Proceedings of the American Control Conference
Arlington, VA June 25-27, 2001

LARGE ENVELOPE FLIGHT CONTROL SATISFYING
H.. ROBUSTNESS AND PERFORMANCE SPECIFICATIONS

Paul Blue"", Levent Giiveng® and Dirk Odenthal’

"Robust Control Group, Institute of Robotics and Mechatronics
German Aerospace Center (DLR) - Oberpfaffenhofen
Postbox 1116, D-82230, Wessling, Germany
Fox.: +49-8153-28-1847, e-mail: blue@aem umn.edu

*Department of Mechanical Engineering, Istanbul Technical University
Giimiigsuyy, Taksim, Istanbul TR-80191, Turkey

Abstract: A method of designing large envelope flight
controllers for high performance aircraft is presented. The
approach combines the simple two-degree of freedom
architecture often referred to as a disturbance observer and
recent advances in parameter-space control design
techniques to form a new approach for large envelope flight
control design. The procedure enables the designer to
explicitly define the desired closed-loop dynamics and
ensures that the closed-loop is stable and satisfies weighted
frequency response magnitude (H..) specifications. The
result is a straightforward procedure that enables the design
of a robust flight controller that *forces” the closed-loop
dynamics to behave like the specified ‘desired dynamics’
despite disturbances, modeling uncertainties, and variations
in aircraft dynamics due to changing flight conditions. The
procedure is presented by designing a pitch-rate controller
for the F-16 Variable Stability In-Flight Simulator Test
Aircraft (VISTA). The controller provides predicted ‘Level
1" flying qualities throughout the large design flight
envelope, which is demonstrated using both linear
simulations and a high fidelity, nonlinear simmlation.
Finally, the controller is compared to a 7™ order and a 10®
order linear parameter-varying (i.e. gain-scheduled)
controller and found to provide better performance and
robustness.

1. INFRODUCTION

The design of flight control systems for fighter aircraft is an
extremely demanding task. These aircraft must meet
stringent performance specifications (MIL-STD-1797A,
1950) throughout a large envelope of operating conditions
despite large variations in system dynamics (including
variations in open-loop stability), which result from varying
operating conditions and the presence of significant
nonlinearities. Due to these large variations in the dynamics
of the aircraft, it is often impossible to achieve the required
level of performance throughout the flight envelope with a
fixed controller. Practically, this results in the design of

several eontrollers at tritn points throughout the flight
envelope, which are then scheduled with operating
condition. While this gain-scheduling procedure has been
suceessfully implemented on a number of fighter aircraft, it
is extremely tedious and time consuming. The complex task
of traditional gain-scheduling has resulted in a significant
amount of research in recent years to develop methods of
designing linear parameter-varying (LPV) controllers,
which are “automatically” gain-scheduled (e.g. Blue &
Banda, 1997).

In this paper, a much simpler approach for designing Jarge
envelope flight controllers is presented that provides the
desired performance thronghout the design envelope
without gain-scheduling. The procedure combines the two-
degree of freedom control architecture often referred to as a
disturbance observer (Ohnishi, 1987, Umeno & Hori, 1991)
and recent advances in parameter-space comtrol design
techniques (Odenthal & Blue, 2000} to form a new
approach for designing flight controllers for high
performance aircraft. The disturbance observer architecture
is extremely attractive for a number of reasons, most
notably, its insensitivity to distmbances and model
uncertainty and its unambiguous structure, which enables
the explicit definition of the desired closed-loop dynamics.
The parameter-space technique of Odenthal & Blue, (2000)
extends traditional parameter-space techniques (Ackermann
et al.,, 1993) to enable the mapping of frequency response
specifications  into  parameter-space;  consequently,
providing a straightforward and trapsparent way of
selecting parameters in a fixed control structure (e.g.
disturbance observer) to satisfly H.. robustness and
performance specifications. The proposed design procedure
is presented by designing a pitch rate controller for the F-16
Variable Stability In-Flight Simulator Test Aircraft
(VISTA) that provides Level 1 flying qualities over a large
flight envelope. The design example not only dernonstrates
the simplistic power of the proposed procedure, but also
results in a controller that provides better results (without
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pain-scheduling and without angle-of-attack feedback) than
previous LPV contro] designs.

The remainder of the paper is organized in four main
sections. An LFV model of the F-16 VISTA and the
specifications used in the design example are reviewed in
Section 2. The proposed large envelope flight control
design approach is presented in Section 3 by designing a
robust pitch-rate controller for the F-16 VISTA. Linear and
nonlinear simulations are used in Section 4 to illustrate the
effectiveness of the proposed approach, and the results are
compared with previous LPV control results, The final
section provides a summary.

2. F-16 VISTA: PITCH-RATE CONTROL

VISTA is a modified F-16 with the capability of simulating
advanced aircraft configurations and testing advanced flight
conirol concepts. In this section, an LPV model of the F-16
VISTA’s short-period dynamics and design specifications
for an F-16 pitch-rate controller are reviewed. The same
model and objectives were used in (Spillman et al., 1996;
Blue & Banda, 1997) and are being used here to
demonstrate the advantages of the procedure presented and
to facilitate the comparison of the results. For a detailed
description of the model see (Spillman et al., 1996).

2.1 LPV Model

The actual longitudinal dynamics of the VISTA aircraft,
which vary significantly with flight condition (i.e. altitude £
and Mach number M), are denoted by AhM). For the

pitch-rats control design, AhM) is modeled using the
standard short period equations of motion (1) and a first
order approximation of the actuator dynamics (2).

d|a Z 1 |l & Zs,
;[J:[MZ MJ[J{MJE}“ W

where, @ is the angle-of-attack, g is the pitch-rate, and
8.4 1s the elevator deflection.

Seg = FactBec

-202 @)
Foer =

5+ 20.2

where, &, is the elevator command. Note that the
negative sign in (2) is simply a result of the sign convention
used.

At trimmed level flight, the dimensional coefficients Z,,
Mo My, Z; and M ; depend mainly on the altitude and
Mach number. An LPV version of (1) for VISTA was
developed by trimming and linearizing the Air Force

Rescarch Laboratory’s high fidelity nonlinear simulation
model of the F-16 VIST A at the operating conditions

M=[0.35 0.45 0.55 0.65 0.75 0.83]
h=[1,000 5,000 15,000 25,000] (ft)

and fitting the corresponding data for the dimensional
coefficients with polynomial functions of M and A. The
resulting expressions for the coefficients arc:

- =5
Z,=022-41-107 h—26M +5.15-10° Mh
4
M =171-807-10 & - 6B.4M

- 2 -3,,2
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The IPV model obtained when these polynomial
expressions (3) are used with (1) is denoted by Prpufh,M).

Then, the model used to represent #Th, M) for the pitch-rate
control design is given by

Pl M) = Prpy (A M) - Py 4

and accurately represents the F-16 VISTA’s short period
dypamics throughout the flight envelope he[5,000ft
25,0001t} and Me [0.4 0.8]. Of course, even though P{hM)

accurately represents fTh,M), there are obviously modeling
errors, which results in model uncertainty denoted by A4,
where 4, represents the difference (in a multiplicative

sense) between the actnal aircraft dynamics and the model
(4). That is,

AhM)=P(RM)T+A) 3

2.2 Pitch-Rate Control Design Specifications

The design objective here and in (Spillman et al., 1996;
Blue & Banda, 1997) is to design a controller for the F-16
VISTA that provides robust pitch-rate command tracking
with predictsd Level 1 handling qualities throughout the
design envelope he[3,000ft 25,000ft] and Me([0.4 0.8].
Time domain handling quality specifications for the pitch-
rate response (MIL-STD-1797A, 1990) are shown in Figure
1 and Table 1.
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Figure 1. Piteh-rate handling qualities specifications
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Table 1: Pitch-Rate Handling Qualities Specifications
Parameter Level I Level IT
t; max 0.12 sec 0.17 sec
Aq2/Agl 0.30 0.60
A max 500/Vy sec 1600/ Vy sec
Ay min 9V sec 32/Vrsec
V1 represents the true velocity {ft/sec}

With these handling qualities specifications in mind. a
reference model that provides a Level 1 pitch-rate response
over the entire design envelope was selected in Spillman et
al., (1996) and is given by,

2
4

P, = (6)
d
52 +2-U.5—4-s+42

In the sequel, the reference model P, will be referred to as
the “desired dynamics”. Spillman et al. (1996) and Blue &
Banda, (1997) used Py (6) and P(h,M) (4) in a weighted
model matching design structure (with uncertainty and
disturbances) to design LPV controllers that provided a
closed-loop response that matches the response of Py
throughout the design envelope. A version of this weighted
model matching design structure is used in Section 3.2 to
design a pitch-rate controiler using the design procedure
proposed in this paper.

3. LARGE ENVELOPE FLIGHT CONTROL DESIGN

In this section, a new approach for designing large envelope
flight controllers for high performance aircraft is
demonstrated by designing a pitch-rate controller for the
F-16 VISTA aijrcraft. First, the control architecture is
presented, and then parameter-space design techmiques are
used to obtain a controller that satisfies the design
specifications presented in Section 2.2.

3.1 Control Architecture and Design Objectives

The control architecture proposed for large envelope flight
conirol in this paper is based on a disturbance cbserver,
which provides insensitivity to disturbances and model
uncertainty. This control structure has been used
successfully in a number of motion control applications
(Ohnishi, 1987; Umenc & Hori, 1991, Giiveng and
Srinivasan, 1994; Biinte et al., 2001; Aksun-Giiveng et al.,
2001). The control architecture proposed for the VISTA
pitch-rate controller is shown in Figure 2,

Pitch-Rate Controller
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Figure 2. Pitch-rate controller architecture

where P{h M) denotes the open-loop aircraft dynamics from
elevator command to pitch-rate response and Py denotes the
desired pitch dynamics of the aircraft. The two filters Py
and @ form the pitch-rate controller when utilized as shown
in Figure 2. In general, designing the two degree of freedom
controller shown in Figure 2 would involve the design of
both the filter @ and the desired dynamics P4 However, as
in this example, Py is usually selected independent of (.
Then, the objective is to design the filter Q so that a given
pitch-rate command &, provides the desired response
despite changing flight condition h-M, disturbanees d,
sensor neoise 71, and model uncertainty. That is, design a @
so that the closed-loop represented by Figure 2 has

q:Pd'Jc (7)

as its input — output relation throughout the flight envelope.
The relative degree of the filter @ is chosen to be at least
equal to the relative degree of P, for causality of /P

Investigating the input-output transfer functions associated
with the purposed architecture provides insight regarding
the required form of Q and the expected characteristics of
the resulting closed-loop. The loop-gain for the closed-loop
aircraft represented by Figure 2 is

P(h,M).
L(h,M) =_.£._2_£ (8)

Py (-0

The model regulation H, disturbance rejection (sensitivity)
S, sensor noise rejection (complementary sensitivity) 7, and
performance H,, iransfer functions of the controlled system
are given by

Py Plh M)
B M) = — = 4 9
5, Py -(I—Q)+P(}:,M)xQ
1 Fg-\1-¢Q
MmM)?£= = d( ) (10)
d 1+LomMy Py -(1-0) P M) -0
_ Lth, M P(h,MY-
ThM) = — = ) L (1)
no 1sLondy Py (1-0)+ P(h -0
H,(h,M) =Py ~H(hM) (12)

Tt is obvious from (9) — (11) that @ must be a low pass filter
with unity gain, which results in g/§— P, and g/d—0 at low
frequencies where 0—1 and ¢/n—0 at high frequencies
where —0. In order to explicitly show the characteristics
of this control architecture, @ is set to 1 in (9) and (10) to
obtain

Py -Plh,M)

H (hhMys————=Pp (13)
o=1 P{h, M) d

S hMy= =0 (14)
2=1 P(h M)
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which clearly shows that good model regulation and
disturbance rejection are achieved within the bandwidth of
(). (despite variations in P(hM)). Of course, it is not
possible to achieve model regulation cor disturbance
rejection at frequencies above the actuator’s bandwidth, so
nothing is gained by having the bandwidth of the ¢ fiiter
significantly larger than that of the actuator. Furthermore,
as shown by (11), limiting the bandwidth of @ is required to
reject high frequency sensor noise. The design requirements
specified in terms of the filter ¢ are summarized in Figure
3.
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Figure 3. @ design requircments

3.2. Parameter-Space Control Design

In this seetion, parameter-space techniques (Ackermann et
al., 1993; Odenthal & Blue, 2000) are used to design the
filter Q to obtain a pitch-rate controller that satisfies the
design objectives presented in Section 2.2. This is
accomplished by mapping design specifications intc the
free paramcter space of (). The desired dynamics given by
(6) mandates a Q filter with a relative degree of at least two
for iinplementation purposes (causality of Q/F,). Opting for
a simple controller, the  filter structure is chosen as
w2

05 —2—— (15)

s ZCQsz +twg

giving free parameters @ and £p . Then, parameter-space
methods are used to map the design requirements given by
equations (16), (17), and (18) below, into the ay-dp
parameter plane resulting in the feasible region of the ay-&p

space (ie. the set of ayp-p that satisfy the mapping
equations).

roots{pe{AM, wp.{p)} © € (Hurwitz Stability) (16)

W, TooMmg ()| <1 RobustSubily)  (17)

”wp H (M0, )Hm <1 (Nominal Performance}(18)

Equation (16) ensures that all of the roots of the closed-loop
characteristic equation given by

Pee M. 0. {n) = Numerator{(1 + L, M.wg, ()} (19)

are in the negative complex plane (i.e. ensures stability of
the nominal closed-loop throughout the design envelope).
In equations (17) and (18), T and H, come from (11) and
(12) and the weights W, and W, were taken from Spillman
et al., (1996). The uncertainty weight W,, is used to account
for mode! uncertainties 4, (5), most notably unmodeled
dynamics at high frequencies, Satisfying equations (16) and
(17) ensures robust stability throughout the design envelope
despite the uncertaintics represented by W, The
performance weight W, penalizes the error between the
desired and actual pitch-rate; thus, satisfying (18) ensures
that the actual response matchs the desired response to the
accuracy specified by W,. The interpretation of (17) and
(18) can also be seen in Figure 4, where

¢

]

—C =W, T M.0g.C) (20)
u

#
P

5 "W HpMeg. (o) 20
c
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Pyt () & 1)
A (5)
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W [r=5]

W (23}

Figure 4. Weighted design model

After (16) — (18) are mapped to @)p-{p , the feasible region
that simultaneously satisfies all three requirements is
formed by the intersection of the feasible region obtained
from each individual requirement. Note that sinee (16) —
(18) depend on flight condition A-M , the set of feasible
tp-Cp satisfying these equations also depends on #A-M.
Figure 5 shows the results of mapping (16) — (18) into
- Cy for h=5000 ft and M=0.8.
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Figure 5. Feasible ay-{g region for o = 5000 ft, M = 0.8

Since the objective is to design a controller that satisfies
these specifications over the entire design envelope, (16) —
(18) are mapped for as many additional operating
conditions deemed necessary to ensure that the
specifications are met throughout the design envelope. The
region in the @-{p plane that satisfies (16) — (18) at the
four “corners” of the design envelope is shown as the
hatched regions in Figure 6. Note that for this design, the
feasible region obtained by mapping the commers of the
design envelope is not reduced by mapping additional flight
conditions. The design is completed by picking one point
from this feasible region. This can be done arbitrarily;
however, if after mapping all design requirements, the
feasible region is still large, additional demands can be
placed on the controlied system. For example, the feasible
solution that minimizes the structured singular value could
be selected, or the original design specifications could be
“tightened”, as was done here. In this design, after mapping
(16) — (18) using the original weights given in Spillman et
al., (1996), the feasible region was so large, that the design
was redone using a significantly more demanding
uncertainty weight W,. The final weights used to produce
Figures 5 and 6 are piven by

5+ 0.2-1256
W, =2——— (22}
s+ 21256
5 =100
Wp = (0.4 23)
s+ 4

This W, accounts for 200 times more uncertainty at low
frequencies and 20 Hmes more uncertainty at high
irequeneies than the original weight used in Spillman et al.,
(1996) and Blue & Banda, (1997). After changing the
uncertainty weight, the final design, which is marked with

an x in Figures 5 and 6 was chosen (rather arbitrarily) as
{p=0.7 and ¢ip=40 rad/s.
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Figure 6. Feasible region obtained by mapping (16)-(18)
into ay- £y at the four comers of the design envelope

4. CONTROLLER EVALUATION

4,1 Simulations Results

Linear simulation were preformed throughout the design
envelope using the controller designed in the previous
section. The results corresponding to the four corners of the
design envelope are shown in Figure 7, which also shows
the pitch-rate command and the response of Py (6). It is
clear from this figure that the pitch-rate response
demonstrates predicted Level 1 handling qualities for all
four extremal flight conditions. As might be expected, the
largest deviation from the desired respomnse occurs at
h=25,000 ft and M=0.4 (i.e. high and slow).

Tema (sa<)

Figure 7. Linear simulations

High-fidelity, nonlinear simulations were also performed,
since achieving the desired performance in linear
simulations is not sufficient when assessing the controlled
dynamic behavior of the highly nonlinear F-16 VISTA
aircraft. The nonlinear simulations also demonstrated a
predicted Level 1 pitch-rate response throughout the design
envelope. Figure 8 shows the simulation results when the
maneuver starts at the center of the design envelope (ie.
h=15,000 ft, M=0.6).
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Figure 8. Nonlinear simulation

5.2 Comparison with LPV controllers

In order to assess the merits of the design procedure
presented, the VISTA pitch-rate controller designed here
was compared with previous LPV control designs based on
i-synthesis techniques (Spillman et al., 1996; Blue &
Banda, 1997). First. comparing the results shows that the
controller designed here provides better robust performance
(based on granalysis and nonlinear simulations) than both
of the LPV designs. Second, comparing the design methods
revealed that the procedure presented provides a
significantly more transparent design approach. Finally,
comparing the architectures shows that the controller
designed here is significantly easier to implement and
maintain; it only requires the feedback of the pitch-rate (i.e.
the controlled variable), while both LPV controllers depend
on the flight condition (i.e. “automatically” gain-scheduled)
and require the feedback of both the pitch-rate and the
angle-of-attack. Furthermore, the controller designed here
comsists of just two 2™ order filters, while the LPV
controllers were 7% and 10® order systems.

6. SUMMARY

A new approach for designing large envelope controllers
for high performance aircraft was presented. The procedure
exploils the simplicity and transparency of both the
distorbance observer control architecture and parameter-
space design techniques to provide a straightforward means
of designing robust large envelope flight controllers that
provide explicitly defined desired closed-loop dynamics
without gain-scheduling. The procedure was demonstrated

by designing a pitch-rate controller for the F-16 VISTA
aircraft. The resulting controller was tested with both linear
and nonlinear simulations and Level 1 handling qualities
were predicted throughout the entire design envelope.
Finally, the controller was compared to previous results
obtained with LLPV controllers that were designed with
p-synthesis techniques using the same problem formulation.
Based on nonlinear simulations and W-analysis, the
controller presented here provides better robust
performance, despite its significantly more simplistic
architecture.
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