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Abstract: In automatic flight control system or autopilots, multiple specifications criteria
are needed to be satisfied concurrently, such as good holding (small static altitude
holding error), fast response, smooth transition (less oscillation, overshoot). So how to
design the MSS (Multiple Simultaneous Specification) controller effectively and
practically is a very significant and challenging job. Liu proposed a MSS controller
design method (Liu and Mills, 2000). In this paper, we further apply the method together
with the fine-tuning technique to the 6DoF nonlinear F-16 fighter longitudinal control
channel. Simulation results show its applicability to nonlinear flight control system.
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1. INTRODUCTION

Aircraft manufacturers have reached a high level of
expertise and experience in flight control. The current
design and analysis techniques applied in industry
enable flight control engineers to address virtualy
any realistic design challenge. However, the design
and implementation of flight control laws is still a
very complex task and the many design problems that
have to be considered make it a costly and lengthy
process. For example, in automatic flight control
system or autopilots, multiple specifications criteria
are needed to be satisfied concurrently, such as good
holding (small static altitude holding error), fast
response, smooth transition (less oscillation,
overshoot). So how to design the MSS (Multiple
Simultaneous Specification) controller effectively and
practically is a very sgnificant and challenging job.
Liu proposed a MSS controller design approach for

the above problem (Liu and Mills, 2000). In this
paper, we apply the method further to a more
practical environment-6DoF nonlinear F-16 fighter
longitudinal control channel.

In the longitudinal control channel of the F-16 fighter,
the pitch control loop and speed control loop are
considered for the flight control integration (Etkin,
B.,1982). The pitch attitude control channel is the
basic longitudinal autopilot channel; it cntrols the
pitch angle by applying appropriate deflections of the
elevator if the actual pitch angle differs from the
desired reference value. The speed control channel is
also an autopilot channel; it maintains a constant
speed or Mach number through coordinated control
of throttle and elevator. For the longitudinal control
loop, we need to design proper controller to satisfy
multiple objectives. Here we apply the MSS
controller design method together with the fine-



tuning technique to obtain the final controller for the
6DoF nonlinear F16 fighter.

The rest of the paper is organized as follows. In
Section 2 we review the necessary theoretical
background of the MSS controller design method.
And in Section 3, we give the 6DoF F16 fighter
nonlinear model and the linear model at the trimmed
operation point. Section 4 gives the design
implementation of the individual control channel and
the integrated control of the longitudinal channels of
the F16 linear model, and the simulation results of
linear model and non-linear model. The conclusions
and on-going/future research are given in Section 5.

2.MSS CONTROLLER DESIGN METHOD

A general framework for control systemincludes the
plant represented by a transfer matrix P , an
exogenousinput w and actuator input u , acontroller
represented by a transfer matrix K, and a regulated
output z and sensor output y, as shown in figure 1

(Boyd and Barratt, 1991).
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Fig.1. Control system framework

We partition the plant transfer matrix P as
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where R; is the transfer matrix from | to

i ,i=2zy, j=uw Now suppose the controller is
operating, so that we have

u= Ky (3
We can solvefor zinterm of w to get
2= (P + PuK(l - ByK) *Ry)w (4

that is, the closed-loop transfer matrix H can be
represented as

H =Py + Py K(I - I::‘yuK)_lF:‘yw (5)

Many control design specifications are convex
functions with respect to the closed-loop transfer
matrices H (Boyd and Barratt, 1991), that is, all
performance specifications can be considered
simultaneously asfunctionsintermsof H, which are
evaluated under every different controller K. If there
are N convex specifications required to be satisfied
simultaneously, denoted as

fi(H)Ea,
fo(H)Ea, (6)

fo(H)Ea,
where a; ( i=212..,n ) denote the expected

specification value, then a MSS control problem can
be formalized as. Design a controller K such that al
the specifications hold simultaneously. We call such a
controller a satisfactory controller. Liu proposed the
convex corbination method (Liu, 2001) to obtain the
MSS controller.

3. NONLINEAR F-16 MODEL AND
LINEARIZATION

Now we apply the proposed MSS controller design

method to a 6DoF F-16 fighter. In the following, we

give the non-linear ordinary differential equations

(ODE) describing the motion of a F-16 fighter (Luat,
T. Nguyen, et al., 1979):
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where u,v,w and p,qr ae the body-axes
components of linear velocities and rotational
velocities, respectively; yaw angley , pitch angle q ,
and roll angle j , that is, the Euler angles denote the
attitudes of the aircraft with respect to the Earth; gis
acceleration due to gravity, m is airplane mass; q is
the free-stream dynamic pressure; s denotes wing
area, b is wing span, € is wing mean aerodynamic
chord.T isthe enginethrust, He isthe engine angular
momentum; Iy, lv,lz,IxyIxz lyz are inertiatensor ; the
coefficient Cy;,Cy1,C71,G1.Ct.Gyy » ae the total

aerodynamic coefficient, which were derived from
low-speed static and dynamic wind-tunnel tests
conducted with subscale models of the F-16 in wind-
tunnel facilities at the NASA Ames and Langley
Research Centres fighter (uat, T. Nguyen, et al.,
1979). The motion equations and the below kinematic
equations together make up the 12 independent ODEs,
which is the F-16 nonlinear ODE model.
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where the Euler anglesy , q, and J denote the

attitudes of the aircraft with respect to the earth;
Xer Ve Ze denote the position of the arcraft with

respect to the earth-fixed reference frame.

In order to design the MSS controller for the non-
linear F-16 fighter, first, we need to obtain the
linearized model, and synthesize the linear controller
based on linear system theory. Then, with the non-
linear fighter model, we apply and fine-tune the linear
controller to derive the proper controller. In this paper,
we apply the MSS controller design method to design
the initial controller for the individual loop and then
integrate the MSS controllers using the open-loop
combination method (Liu, 2001). According to the
simulation results of the nonlinear model, the trial-
and-error method is used to add the derivative control
term to theinitial controller, and the proper controller
for the nonlinear system is finally obtained. At the
beginning, we need to find the steady-state flight
conditions which can be used as ‘ operating points’ for
the linearization, and as initial conditions for
simulations. In this paper, we consider the steady
wing-level flight of F-16 fighter at an altitude of
5000m and Mach number is 0.6. Then we compute
the steady-state flight conditions and linearize the
ODE nonlinear model by small-perturbation methods.

The linearized F-16 system described by the state-
space matrices A ,B,C,D , can be denoted by the
standard Matlab LTI system for study convenience.
We consider two inputs two outputs subsystem,
whose inputs are “deflection of elevator do 7,
“deflection of enginethrustd,”, the outputs are “ pitch
attitudeq ", “airspeed Ualong xaxes” and the state
vector x is[u,v,w,p,q,r.y ,d,j , % Yes Zo| -Because the
matrix A isa 12° 12 matrix, the denominator of the
transfer functions is of order 12. It is true that under
the conditions of small perturbations from steady-
state, wings-level, non-sideslipping flight, the rigid-
aircraft equations of motion could be split into two
uncoupled sets. These are the longitudinal equations
that involve u,w,qq and the lateral-directional
equations that involve v,j ,p,r . It is possible to
extract simplified sub-matrix A, from A by
specifying a vector with the element number of the
required state variables. Similady, the sub-
matrices B, ,,C| o, D, can be obtained fromB,C,D ,

respectively. Then the derived simp lified longitudinal
system has the following expression:
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The transfer functions of the F-16 longitudinal control
systemare then derived at | ast.
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4. INTEGRATED PITCH/SPEED AUTOPILOT
DESIGN AND SIMULATION

Now we consider the integrated longitudinal control
system of aircraft (Liu, 2002), shown in figure 2.
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Fig.2. Integrated longitudinal control system

Assume that the overall multiple performance
requirements are: the pitch attitude and speed control
both have good design criteria in term of tracking
(small steady state error and fast setting time) and
safety (acceptable overshoot). The cross effect is
represented by the simulation stop time value under
the cross step command.
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where T is the simulation end time. The desired
specification values of the F-16 fighter longitudinal
control system are defined by:

a; = 003, ap= 0005, az = 03, ag = 002 ag = 05

aGZO.

In this paper, we apply the open-loop combination
method (Liu, 2001) to design the proper integrated
controller. First, design the individual controller by
MSS controller design methods (Liu and Mills, 2000)
and then integrate the individual controllers to meet
the total specifications.

For the speed control loop, we need to satisfy the

specifications f; andf, . Using the MSS controller

design method (Liu and Mills, 2000), we design the

sample controller [Eq.11)] to satisfy one

specification at onetime (Goodwin, et al., 2001),

1 5 5

— Ji=10+— 11

~ 37=10+2 (1)

thenf ,(H ) = 0.027597
f.(H ,) = 0.035498;

=5+

f,(H,) = 0.005576
f,(H,) = 0.001256

From the MSS controller design method (Liu and
Mills, 2000), we need to solve the inequality [Eq.(12)]

&1(Hp) fqo(Hp) ud 0 éyu

Fo(H) fo(H)EE 20 &2 (12)

[;30,11+1,=1
Using the linear programming optimization routine in
Matlab, |, = 0708204, | , =0.291796 were found. Then
the final MSS controller [EQ.(13)] was derived (Liu

and Mills, 2000):
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Fig.3. Speed control loop simulation

Figure 3 is the simulation results of the controller; it
satisfies the two specificationsi.e.
f1=0.027353 f, = 0.0042331.

For pitch attitude control loop, we also use the same
methods. We design two sample controllers [Eq.(14)]
to satisfy one specificationat atime (Goodwin, et al.,
2001),
5 10
1_ 2 _
3g=-15- < J=-5-— (14)
Then we can get the specification matrix, i.e.
&3(Hy) fa(Hy) U é 0.183986 0.3839890
Fa(H) fa(Ho)B € 0021383 0.010465}
Since
&3(Hy) f3(H2)UED.7100930_ €0.2228200 . &30l
§4(H) fa(H,)E0.280007H " S.0183131 " & 8’
we have |,=0710093 , | ,=0.289907 - Then the MSS
controller (16) is given (Liu and Mills, 2000): :
_-121000 (s+05005) (s2 +03134s +01235) (16)
s(s? +02449s +0.1224)
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The simulation results are shown in Figure 4. It
shows that the control objectives can be satisfied
successfully.
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Fig.4. Pitch control loop

Fromthe above simulation results, it is obvious that
the MSS controller satisfies the required objectives of
the respective loop.

Now we integrate the individual loops (Liu, 2001)
through open-loop combination method to form the
integrated control system where the total
specifications are al so evaluated.

According to the open-loop combination method (Liu,
2001), the integrated controllers

Kg =13q: Ky =113, (17)
where | and [~ are constant coefficients. We
manage to select proper coefficients to achieve our
specifications. Comparing different simulation results

with different coefficients, | =i =1 are found to be



the proper coefficients for controller [Eq.(17)]. The
simulation results of the integrated pitch/speed
autopilot are presented in Figure 5.

It can be found from Figure 5(a) that the performance
under the integrated control system is f; =0.027836,

f, =2.3216 “10°°® , respectively. It means that
overshoot of the integrated system becomes larger

than individual loop but it still at the satisfactory level.

At the same time, the settling time value becomes
smaller than before probably due to the influence of
the other channel. The cross effect is very small,

f5=2.1465" 10"1°, Similar conclusions may be drawn
from Figure 5(b), in which the following performance
is obtained: f4 = 0.26066,f, =4.582" 10°8, the cross

effect f5=1.799" 10°°.
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Fig.5. Longitudinal integrated control of F-16 linear
model

It is obvious that the M SS controller can be applied to
the linear system of the F16 fighter. In order to
evaluate the effectiveness of the MSS controller in a
practical aircraft longitudinal control channels, we
perform the nonlinear simulation of F-16 fighter
flying at the atitude of 5000 metres with Mach
number value 0.6. The results are shown in Figure 6.
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Fig.6. Longitudinal integrated control of 6DoF F-16
nonlinear model

The simulation results of the nonlinear F16 fighter
show that the MSS controller is not satisfactory since
some performance specifications cannot be satisfied.
So we need to fine-tune the M SS controller to achieve
an acceptable control effect. Note that the derivative
control will have the effect of increasing the stability
of the system, reducing the overshoot, and improving
the transient response (Goodwin, et al., 2001). Now
we add a derivative control to the integrated
controller K, [Eq.(17)] to become

Kq =1 Jg tts (18)
where t isthe derivative control gain. Using the trial-

and-error technique, we select the gaint =-5. Then
the final controller [Eq.(19)] is given as:

_ 6.459(s + 7.947)(s + 05185)(s + 0.2023)
S(s+8.713)(s+ 0473
_ -5(s+1.568)(s+0.7765) (s> +0.3207s+ 0.1229)
s(S° +0.2449s+0.1224)

Ky

(19)




The simulation results of the nonlinear F16 fighter
with the final integrated controller are shown in
Figure 7.
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Fig.7. Longitudinal integrated control of 6DoF F-16
nonlinear model with the final controller

It can be seen that the resulting fine-tune control
system  satisfies the design  specifications
simultaneously in spite of the differences between the
results of the linear and the nonlinear F16 fighter
models.

Remark: Since there are differences between the
linear model of the system and its original nonlinear
model, the initial linear controller applied to the
nonlinear system may not satisfy the performance
specifications that were found achievable in the linear
model. So we need to adjust the linear controller by
adding a derivative control when applied to the
nonlinear model.

In fact, in this paper, we can also carry out the fine-
tuning at the MSS controller design stage of the
individual loop. When we have derived a MSS
controller, we apply it to the nonlinear model of the
individual loop. If the MSS controller is found to be
unsatisfactory, the MSS controller should be adjusted
(or fine-tuned) until an acceptable one is obtained.
Using this approach, we can obtain the similar

controller and simulation results as reported earlier in
the paper. The simulation results demonstrate that the
MSS design method (Liu and Mills, 2000) with
controller fine-tuning can be applied to the nonlinear
F-16 fighter longitudinal control system.

5. CONCLUSIONS

In this paper, we apply the MSS controller design
method (Liu and Mills, 2000) to the nonlinear F16
fighter simulation. Fine-tuning is performed by
adding a derivative control action to the MSS loop
controller. The simulation results verify the
effectiveness of the above design method in nonlinear
F-16 longitudinal control system. In the future work,
we will continue to study the robustness of MSS
controller design method and its application in the
more complicated aircraft autopilots.

ACKNOWLEDGMENT

The authors would like to thank The Hong Kong
Polytechnic University for the financial support
(Project No. A-PE77) towards thiswork.

REFERENCES

Etkin, B. and L.D. Reid (1996). Dynamics of Flight —
Sability and Control, Wiley, New York, USA.

Goodwin, G.C., SF. Graebe and M .E. Salgado (2001).
Control System Design, Prentice Hall, New
Jersey, USA.

Liu, HH.T. and JK. Mills (2000). Multiple
specification design in flight control system, In
Proceedings of American Control Conference,
Chicago, Vol.2, pp.1365 — 1369.

Liu, H.H.T. (2001). Design combination in integrated

flight control, In Proceedings of American

Control Conference, Arlington, Vol.1, pp. 494 —

499,

H.H.T. (2002). Multi-objective design for an

integrated flight control system: a combination

with model reduction approach, In Proceedings
of |EEE International Symposium on Computer

Aided Control System Design, Glasgow, pp.21-

26.

Luat, T.N., M.E. Ogburn and P.G. William (1979).
Smulator Sudy of Sall/Post-Sall
Characteristics of a Fighter Airplane With
Relaxed Longitudinal Static Stability, NASA
Technique paper 1538.

Boyd, S.P. and C.H. Barratt (1991). Linear Controller
Design: Limit of Performance, Prentice Hall,
New Jersey, USA.

Liu



