller. In Section 3, the new AFC method is used
for a class of underactuated systems. In Section 4, the
simulation results with respect to an unmanned helicopter
model are conducted to verify the feasibility of the new
method.

1 High gain AFC

Consider the following input affine nonlinear mecha-
tronic system

where p € R™ and u € R™ are the generalized position
vector and input vector, respectively; f(-,-) and g(-,-) are
smooth nonlinear functions; and A is the external distur-
bance.

If m = n, i.e., for a fullactuated system, the idea of high-
gain AFC is to design the following controller as in [17]

u=—Kyp— Kip — Kop) ()
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where K, is the gain matrix, and K; and K> are constant
matrices such that

0 I
-K1 —K;
is Hurwitz.
Combining (1) and (2), we have the following equation
p=lI+9(p.p)Ka] " f(p,D) + [ + g(p. D) Ka] ' A+

[+ 9(p,9)Ka] " g(p. D) Ka(K1p + K2p) (3)
If K, could be designed to be big enough to satisfy
lg(@,p) Kall > max{||f(p,p)|, |All, 1} (4)
Then, the closed loop of (3) can be approximated as
p=Kip+ Kop (5)

This means the uncertain term A can be suppressed by
the high gain of K,. However, the high-gain AFC at least
has the following three disadvantages.

1) Sometimes, the functions f(-,-) and g(-, ) can be iden-
tified exactly (or partly), and therefore, it is much better
to design a controller based on them, and the AFC is only
to attenuate A. But the AFC of (2) rejects both known
nonlinearity and unknown uncertainty, which might result
in that the condition of (4) is not easy to be satisfied.

2) Controller (2) will introduce an algebraic loop, i.e., the
acceleration measurement is multiplied by the high-gain of
K, and directly fed back into the system input w, which
might cause instability problem and deteriorate the closed
loop performance greatly.

3) Controller (2) can only be applied to “fullactuated”
plants, and there is no way to design K, for underactuated
systems.

2 New AFC for fullactuated dynamics

In this section, we will present a new method for AFC
design to overcome the first two disadvantages mentioned
above. First, we rewrite (1) as

I.j:fn(pvp)'i_g"(pv?)u"'_A (6)

where fn(p,p) and gn(p,p) are known functions with
gn(p,P) being reversible (this is reasonable because g, (p,p)
is often constant square matrix in reality), and

A=A+[fp.p) ~ fa(.P)] + [9P.P) — gu(p.P)lu  (7)
is the uncertainty term.
Suppose

u = k(p,p) (8)

is a nominal stable controller of system (6). Then, we can
suppose a new variable v and design a new controller as

u=k(p,p) + . (0,9 9)
The closed loop system can be rewritten as

D= fu(P.P) + 9n(p.P)k(p, D) + (A +v) (10)

From (6), it can be seen that the measurability of accel-
eration signals is equivalent to that of the uncertainties A.
Thus not selecting v = —A, we can precisely eliminate the
influence of A on the system. Unfortunately, it is unallow-
able to directly select v = —A because it is obtained based
on acceleration signals which introduces an algebraic loop.
However, we can define v as

= —lv—bA (11)

Thus, the following frequency domain description of A
can be obtained.

s+ (l—b)«
siHA(S) (12)

Assume that [ > b > 0. Thus, (12) is a high-pass filter.
Because the acceleration, not the disturbance itself, is the
measurable signal, A can be denoted as

A =p— fulp,p) — 9n(p,D)u (13)
) into (11), the whole con-

A(s) +v(s) =

By substituting (9) and (13
troller can be denoted as

== by —b{p — fu(p.p) — gn(p,P)k(p,P)}
u= k(pap) - grtl(pﬂa)v (14)

From (14), by adding the acceleration signals into the
controller before a dynamic system (11), the algebraic loop
is eliminated. Controller (14) is composed of two parts,
wherein u = k(p,p) makes the closed loop system satisfy
some required performance index, and (11), called prefilter,
is used to attenuate disturbances.

In order to obtain better performance, we can design
u = k(p,p) as a nonlinear H., controller, which has
gained great development in recent years by using the
Hamilton-Jacobi-Issacs (HJI) inequality and passivity anal-
ysis method 2022,

To introduce the idea of H~ control, consider the fol-
lowing affine nonlinear closed loop system.

z=F(z)+ G@)w
y=H(z) (15)

where  is state; w is disturbance; y is output; F(-), G(+),
and H (-) are all smooth functions. The following inequality
is used as a design index for the nonlinear Ho, control.

/ ly(®)[2dr < 42 / lw(t)|dr (16)
0 0

System (15) has an Lo-gain less than or equal to 7, if
inequality (16) is satisfied for all ¢ > 0 and w € L2[0,¢t].
From [20], inequality (16) is satisfied if there is a smooth
solution V(z) > 0 such that the following HJI inequality

G F @ + 13 5o GG @ (G )" + 1 @) () <0
(1)

It is clear that if k(p,p) in (14) satisfies the following

inequality.
8Vo 1 8Vo 1 aVo
oVq
()" +alp.p) <0 (18)

op

where Vo(p,p) is a semipositive definition function and
q(p,P) is a positive definition function such that ¢(p,p) =0
if and only if p = 0 and p = 0, then a controller with
the performance of both the finite gain Ly stable from dis-
turbances to outputs and the frequency domain filtering
through the linear prefilter can be obtained.

Remark 1. Up to now, the proposed AFC is redesigned
to dedicate to the rejection of A instead of all of the nonlin-
ear terms like in (2)~(3), while eliminating algebraic loop.
That means the disadvantages 1) and 2) of normal high gain
AFC have been overcome by the proposed control while the
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uncertainty rejection performance is maintanied. It should
be noted that the new AFC method is a robust enhance-
ment to a normal control, i.e., it can be combined with
other robust controllers (for example, the nonlinear Hoo
control) to reduce their conservativeness.

3 AFC for underactuated dynamics

Many underactuated vehicles can be modeled as the fol-
lowing “strict-feedback” system by coordinate transforma-

tion or ignoring some coupling terms2=3 %7,

Dy =f1(p1,01) + 9101, P1)P2 + h1(py,p1) A
Do =f2(P1,D1,P2,02) + 92(P1, P15 Pas P2 )P3+

ha(py, Py, Pas o) A2 (19)
D, :.f?“(plaph e 7prai)m) + gT(phI.’h U 7pmi’r)u+
hT(phi)ly e 7pr7i)r)A7‘
where p;,p,, -+ ,p, € R™ are generalized position vectors

or position errors; Ay, As,--- , A, are disturbances and ig-
nored/unknown items; u € R™, m = n, is the control in-
put; fi(+),9:(-), and h;(-)(: = 1,2, --- ,r) are known smooth
functions with h;(-) being rever51ble

In this section, AFC enhanced Ho, controller will be
given by using the idea of “prefilter” in the preceding sec-
tion. By supposing r = 2 in (19), the following theorem
can be concluded.

Theorem 1. Consider the following nonlinear system
with external disturbances

Py =f1(P1,D1) + 91(p1,P1)P2 + ha(py,D,) A (20)
Do =f2(P1,P1,P2,P2) + 92(P1, D1, Poy P2)u+
hz(p17P17P27i)2)A2 (21)

If there is a control law p, = ai(p;,p,), the following
inequality is satisfied

ov: . 8V1

%P [fl(Pupl)+91(P17p1)a1(P17P1)}
1o} 0
o aﬁh ub ) 100 () + 0 py,p) <0 (22)

where q1(p;,p;) = lT(phpl)l(phi’l)) and Vi(p;,p,) are
nonnegative-definite functions, then there is a control law

a(py,P1,Ps,Pq,V1,01,01,V2) such that the following system

Py = f1(P1,P1) + 91(P1,P1)P2 + h1 (D1, P1) (A1 +v1)

Do = f2(P1,D1,P2:D2) + 92(P1, D1, P2, Do) Ut (23)
ha(py,01,P2,0,) (A2 +v2)
y= l(phpl)

has an Ly gain less than or equal to ~, taking (A + v1)
and (A2 +v2) as new disturbance signals.
ai (phpl) -

Proof. Suppose 21 = Do
following dynamics

gfl(plvpl)hl(plapl)vlv then the
can be obtained.

Py =f1(p1,P1) + 91(P1,P1)[a1(py,Py) + 21]+
hi(py,p1) (A1 +v1) (24)

21 :fl(plvphzl?vlalbl) +p2 + Bl(phpl)vl)(Al +’Ul)

where (in the following sections, we will denote h;(-), gi(+),

and h;(-) as hs, g;, and h;, respectively.)

= . 0
hi(py,p1,v1) = _{8}) (g
1

fl(phplvzhvl?’bl) =

0, 1
- [@(91 hivi) +

_ 0
1 1hl’Ul) + i}}h
1

da
aj](fl + g1P,)—

o , _ Oar .. 1, . -
[a(gl lhlvl) + %]I’l — 01 lhl’Ul — hiv

Introduce a new value function candidate for system
(24).

Va(py,py1,21) = Vi(py,py) + 0.521 21 (25)

Then, we have

v 8V Vo . .
2 2 (f1 + g1Py — h1v) + == (fi + by)+

Tpl 8z1
1 0V2 OV; _
21 lel +q + —[JJ} { e } [hfth]x
1 21 1
(%
of _
{ (LI‘Z)T ] Sle{ﬁ + Py + Qrz1+ (26)
Oz1
1 2 T oVh T,0V1 S —
42 [ (81’1) + 2hahy (8171) + hihy z1]}
where @) is a positive definite matrix.
Consider

p2 :a2(p1,p1,2171)1,1}1) =

—fi— Q21— (27)
1 2 T 8‘/1 avl 7 7.T
WM’Y g1 (3171) +2h1h1(8p1) + hihj z1]

then (26) can be made less than or equal to 0. Thus, we
have obtained a virtual controller such that system (24) has
an Lo-gain less than or equal to v, with I(p;,p;) as outputs
and (A1 +v1) as external disturbances.

Next, suppose there is another new variable zo = p, —
Then, the system dynamics (20)~(21) can be expressed as
follows.

Dy =f1(P1:D1) + 91(p1,D1)a1(py,P1) + 91(Py, Py )21+
hi(py, 1) (A1 +v1)

21 =f1(py, Py, 21,1,01) + G2(py, Py, 21,01, 91) + 22+
hi(py,py,v1) (A1 + 1) (28)

zy =f2(py, Dy, 21, 22,01,01,01) + G2(Py, Py, 21, Z2)ut
ha(p,, b, 21,v1,91)(A1 +v1)+
hs(py, D1, 21,22)(Az +v2)

where

T . . 8@2

h ,D1,21,01,01) = ———

2(P1, Py, 21,01,01) = o,

h3(py, Py, 21,22) = ha(Py, Py, P, Po)

= . L das .

f2(p1,p1721,22,’l)17’01,'01):f2772p17
Op,

Bag 8&2 . 8&2 . Oag ..

8p (fl +91P2) 67p2p2 — 87‘1)1,01 — 8’1}7’1’”1 — ;1201 — Eg’Ug

92(P17p1,21722) = 92(plap17p23p2)
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Introduce a new value function candidate for system
(28), namely,

Va(py, Py, 21) = Vi(py,Dy) +0.521 21 + 052320 (29)

By the similar analysis process, we can conclude that if
we take

u :a’(phphzl?z%vh'i)la'bl '02) =

oV
— 3 {Bta+ Qe+ [2hzh1 ( apl) + (30)
1
hohiz1 + (h2h2 + hahy )22]}
then,
8‘/3 0V3 Vs .~
h ovs
8})1 apl [fl + g1p5 — l'Ul] + o2 [fl + a2 + z2]+
Vs

7[102 + gou] + 1 + 21 Q121 + 23 Q222+

L[ oV v ] )
42 81.)1 0z1 0zo
ovs*
o op
O R T R R
hi 0 7T —— <
BQ Eg 0 0 h3 (921
Vs
822
Vi p
z3{fa+ gou+21 + Qza + —5 [2h2h1( )T+
42 op,

thhl 21 + (h2h2 + h3h3 )22}}
is less than or equal to 0.

From (31), taking I(p,,p,) as outputs, and (A;+wv1) and
(A2 +v2) as external disturbances, system (28) has an La
gain less than or equal to 7, which means that system (23)
has the same Lo-gain.

Using Theorem 1, we can further design v; and vz just
like we have done in Section 2

1)53) = —k1v1 — k‘2’i)1 — kg’ijl — b1A1
y=v1+4A

V2 = —k4v2 — bQAQ (32)
Yy =v2+ Ao

The parameters k1, k2, k3, k4, b1, and b2 can be designed
on the basis of the linear system theory to attenuate A; and
As. Further, (32) can be rewritten as (33) by replacing Ay
and A, with p; and p,.

’U§3> — k,?,'bl — blhfl(ﬁl - fl - gpo)

fod fotz1 4+ Qozat+  (33)

= — k1v1 — kg’i)l
2 =— k4v2 — baohy Py —

Vi r
2hoht
47 [ 2 ( a1’1

(h2hy + hshs)za]}

) + 27127L1T21+

For system (20), repeat the process when Theorem 1 and
(32) is being proved to obtain a similar controller as

2r—2

u:a(phpl?’” 7pr7pr7lulv"' ;U [ 71)7“)

and the following prefilter:

2r—1 _ 2r—2
7 — k1,1v1 — — k1,2r—107 — Ay
2r—3 __ 2r—4
Vo = — k’z,l’vl — e — kz’grfl’vl — bgAz (34)

7)7' = - kr,lvl - brA'r'

4 Simulations of AFC for helicopter
trajectory tracking control

In this section, we apply the proposed AFC enhanced
H. controller design method to design the trajectory
tracking controller of an underactuated model helicopter.

4.1 Dynamics of model helicopter

The complete dynamics of a helicopter can be divided
into two parts: aerodynamics and body dynamics. Usu-
ally, the aerodynamics are too complicated to be used for
the purpose of control design[23724]. So the helicopter dy-
namics are often considered as a rigid body incorporating
simplified aero- and actuator dynamics. The motion equa-
tion of a model helicopter can be written as

p v”
P 1pRpfb
o | = il (35)

Wb JHr —wb x Nt

where p € R® and v € R? are the position and veloc-
ity vectors in inertia frame; R satisfies RRT = I3, and
det(R) = 1 is the rotation matrix of the body frame rel-
ative to the inertia frame; and w® is the angular velocity
vector. @ =[¢ 6 ] is the Euler angle vector; m and .J
are the mass and inertia of the helicopter, respectively; V¥ is
the transformation matrix from angular velocity to angular
position; and fb and 7° are force and moment presented in
body frame, including disturbance force and moment.

The aerodynamics can be considered as a lumped model
consisting of main rotor, tail rotor, horizontal stabilizer,
vertical stabilizer, and fuselage. For the purpose of sim-
plification, most researchers design the controllers by only
considering the aerodynamics of main rotor and tail rotor.

X 0
ff=| Yu+Yr | +R"| 0 | +A (36)
YAV mg
L Yvhyv + Zuyne + Yrhr

= My+Mr | + —Xnvha + Zular
N —Yular — Y7lr

+ A,

where X, Y, Z and L, M, N are the forces and torques
about the x, y, and z axes in body frame, respectively; the
subscripts s and 7 denote the main and tail rotors; has,
ym, hr, Iy, and I are some distance constants; and A;
and As denote the unmodeled aerodynamic uncertainties
including the ignored horizontal stabilizer, vertical stabi-
lizer, and fuselage, and exogenous disturbances such as the
force and torque induced by air mass and wind. In [7], the
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aerodynamics were calculated as

XM = —TJ\{ sin alS,qu = TM sin b15

Zy = =T cosarscosbis, Xr =0

YT = —TT, ZT = O,R]W = K1b15 — Q]W Sinals (37)
My = Kaa1s + Qarsinbis, Ny = —Q s cos ars cos bis

Rr =0,Mr = —Q7,N7 = 0,Qn = Ca1Thi” + Carz
Qr = C11Tr° + Cr2
where a1s and bis are the longitudinal and lateral tilts of
the tip path plane of the main rotor with respect to shaft,

respectively; Ty and T are forces of main and tail rotors,
respectively.

4.2 The AFC design

In our simulations, the AFC is designed according to (38)
which is obtained by (37). This is intended to enlarge the
difference between the reference model (to be used for AFC
design) and the high-fidelity model (to be controlled by the
AFC), which is often in the modeling of the helicopter. The
performance of AFC can be demonstrated under a worse
condition with enlarged model uncertainty.

X = XM = —T]w sin Als, Y = Y]V[ = ij[ sin bls

Z = Zy = =T cosais cosbis

L =Ly =Sr1bis +S12Qm

M = Muy + M7y = Saviars + Sv2Tvr + SmsQr (38)

N =Ny = Sni1Qum + SnveTr, Tavs = Sty 100 + S1y02

TT = STTGT + STT27 QM = SQJ\lleM + SQZMQ

Qr = Sqr 01 + Sqr2

After ignoring the couplings between rolling moments

and lateral acceleration!”, the dynamics equations (35) can
be denoted as

.1
p=_—R[0 0 Z]"+[0 0 g]" +A
6=’ (39)
W =T — Wb x Jw A

where Z and 7° are inputs.

(39) can be rewritten as

P =p, + A
Do =f2@171"1,1127i’2)+92(P17P1»p27i’2)u+h2A2 (40)
P = f3(p27p2767w) + 93(p27i)2767w)u + h3As (41)

where

b, =P
1
po=—R[0 0 Z]"+[0 0 g¢]"
m
2 0 1
fo(p1, D1, Py, P5) = —ZRW’ x | 0 | + —ZR[w"x
2\P1,P1,P2,P> m . m
0 1 0
Wx |0 )= =ZR{J "W xJw)] x| 0|}
1 m 1
(P11 ')—i ZRJ R 8 hs = ~ZRJ
92(P1,P1,P2,P> =m s 2—m

0

Vol. 34
f3(P2ai’2,9,w) =
_ { 0 sing cos¢ :|J71(wbxjwb)+
cosf) cosd
gpcos¢  gBsinfsing - 7’(;.3sin<z>Jr
cos 0 cos2 6 cos 0
rfsinf cos ¢
cos? 0
g3(py, Do, O,w) = { 0 sing cos¢ :|J—1
cosf  cos@
u= [(Tb)T Z]T
And J satisfies
_ 0
JAy =J(Axx | 0 ])
1

(40)~(41) have the form of (20), thus, the AFC enhanced
H ., controller of them can be designed. The trajectory
tracking controller of the helicopter can be divided into the
following 4 steps.

Step 1. Design a nonlinear AFC enhanced Hs con-
troller with measurable disturbances of (40) as (30) in Sec-
tion 3, i.e.,

92(p13p17p27p2)u =u1 = a(plvplap%p%vlabla’bl?’UQ() )

42

Step 2. Design a nonlinear AFC enhanced Hs con-

troller with measurable disturbances of (41) as (14) in Sec-
tion 2, i.e.,

93Py P2, ©,w)u = uz2 = k(py,p1) + h(py, Py )v2 (43)

Step 3. Design linear prefilters as (32), i.e.,

'v§3> = 7]4)1’!)1 — k]z’l:h — k3’i31 — blAl
vz = —kqva — baAs (44)

Step 4. Obtain the final controller

u =

. . -1
92(P1,P1,P2,05) u (45)
g3(p27p2787w) (%)

4.3 Simulation results

In order to verify the performance of the proposed AFC
design method, we use the high fidelity model presented in
[25] as the controlled system. The controller is designed
according to the simplified model denoted by (35), (36),
and (38) with the parameters

Sr1 = —65.0398, Sp2 = —0.062, Sy = 65.0398

Swme = —0.01,Sy3 = —1,Sv1 = —1,Sn2 = 0.898

Sty1 = 1777, 87,2 = 39.8, S7p1 = 106.2, S1p02 = 6.9
SQu1 =95.6,5Q,,2 =—1.8,5¢,1 = —3.9,5¢,2 = —0.03
hy = 0.234,yp = 0, hr = 0.062

Iy =0.01,1r = 0.898, M = 9.502 (46)

The parameters in (42)~(44) are respectively selected as
~v=50,Q1 =5I,Q2 =501, k(p,,p,) = —4p, — 2.8p;,

q(py,py) = —51’?1’1 - 6?1Ti’1 (47)
V(p,,p,) = 3.3125p, p, + 1.25p; p, + 0.3905p; p,
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v = 50, k(pui’l) = —4p, — 2.8p,,
qa(py,p,) = —5p) p, — 6p1 P, (48)
V(p,,p,) = 3.3125p, p, + 1.25p, p, + 0.3905p] p,

ki = —125,ky = —75,ks = —15 (49)
ky = —125,ks = —10, kg = —10

The helicopter is controlled to maneuver a step change
from the initial states of o = yo = 20 = 1.0m, ¢o9 = Op =
Yo =0.1rad to x =y = z = 0.0m, and ¢ = 0.0rad.

In order to demonstrate the good performance of the
new controller, we compare the simulation results with
the linearized controller in [7] whose designed poles are
—1.4 +1.4283j, —5, —5, —5, and the direct Ho, controller,
i.e., controller (42)~(45) without v, and vs. Fig.1 shows
the situation while there is only the uncertainty because
of model simplification. From Fig.1, we can see that un-
der the control of linearized controller and the direct Hoo
controller, the model uncertainty causes a stable tracking
error, which has been attenuated successfully by the control
with AFC.

Fig. 2 shows the case that external force disturbances of
50N are abruptly occurring to the first (39) at every 20s,
ie.,

D1 =Dyt ges + Ay + Ay (50)

where A1, is the uncertainty because of model simplifica-
tion and A4 is the external disturbance as

[0,0,0]" t<20s
[50,0,0]"  20s <t < 40s
= 1
Bua [50,50,0]T  40s <t < 60s (51)
[50, 50, 50] t>60s

In Fig. 2, we can see that neither the linearized controller
nor the direct Ho, controller can overcome the disturbance
forces, and there are stable position errors. In contrast,
the solid lines indicate that the errors are rejected by the
proposed AFC enhanced Ho, controller. It should be noted
that the offsets of ¢ and 0 in Fig. 2 after the disturbance
are necessary for the helicopter to resist them.

1 0.2
£ 05 g 0
=0 L=7 __________ <
05— -0.
8 10 20 30 6 10 20 30
2 0.2
£ 1\ E
= 0 mmmmmmmm S
A -0.
(1) 10 20 30 6 10 20 30
2 0.5
=
£ 1\ R T e—
N 0 BN N o o e e e e
B I S —
6 10 20 30 8 10 20 30
Time /s Time /s

Fig.1 AFC for model uncertainty rejection where the solid
line is under the control with AFC enhanced H., controller
(the dotted line is the H. controller, and the dashed line is the
one with linearized controller)
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Fig.2 AFC for both model uncertainty and external
step-changed disturbance rejection
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Fig.3 Linearized controller for both model uncertainty and
external sine-changed disturbance rejection
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Fig.4 AFC controller for both model uncertainty and
external sine-changed disturbance rejection

Besides the step disturbance like (51),
torque disturbance is also tested, i.e.,

sine-changed

[0,0,0]"

A, — t <20s
2 [Asinwt, Asinwt, Asinwt]”

2
t>20s (52)
where A = 5, and w = 0.5. The results are shown in Figs. 3
and 4, from which we can clearly see the improvement by
the proposed AFC enhanced Ho, controller.
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Conclusion

In this paper, we have presented a new AFC enhanced

H controller design approach for the uncertainties and
external disturbances rejection of both fullactuated and un-
deractuated dynamics. The AFC is designed as a robust
enhancement to the normal control on the known dynamics
by dedicating it to the rejection of unmodeled uncertainty.
By using the concept of prefilter and backsteeping mecha-
nism, the proposed AFC successfully overcomes the three
disadvantages inherently seen in normal high-gain AFC.
The simulation results with respect to the underactuated
model helicopter show the improvements of the proposed
method.
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