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Controls Design Challenge: A Variable Structure Approach

Ajay Thukral* and Mario Innocenti®
Auburn University, Auburn, Alabama 36849

The purpose of this paper is to investigate variable structure control as a tool for the design of flight contrel
systems. Variable structure control allows the direct incorporation of model uncertainties and nonlinearities in the
design process, yielding a piecewise continuous structure for the compensator that maintains the system dynamics
along specified stable trajectories (sliding hypersurfaces). Under mild restrictions, the resulting control law is
robust with respect to unknown but bounded parameter variations and other uncertainties. A linearized model
of an aireraft is used for the design, and a flight control system is synthesized, which gives desired response to
initial conditions and tracks a commanded altitude. The control synthesis and simulation are performed using

computer-aided software on a personal computer.

I. Introduction

HE purpose of the paper is to evaluate the capabilities of vari-

able structure systems (VSS) in designing a flight control sys-
tem within the framework of the controls design challenge.! The
work presented here is preliminary in nature, and its purpose is to
illustrate the main ideas behind VSS control, its potential application
to aircraft control related problems, and the ease with which pre-
liminary flight control synthesis can be performed on inexpensive
computer work stations.

Variable structure control has been described in the Soviet lit-
erature since the early 1960s in the work of Emel’yanov,? Utkin,?
and Ttkis,* among others. Invariance of VSS to a class of distur-
bances and parameter variations was first developed by Drazenovic
in 1969.> In the past two decades, much research has been per-
formed by the international community in this area linking VSS to
adaptive control and model reference adaptive control, using Lya-
punov control techniques, deriving connections with hyperstability
theory, and solving VSS tracking problems (see Ref. 6 for a survey
on the subject). Most of the applications of VSS have been in the
areas of industrial and robot manipulator control. Recently some
work has been done in the aerospace field; applications to aircraft
control have been presented by Calise and Kramer’ where robust-
ness with respect to nonlinearities was addressed, by Mudge and
Patton® who solved the sensitivity to parameter variations by incor-
porating eigenstructure assignment in the structure of the control
law, by Ref. 9 where Slotine’s concept of boundary layer was used
to eliminate “chattering.” Variable Structure Systems and Lyapunov
stability theory were also used by Vadali'® in designing a large-angle
maneuvers controller for a spacecraft.

The essential feature of a variable structure controller is the non-
linear feedback control with discontinuity on one or more manifolds
(sliding hyperplanes) in the state space, or error space in the case of
model following control. This type of methodology is attractive in
the control design of nonlinear uncertain dynamic systems with un-
certainties and nonlinearities of unknown structure as long as they
are bounded and occurring within a subspace of the state space.*
Ryan and Corless'! have also shown that VSS could be used to es-
tablish “almost certain” convergence to a vicinity of the origin for
a class of uncertain systems.

The extended flight envelope of recent acrospace systems is pos-
ing a challenge to the control system designer who is faced with
highly nonlinear uncertain systems whose control could be ad-
dressed by employing VSS techniques.
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II. Variable Structure Systems Control

A brief description of the principles of variable structure systems
is now presented, which follows essentially those described in Refs.
3 and 6. The basic feature of VSS is sliding motion. This occurs when
the system state continuously crosses a switching manifold because
all motion in its vicinity is directed inward. When the motion occurs
in all the switching surfaces, the system is said to be in the sliding
mode, and it is equivalent to an unforced system of lower order. The
design of a variable structure controller consists of several steps: 1)
the choice of switching surfaces; 2) the determination of the control
law; and 3) the switching logic associated with the discontinuity
surfaces (usually fixed hyperplanes through the origin of the state
space). To ensure that the state reaches the origin along the sliding
trajectories, the equivalent system must be asymptotically stable and
this defines the selection of the switching hyperplanes (sometimes
called the “existence” problem), which is completely independent
of the choice of control laws. The selection of the control law is the
so-called “reachability” problem and it requires the reaching of the
sliding mode from some initial state.

During sliding, the discontinuous control chatters about the
switching surface at high frequency. Chatter is perhaps the major
problem associated with this type of control; it can require high en-
ergy effort from the actuators, thus leading to continuous saturation,
and it can excite neglected high-order dynamics. This is perhaps the
major reason why VSS has not yet found wider acceptance in the
flight control community, where smoothness of actuation is desir-
able, and saturation may lead to such instabilities as pilot-induced
oscillations.

There are several ways to mitigate the effects of chattering with
little loss in performance, such as the definition of a boundary layer
near the sliding surface, as introduced by Slotine,” or the introduc-
tion of a smoothing parameter in a unit vector-type control law, as
shown by Ambrosino et al.,’> Burton and Zinober,'? and Balestrino
et al.1 The latter method is used in this paper.

The general control problem can be stated as follows: given the
uncertain controllable dynamic system of the form

X=(A+AAx+(B+ABu+Cv, Y)

where the state and input vectors have dimensions n and m respec-
tively, »(f) is a one-dimensional disturbance vector also represent-
ing nonlinearities, and w(#) is a vector of output (measurement)
uncertainties. The parameter variation matrices AA and A B can be
uncertain and time varying. Matching conditions are assumed to be
satisfied by the matrices AA, A B, and C, thus satisfying Drazenovic
invariance conditions as well as perfect model following.!> Because
matching requires AA, AB, and C to be in the range space of B
(assumed to be full rank), the following relations are valid:

AA =BD, AB = BE, C = BF

y=x+w

@

where D, E, and F have dimension n x n, m x m, and m x [,
respectively. The purpose of a VSS design is to determine the control
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law u such that

ub forsi(x) >0

u;(x) = { " 3)
u

;7 forsi(x) <0
The switching hyperplanes are denoted in matrix form by
s =Gx @

with s m-dimensional and G an m x r constant matrix. For a stable
sliding motion to occur on all surfaces, the following conditions
must be satisfied based on Lyapunov’s stability theory:

s5;5; < 0in the vicinity of 5; = 0

(5

§ = Gx = § = Gx = 0 in the sliding mode

Because the sliding mode belongs to the null space of G, if the
product G B is nonsingular, the sliding motion is independent of the
control law. During sliding, from Eqs. (5) and (1) we can, therefore,
determine an equivalent control law as

u=—(GB) 'G[Ax + h]

©)
h=AAx+ ABu+Cv
and because the matching conditions (2) are assumed to be valid,
the system dynamics during sliding are governed by

x=[I-B(GB)'G]Ax M

showing the sliding motion to be insensitive to unknown but
bounded parameter variations and disturbances. The selection of
the switching surfaces; i.e., G, then depends on the desired system
behavior during sliding, and given by Eq. (7).

To select the switching surfaces we consider a nominal system
extracted from Eq. (1) and given by

x = Ax + Bu, y=x, s =Gx (8)

To simplify the design scheme, we can transform Eq. (8) into a con-
trollable canonical form using the transformation g = Tx, where T
is an orthogonal matrix. Then Eq. (8) becomes

. | An An -+ 0 "
1 Ay Ap B, O
y=1TTq, s=GT'q =[G, G:lq

Note that because G B is nonsingular, so is G, B,. During sliding,
we have the following, from s = 0:

q; = [An — ApKlq,
@ =—Kq

with
K =G;'G, (10)

The sliding motion occurs, therefore, in the n—m dimensional sub-
space of the state space. The choice of K and consequently of G
is free for the designer; several methods have been used in the lit-
erature, such as pole placement, eigenstructure assignment,® and
optimal control.!® Using the latter method to find K, we can set up
a linear-quadratic-regulator (LQR) synthesis to minimize

= %/ [xT0.1dtr with Q > 0 (10"

subject to the constraints given by Eq. (10). This index of perfor-
mance can be reduced to the transformed state space g by using 7.
We can write

TOTT = [Qll le]

Q21 Q22

if we let

0* = Qu - Q105 On
A* = A — ApQ3, On (11)
{ =g+ 0% 0uq
the LQR problem has now the following standard form:

1 (e
J= 5/ [qlTQ*qn +CTQ22§]dt

g1 =A'q + Apg

(12)

After solving for the appropriate Riccati matrix P from Eq. (12),
we obtain

K = 0;)[Qn + ALP] (13)

A simple method for deriving the switching matrix G in Eq. (10)
from Eq. (13) is given in Ref. 17. If we let G, = I, then {G; G,] =
GTT =[K I,], thus giving the following:

G=[K I,0" (14)

Having specified the sliding trajectories, we now turn our attention
to the computation of the control law u, which will drive the state
vector x into the null space of G and maintain it there. The choice of
control is only limited by the discontinuity on one or more subspaces
containing the null space of G as stated in Eq. (3).

In general, the VSS control law u consists of a linear component
u® and a nonlinear one u¥ combined together to produce the feed-
back, with the nonlinear component incorporating the discontinuous
elements. In the present work, the following structure for the control
law has been chosen:

Nx
=ut+u" =Lx —_—
u=u"+ +p"Mx" 15)
The linear component is a typical full state feedback, whereas the
nonlinear element has a unit vector form'!"'* easier to implement
than other structures. The parameter p is free to be chosen and the
matrices N, M, and G belong to the same null space.
To compute the gain matrices L, M, and N in Eq. (15) we follow
the procedure described in Refs. 6 and 17. Let us define a new
transformation matrix T, as

o[l O
|k 1,

Using the preceding matrix, the state vector ¢ is changed into z =
T»q with z; = gy, and 2z = K¢ + ¢,. The dynamics of z are then
given by

21 =Mz +Apz

. 16
22 = A2z1 + A3za + Bau (16)

where
A=A — Apk
Ay =KA| + Ay — AnK an
A3 =KAp+ An

To attain a sliding mode it is required from Eqgs. (10) and (16) that
z = 7z = 0, therefore we can define u(z) = u” + u” where

ut(2) = —B;'[A2(As = A3)]z = -0z (18)

The stability matrix A} has eigenvalues that determine the speed and
transient characteristics with which the state vector asymptotically
attains a sliding motion. The nonlinear component allows the state
Z» to reach the sliding mode in finite time. By defining P, > 0
solution of the Lyapunov equation Pj A} + (A;)TPI + 1, =0,we
can set

N Bz_ ! P 122

= —p—— 19
PPzl (1)
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Finally, returning to the original state vector x, we have the control
law given by Eq. (15) with gain matrices as follows:

L=-0nLT
N = —B;'[0 PIT.T (20)
M =[0 P|T,T

When there are disturbances and parameter variations included
in the system dynamics, as in Eq. (1), the control law (15) and gain
matrices (20) still hold; however, the output vector y now appears
in the control structure in place of x and p becomes a function of
the off-nominal components AA, AB, etc. Details on the compu-
tation of p can be found in Refs. 11 and 18. Briefly, recalling the
uncertain system model (1), and using Eqgs. (2) and (15) we obtain
the following form:

%= (A+ BL)x + Bu" + Be

e=Dx+Lw+ ELy+eu” + Fv @

with the assumption that [1 — max || E}|] > 0, it can be shown that
p=A+B|x|
A =[1-max |E|]™{[2max | D]| + max | L]
+max || EL||]p, + max || Fo| }
B =1 —max ||E||]"{ max | D|| + max || L|}}

(22)

and p,, = max [[w]]."®

The procedure described in the preceding paragraphs is designed
to drive and to maintain the system state into an ideal sliding mode. In
practice, this is not achievable, and the state vector keeps crossing the
sliding manifold at high frequency (chattering). The simplest way to
overcome this problem is to “smooth” the discontinuous part of the
control law 4" by substituting it with a continuous approximation.
This is accomplished during the implementation of the control given
in Eq. (22) by changing u to become

Ny

T o= (23)
INyll +8

u=>Ly

where § > 0 is a small scalar. Although not rigorous (for a more for-
mal approach see Ref. 11), the method has proved to be successful.

In summary, the VSS control design consists of the following
steps:

1) Select sliding subspace using Egs. (13) and (14).

2) Choose a control strategy of the form in Eq. (15).

3) Select the speed with which sliding is to be attained by choos-
ing A3 in Eq. (18).

4) Compute the control gain matrices using Eq. (20).

5) Select p according to the perturbations included in the model,
or else choose it to be a constant.

6) Implement a smoothed control law by proper choice of § in
Eq. (23).

In the present work, MATLAB software has been used to deter-
mine the control law. A macro (mfile) was written, which allowed
interactive operation during the first four steps. The simulation used
the block diagram graphic capabilities of SIMULINK and allowed
to interactively, solve steps 5 and 6. In the next sections, some re-
sults relative to design challenge problem are presented limited to a
linearized version of the equations of motion.

HI. Aircraft Model Dynamics
For the purpose of preliminary validation, a linearized set of
equations of motion was derived from the information provided
by NASA. The system matrices are relative to a flight condition
of Mach M,,s = 0.6 and altitude h, = 39,800 ft. The aircraft
longitudinal motion is considered given by

X = ALox + BLou (24)

where x = [u,a,q,0,h]7 is the state vector with conventional
state variables, and u = [8g, 675]7 is the input vector consisting
of elevator and throttle. The units for the variables are radians, feet,
and seconds, as appropriate. Numerical values for A, and By,
are given in the Appendix. Several simplifications were made in
deriving Eq. (24): 1) the state vector is available for feedback; 2) no
cross-coupling between longitudinal and lateral motions; 3) sensor
dynamics as well as differential thrust were neglected; and 4) full
afterburner and full power authority are available. In addition to
Eq. (24), the engines and elevator actuators are modeled by first-
order systems with break frequency of 20 rad/s. The engines lag
is assumed to be equal to one s. In state space form, the actuator
dynamics and engines lag are given by

r = Apct7 + Bacriic, u = Cacrr (25)
where r = [8y Sry  $7y]” and the commanded input vector is
#c = [8gc  Srmc]”. The system matrices in Eq. (25) are given in
the appendix. Combining Eqs. (24) and (25), we get the augmented
aircraft dynamics;

Ao BioCacr 0
= =A B
[ 0 Ascr X+ Bacr uc aX + Bauc

y=x

(26)
During the simulation, a saturation element was introduced in the
elevator channel to limit displacement to +15/—25 deg. System
(26) is the nominal system used to derive the control laws and corre-
sponds to Eq. (8) of the previous section. Control laws are presented
for initial condition response and for tracking of a specified altitude
command. The controlled system behavior to sample uncertainties
is also presented.

IV. Example 1: Initial Condition Response

This example considers the system response to an initial condition
on altitude hp = 10 ft. The main objectives are to improve the
damping of the natural modes, to evaluate the effect of smoothing
on chattering, and to compare the control law with and without
the nonlinear component. The control law (23) was computed with
the following numerical values: Q = 18, p = 1, § = 0.5, and
A% = diag[—.5, —1] and the resulting gain matrices L, M, and N
can be found in the Appendix.

The chattering nature of the control, after the sliding mode is
reached (t = .75 s), is evident in Figs. 1 and 2 showing commanded
elevator and throttle. The figures also show how smoothing can ef-
fectively eliminate the chattering. Figure 3 shows the actual control
inputs with elevator saturation during transient. Figures 4 and 5 show
the altitude and speed responses respectively. The system’s behav-
ior with only the linear component of the control law is also shown

COMM. ELEVATOR WITHOUT SMOOTHING

0 05 1 15 2 25 3 35 4 45 5
seconds

COMM. ELEVATOR WITH SMOOTHING

25 3 35 4 4.5 5
seconds

Fig. 1 Initial response commanded elevator.



THUKRAL AND INNOCENTI: CONTROLS DESIGN CHALLENGE 945

COMM. THROTTLE WITHOUT SMOOTHING |

1.5
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05+ i | i
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or i uﬂwv‘ N ) i i
-0.5
_1 | — 1 1 1 L L I 1 L 1
0 0.5 1 15 2 25 3 35 4 45 5
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1 COI\{H\/LTHR,OTTLE yVITH SMOOTHING
05F i
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0.5R ~
_1 1 1 L L 1 i t
0 0.5 1 1.5 2 25 3 35 4 45 5
seconds
Fig.2 Initial response commanded throttle.
20 . ELEVATOR QEFLECT TON .
10 4
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g .10 «
200 N
230 : L . . . ; . . )
0 0.3 1 15 2 25 3 35 4 45 5
seconds

10 THROTTLE DEFLECTION RATIO -- FULL CONTROL AUTHORITY

% of full throttle

05 1 15 2 25 3 35 4 45 5
seconds

Fig. 3 Initial response control activity.

ALTITUDE RESPONSE

R

oo
T
L

00

0 VSS controller

___ linear controller

feet

Fig. 4 Initial response altitude behavior.

clearly indicating the asymptotic character of the equivalent control
and the necessity of having the nonlinear component to reach the
zero state in a finite time. 2

V. Example 2: Command Tracking
This section considers the problem of tracking a commanded al-
titude ramp of 50 ft/s for 4 s, and it could be representative of an
altitude following system. Tracking requirements include a maxi-

SPEED RESPONSE

0 VSS controller

- linear controlier

ft/sec

05 1 is 2 25 3 35 4 45 s
Fig. 5 Initial response speed behavior.

mum altitude error of +50 ft with almost constant speed (only a 1%
in Mach number change is allowed).

The problem of tracking is usually viewed in terms of model
following, and a large literature exists addressing adaptive model
following design using variable structure systems.S The procedure
described in Sec. II is essentially catried over in the error space,
once a suitable desired model behavior has been chosen. Here, we
proceed along a simpler line by designing a feedforward prefilter
based on Broussard’s command generator tracker'® and using the
linear component of the VSS controller.

If we define the tracked state variable & = H,, where x is solu-
tion of Eq. (26) and the tracking command A¢ output of the ramp
generator, the feedforward gain matrix Fr is given by

Fr = [Q — LQ5] 27N

Qu Q| |As By -
Qi Q| |H 0
The control law is computed with Q = 18, p = 10,8 = 0.5, and

A} = diag[—3, —3], and these are again found in the appendix.
The block diagram of the closed-loop system and the controller
used are shown in Figs. 6 and 7, respectively. Figure 8 shows al-
titude response and error, which remains within the required limit.
Forward speed and Mach number perturbations are shown in Fig.
9, with the speed remaining well within the £10 ft/s requirement.
Elevator and throttle activities are in Fig. 10. Although the throttle
never exceeds 30% of full power, the elevator saturates as soon as
the command changes slope (note that no rate limits were present
in the simulation), and then goes back within the limits, thus illus-
trating the high gain characteristics of variable structure controller.
It must be mentioned at this point that no particular fine tuning was
performed in selecting O, p, 8, and A} except for achieving the
required objectives.

with

VI. Example 3: Tracking in the Presence of
Uncertainties

The problem of control in the presence of uncertainties, nonlin-
earities, parameter variations, and other unmodeled quantities has
always been a central one in the design of feedback systems. Because
an accurate analytical model of the aircraft was not yet available at
the time the work was performed, the following analysis should
be considered more as a qualitative validation rather than a final
quantitative result,

The design parameters unchanged from the previous cases are
0 =18, p =10, § = 0.5. The matrix A} changes slightly because
of stability limitations encountered because of the high speed re-
quired to attain the sliding mode (governed by the eigenvalues of
A3). Speed of response and bandwidth requirements always conflict
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sloce ramp

AIRCRAFT +
ACTUATORS

ramp gen.

store input

comm. lnput Clock swre tme

Fig. 6 Block diagram for altitude tracking simulation.

5

delta
¢ = AxsBl rreve TAS

1 X = AxsBu Function
¥ = CxsDu Funcion | b

In_t Mx 1Ml Sumi lavert
muitd
X = Ax+Bu DaMux
= CxsDu
Nx 1->2

mult2

MATLAB
Function
ik B .

AsBilil thao

Al

B +
rhoo

rho2

DoMux
= Cx+Du

In_1 Lx

out’1

Demux2 Out_2

Fig. 7 Block diagram variable structure systems controller.

ALTITUDE RESPONSE

ALTITUDE ERROR

200

150

feet
feet

50

0
--COMM. ALT.
50 \ .
500 5 10 5 10
seconds seconds

Fig. 8 Altitude response during tracking.

with the amount of uncertainty that can be tolerated by the controller,
and VSS control is no exception.

Figure 11 shows altitude response and error in the presence of
parameter variations AAy, in the aircraft plant matrix. With the
choice of A} = diag[—5, —5], the system tracks the commanded
altitude with a maximum error of about 70 ft when 50% parameter
variation is allowed. To reduce this error, which occurs because of
the delay in achieving the sliding mode, more stable eigenvalues of
A should be used, provided stability is maintained.

Figure 12 shows the altitude response and error in the presence
of control effectiveness losses ABro of 25 and 50%. Here, A} =
diag[—2, 5, —2.5]and while a 25% loss is handled by the controller,
2 50% loss causes instability if the same response speed is required.

FORWARD SPEED MACH NUMBER
1 — T 0.601 -
0 — 0.6/— —
1t : 0.599 - : »
2
> -2+ 0.598} B
8
-3F B 0.597 - : B
4t 4 0596} 1
.5 1 0595 -
0 5 10 0 5 10
seconds seconds
Fig. 9 Speed response during tracking.
2 ‘ § i ELE\{ATOR PEFLEQTION . i .
10 <J>
g o —
b
L -10- _
200 . J
30 i ; . . . ; i i :
1 2 3 4 5 6 7 8 9 10
seconds
40 THRO’I'TLlE DEFL]ECTION RATIQ - FULL_, CONTROL AUTHORITY
& 20f i
o
b
= 0
&
8
= 20F ) ]

40 ,
0

1 2 3 4 5 6 7 8 9 10
seconds
Fig. 10 Control activity during tracking.
300 ALTITUDE RESPONSE
200+ -
5 --=-25% DA
§ 100f :
& - = 50% DA
0 I
-100 L L L s L L 2
0 2 4 6 8 10 12 14 16
seconds
30 i ALTITUDE ERROR .
--=-25%DA
<+ =150% DA 1
20 . ; ; . . : .
0 2 4 6 8 10 12 14 16

Fig. 11 Tracking in the presence of perturbations AA.

The behavior of the control effectors is shown in Figs. 13 and 14
respectively. With a 50% loss in effectiveness, the elevator becomes
ineffective because of full saturation.

The last two figures show the system’s behavior in the pres-
ence of a 50 and 75% decrease in actuator speed. As before,
A} = diag[—2.5, —2.5]. No loss of performance is experienced
with the actuator speed reduced by half, however, a 75% loss (actu-
ator break frequency reduced to 5 rad/s) produces a delay that causes
instability, as shown in Fig. 15, with a fully saturated elevator shown
in Fig. 16.
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250 ALTITUDE RESPONSE
200 b
.. 150} ]
Q
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50} b
0o 5 10 12 14 16
seconds
100 f ALTITUDE ERROR i
--=-25%DB
--=-50% DB
50+ I g
N
0 |
=% 2 4 6 8 10 12 14 16

Fig. 12 Tracking in the presence of perturbations AB.

ELEVATOR DEFLECTION

—— — — T

g
g
10 12 14 16
seconds
Fig. 13 Elevator activity with perturbations AB.
THROTTLE RESPONSE

30 . . . — .
QO
g |
&
=
a ;
5 ; 1
R

20L .. =-=-25%DB 1

-+ =-50% DB
-30F 4
“% 2 4 6 F) 10 12 14 16

seconds

Fig. 14 Throttle activity with perturbations AB.

VII. Nonlinear Simulation

The nonlinear simulation code available from Ref. 1 has been
converted into a modular MATLAB file by the first author. The new
code has several capabilities, such as trimming the aircraft about
a specific flight condition, computation of linearized models about
trim, interface with the control law, and linear and nonlinear simula-
tion of different aircraft models. A generic structure of the software,
at this stage, is shown in Fig. 17. Several m-files (MATLAB spe-
cific macros) have been implemented for trimming and linearization,
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250 ALTITUDE RESPONSE ‘ -
,/
. 150} . d
& 100+ A --=50%LOSS ACT> SPEED |
-.-=75% LOSS ACT. SPEED
50} e : 1
0 il L L il 1 1 Il
0 2 4 6 8 10 12 14 16
seconds
100 . ALTITUDE ERROR
--=50% LOSS ACT. SPEED
sob ST -.-=75% LOSS ACT. SPEED 1
N :
0 3 1
% 2 4 6 8 10 12 14 16
Fig. 15 Tracking in the presence of partial actuator loss.
ELEVATOR DEFLECTION
50 . ~ . . . —
- - =50% LOSS ACT. SPEED
40 |- -
-~ =75% LOSS ACT. SPEED
30+ : -

degrees

2 4 6 8 10 12 14
seconds

Fig. 16 Elevator activity in the presence of partial actuator loss.
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AIRCRAFT MODEL

OPERATING {; »’ TRIM J‘ _
POINT ALGORITHIM
+ ~._
ir&orp DESIGN
TRIM POINT ] vss
/T™MP CONTROLLER
Y v
LINEARIZATION x = Ax+Bu
E
MODEL ~‘ L’ Z Cx+Du L» SIMULATION
J

INTTAL |

‘CONDITIONS

Fig. 17 Flowchart of nonlinear simulation code.

while the structure of the aircraft model has been maintained similar
to that of the original software, the only addition being the creation
of appropriate interface with MATLAB. Various controllers can be
included and used with a standard call. Presently, the VSS controller
derived in Example 3 is being tested, and results are not yet available.
The controller will be tested for different flight conditions in its fixed
gain mode, with a gain scheduler introduced if the performance is
not satisfactory.

VIII. Conclusions
The present paper has presented an analysis of variable structure
control as a candidate methodology for the controls design chal-
lenge. Advantages and disadvantages have been highlighted using
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simple numerical examples. It seems that the saturation limits im-
posed on the actuators by the design constraints will limit the achiev-
able tracking characteristics. This type of control methodology has
shown encouraging results, although it has not been considered a
technique to be particularly acceptable in the design of flight control
systems. The chattering is, in fact, eliminated, resulting in smooth
control and the knowledge of uncertainties bound allows the synthe-
sis without particular difficulties. Computer-aided packages are par-
ticularly suited for the design of the control structure and simulation,
and these have been implemented on a Macintosh computer running
MATLAB/SIMULINK software developed by the MathWorks, Inc.

The next stage of the design will involve several aspects. First, a
more accurate model of the system is being developed. In particular,

CONTROLS DESIGN CHALLENGE

the sensor dynamics and location will be included as well as the nec-
cessary longitudinal and lateral-directional couplings. Incomplete
state feedback and/or state reconstruction will then be considered.
Second, alternate control structures will be tested, such as model
following and conventional control that can easily be incorporated
in a VSS framework. The latter essentially replaces the linear con-
trol structure used in this paper with, for example, an altitude hold
or a turn coordination autopilot.

At this stage, a more accurate selection of the design parame-
ters will be performed. Finally, discretization of the control laws
will be introduced. This aspect has not been treated in detail in
the VSS literature, and some methodological extensions could be
developed.

Appendix
The aircraft matrices are as follows:
-0.0149 —41.8 0 -3217 O 0 13.71
—0.0001 —-0.523 09985 -0.0018 O —0.045 0
Ao = 0 -3.79 -0422 0 0 Bio = | —4.712 -0.0019
0 0 1 0 0 0 0
0 —568.1 0 568.1 0 0 0
The actuator matrices are as follows:
20 0 0 20 0
AACT = 0 0 l BACT - 0 0
0 -20 -21 0 10
The gain matrices for example 1 are as follows:
[ = —0.0103 —46.33 2.397 56.79 0.048 0.0105 —0.1812 —0.01415
T 1—-0.0242 11.82 —0.0746 —11.84 —0.0063 —0.01415 0.2049 0.7628
0.968 —144.3 1.318 145.5 0.2515 0 52421
T 101213 167.09 —3.5894 —188.74 —0.484 0.5 0.1415 0

N =[0.006 8.354 —0.179 —9.437 —0.0242 0.025 0.0071 0]

The gain matrices for example 2 are as follows:

|

—0.0345 —79.74
—0.145

3.115 9437

_[0.1614 —24.05 0.2917 24.25
T 10.0404 5569 —1.196 —62.91

29.86 —0.239 —30.02 —0.0377 —0.01415 —0.4505 0.6379

0.145 —0.0895 —0.2095 0.01415

)

0.0419 0 0.8737 0.1667
~0.1613 0.1667 0.0471 O

_ 0.002 2.785 —0.0599 —3.145 -0.0081 0.0083 0.00235 0
T 10.0081 —1.203 0.0109 1.2124 0.0021 0 0.0437 0.0083
-0.1452
FF ==
0.0377
The gain matrices for example 3, AA; o perturbation are as follows:
L= —0.0587 —133.2 3.833 1323 0.242 —-0.1895 -0.237 —0.01415
1 ~0.242 44.29 —0.3712 —44.57 -0.0628 —0.01415 —0.9747 0.538

0.132

_ [0.0968 —14.43
~10.0243

14.55
33.29 -0.7178 —37.75 —0.0968 0.1 0.0281 ©

0.0251 0 0.524 0.1

)

N — 0.0012 1.67 -0.036 —1.887 —0.00484 0.005 0.0014 ©
T 10.0048 —0.722 0.0066 0.73 0.00125 0 0.0262 0.005
—0.242

F=|

0.0628

)
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The gain matrices for example 3, AByo, ABacr perturbations are as follows:

of

—0.0285
—0.121

o

0.0096 —1.443 0.0132

—-71.39 2936  85.1 0.121 —-0.0645 —0.2024 —0.0142
26.25 —0.2065 —26.39 —0.0314 —0.0142 —0.3194 0.6629

0.1936 —28.86 0.2636 29.1 0.0502 0 1.05 02
0.048 66.84 —1.436 —75.5 —0.194 0.2 0.056 0O

1.455 0.0025 0 0.0524 0.01

[0.0024 3.342 —0.072 -3.775 —0.0097 0.01 0.0028 O ]

)
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g [0121
=1 0.0314
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