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Abstract— This paper presents a simple and effective solu- Ve “
tion for type 2 pilot-induced oscillations due to rate limit in the / A
control surface. The proposed method uses a nonlinear filter wmasinw) /
that compensates the phase of the control signal before feeding ¢ /\
the actuator. The structure of this filter has advantages over Y
previous realizations that allow tuning simplicity considering ok
limit cycle prevention as control specification. Simulation A
results demonstrate the good performance of the proposed
compensation.

|. INTRODUCTION L

time
All aircraft control surfaces have restrictions when the

actuators are Operating at their maximum capacity. One 5|g 2. Input signal to the actuator (dashed), output signal of the actuator

L . L . with maximum rate denoted as (solid) and time delay experienced.
these limitations is known as rate limit and it relates to the
maximum speed at which an actuator can follow changes
in the input signal (see figure 1). Furthermore, in fly-by-
wire (FBW) the control signals are rate limited by software 2
before feeding the control surface in order to avoid stress -

in the actuator.
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Fig. 1. Simulink block of the rate limiter nonlinearity Fig. 3. JAS-39 PIO accident due to rate limit of the control surfaces

It is well known that the appearance of rate limitationthese incidents have led to highly publicized crashes as the
leads to degradation in the performance of the vehicleF-22 raptor [5] and the JAS-39 Gripen [12].
Consider the case of figure 2 with a pilot applying direct Furthermore, prevention of PIO requires more than just
commands to an actuator with rate limit denotedraslf  high actuation rates, as evidenced by the early F/A-18 prob-
the pilot applies very rapid changes in the input signal, folems of rate saturated lateral PIO despite 100 degrees/sec
example an excessively rapid (or large) sinusoidal signaileron rates. In fact, an important research effort is being
uc(t) = asin(wt), a phase lag occurs between the inpuiade on PIO prevention.
and the output signals. This phase shift leads the pilot to The paper is divided as followSection 1] provides an
experience a time delay ) in relation to the commands overview of previous compensation techniques adopted. The
given [10] and can cause the pilot to make a larger inpwompensator will be described iBection Il Section IV
than is necessary. Thus, rate limit of control surfaces causgfesents a simple case of application, and fin&bction V
a misadaptation between the pilot and the vehicle aﬁectir@ovides a set of remarks and conclusions to the paper.
its handling and leading to pilot-induced oscillations (P10).

II. EXISTING METHODS FOR PREVENTION OF CATEGORY

Diverse aircraft as the Space Shuttle, the C-17 and the 2PIO
Boeing 777 have recorded PIOs during its development As has been commented, prevention of type 2 PIO
phase. Indeed, in highly augmented fly-by-wire fightersequires more than just high actuation rates, and actually
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there is a wide scope of compensation methods. In figure 5, the frequency response of the phase appears

One of the first compensations used was to reduce gdior a given configuration of the compensator. Also in this
in the stick commands [13] or gain in the feedback controfigure, the frequency responses of the rate limiter without
but this deteriorates the flying qualities of the aircraft andompensator as well as with Rundqwist’s compensators are
produces a delayed gain recovery (a highly augmenteghown for comparative purposes.
aircraft flying like a transport aircraft).

Another solution is related to the use of phase CoM & o .
pensation when the rate limitation is active. In this mor¢ 5
elaborated approach the behaviour must meet the followir
requirements: .

10" 10 10’ 10 10

1) Provide the same input and output signal when th Frequency (radisec)
input signals are average or sufficiently slow. R
2) Reduce the phase retardation in the case of sinusoic
input signals of PIO frequency.
3) Do not provide less gain attenuation than a pure rai |
limiter. o 0 e s ° "
In this context, there are two different tendencies for exz o RIS N RN N R
ecuting phase compensation in control systems with ra%
limitation: ] | ‘ i
« Methods that use logical conditions (if-then-else) t¢ ol S 5 55 s e 55 s e e w244
establish whether a phase compensation requires to " Frequency (radsec) " "

executed in the control system. These methods switch - | . itude (
: . Fig. 5. Frequency responses with different values of amplit
between different behaviours [7], [1]. for a rate limiter without compensation (dotted), with the Rundqwist's

« Methods that generate a continuous signal by feedbackmpensators (dashed) and with the proposed compensatorisiay =
These are methods inspired in anti-windup techniques + 1)/(s + 5)? (solid)
[12], [4]. . _ _

Actually, the best phase compensators seem to be theS can be seen, the describing function of this compen-
feedback type [11], [6], such as the Rundqwist's Comper§_ator corresponds to the describing function of a rate limiter
sators for the Gripén [i2] and that for the Tornado SPILY with at least the phase of the linear transfer function used
[11]. In any case, the parameters of the compensator nefa (s). Furthermore, it must be remarked that the minimum

to be carefully chosen for the particular circumstances [14§28if$1as;:)fér?st\j\f;tr:]Optrg\?i%irs]dcgrr:]:)hei:ar\?grliStUde of the signal

P
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Ill. THE PROPOSED PHASE COMPENSATOR

a

In the diagram block of figure 4, the proposed comper
sator is shown. It is developed with a rate-limited feedbac
and a phase-lead network for compensating the phase la

time

Fig. 6. Input signal to the actuator (dot dashed), temporal response of the
rate limiter without compensation (dotted), with Rundqwist's compensator
(dashed) and with the proposed compensator (solid)

Fig. 4. Block diagram of the proposed rate-limited feedback In addition, figure 6 shows the time response of the
proposed filter already compared with the pure rate limit

With this structure, the phase compensation is achievéghaviour and with the Rundgwist's compensator. It can
by feeding back the output signal and obtaining an errdse observed the phase compensation obtained for PIO

signal. This error signal feeds a phase-lead netw@yks) frequencies.

that guarantees the minimum phase compensated. Finally,

the result is summed up again to the output and pass
through a rate limiter block in order to comply with the rate In the following, phase compensation is applied to a
saturation. Actually, the proposed compensator has beerodel of the X-15 research aircraft represented in figure
filed for patent rights. 7. This test case is the nonlinear model of the longitudinal
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dynamics, for which a P10 occurred in the first flight, due to o5 Hmit oycle detection for the X-15 testacraf
rate limiting of the horizontal stabilizers [9]. This incident

is a classical platform for testing PIO prediction criteria and
has been extensively studied [8], [3]. 0

O + Ue 15% | 8 3.476(0.0292)(0.883) 9 N
4>O_>4> | G(s)* 70.19,0.17[0.366,2.3] -05 \

Pil_ot Longitudinal dynamics
gain Actuator

F,=21

real

Fig. 7. Model of the original controlled longitudinal dynamics.

As can be seen in the model of figure 7, the block
diagram of the longitudinal dynamics is given by the

2 1 1 1 ]

transfer function: 2 s T e 0 08
0(s) 3.476(0.0292)(0.883) . . - . . .
G(s) = —= Fig. 8. Nyquist plot for the describing function method in order to obtain
d(s) [0-197 0-1} [03667 23] the minimum value ofK, that arises pilot-induced oscillations.

Nichols Chart for the test aircraft

where (a) is equivalente tq's 4+ a) and [(,w,] represents  ¥f ‘ ‘
(8% + 2wy, + w2). ol W@&

&) = 0(s) 3.476(s + 0.0292)(s + 0.883) sl
T 5(s)  (s2+0.038s+0.01)(s2 + 1.68365 + 5.29) |

This transfer function will be used for analysis of PIO ancg |
tuning of the phase compensator.

1) PIO analysis of the original control loopThe exis-
tence of limit cycles in control loops with rate limiter can g
be investigated using the describing function method [2:O ok
The limit cycles are solutions of the equation:

Loop Gain (dB;
S

0,=424 [ i

o/=4.64M = 11.6db
P P

. 1 k :
KyG(jw) = ———~ 1) B RS
14 (ﬂ) |
wa 15} T
This can be solved graphically finding intersections betwee S5 300 250 200 150 100 50 .
the frequency responses of the negative inverse describi..y Oper-toop Phase (degrees)

function of the rate Iimiter—l/\l/(%) and the linear part Fig. 9. Nichols chart with the longitudinal dynamics and the negative

G(s) in a Nyquist or Nichols chart. Any intersection of inverse describing function of the rate limiter.

the two curves provides a candidate limit cycle with its

frequency, amplitude and stability. Although the describing

function method is an approximation and must be analyzed In order to avoid the presence of limit cycles the proposed

with simulations. compensator has been included in the model and it filters
With this oscillations detection method, very good agreethe control signal before feeding the actuator (see figure

ment was reached in the case of the X-15 (see figufD).

8). Thus, the minimum value predicted &f, that arises The phase-lead network is designed in order to com-

pilot-induced oscillations K, = 2.52) is near to the value pensate and avoid intersections between the two curves

observed in simulation$ (K, = 2.6). knowing that its minimum phase shift corresponds to the
2) Filter design for PIO preventionAs has been noted, phase of the linear transfer functiai,(s). So, it can be

higher pilot gains have an unstable limit cycle and a stablasily tuned with the describing function method looking

one. So, for pilot gaink, = 5 limit cycles existence is for G(s) such that the following equation is never solved.

granted and represented in the Nichols chart of figure 9. 1

KpyG(jw) + LGy(jw) = ——~

it can be noted that for higher values &f, two limit cycles are v (m)

predicted (stable and unstable) and for low€p no interceptions are . .
predicted. This behaviour with respect I6, is described in qualitative Then’GP(S) is such that at least it compensates the needed

theory of nonlinear systems as a saddle-node bifurcation of periodic orbigghase in the frequency range fram9 rad/s to 4.24rad/s
4689
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Fig. 10. Block diagram of the controlled longitudinal dynamics filtered with the phase compensator.

Nichols Chart for the compansated test aircraft

(see figure 9. The more compensation the more robustist ‘ ‘ ‘ ‘
final system but worse time responses are obtained. Tht " Avoa)
the transfer functiorG,(s) has been chosen as: AN
(s+2.4)2
G S ke 3 I
»(8) = 55 15)2 ® =
The phase of this transfer function is enough to avoid limi
cycles existence without affecting the handling qualities a

can be seen in figure 11.

Open-Loop Gain (dB)

50

451
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Fig. 12. Nichols chart of the compensated dynamics and the negative
inverse describing function of the rate limiter.

Phase (degrees)

method and using the properties of the proposed filter. Thus,
10 R ' the proposed compensator has been easily tuned avoiding
pilot-induced oscillations due to the main advantages that
it presents over previous realizations:

1) The minimum phase of the compensator does not
depend on the amplitude of the signal.

Fig. 11. Needed phase in order to avoid limit cycles in the control loop 2) Furthermore, this minimum phase compensated is the

(x marks) and the phase of the chosen transfer funafipis) . phase of the linear transfer functid@#,(s). So, it can

_ _ be easily tuned with frequency design techniques.
Thus, the l_\||ch_ols chart of th_e compensated system is This compensation has led to a dramatic increase in
represented in figure 12 and is shown that PIO hav

) . &ircraft stability (effectively avoiding limit cycles), as shown
been av0|Qed: After. that, the graphlgal r_esults have be%q a case study. Furthermore, the local asymptotic stable
evaluated in simulation and comparative time responses ;aég

0 I}
10 10
Frequency (rad/sec)

S Lo stem has been transformed into an asymptotic global
shown in figure 13. It can be seen the stable oscillatio able system. The filter improves stability under PIO
in the pitch angle for the original aircraft and the PIOfr

. X . equencies and maintains the handling qualities for usual
supression obtained using the phase compensator. Furt quencies
more, the phase compensation achieves good longitudina )

erformance and maintains the handling qualities of th Finally, this nonlinear compensator can be added as
gystem 94 & software filter in control laws to prevent pilot-induced

oscillations of future and present aircrafts minimizing the

V. CONCLUSIONS costs and impact of the change.

This paper presents a new nonlinear filter that executes
phase compensation of rate saturation in an aircraft control

system. Th_e eX'_Stence O_f limit CyCIe_S in the _Co_ntmI |00_p [1] R. Aharrah, “An alternate control scheme for alleviating aircraft-pilot
have been investigated with the classical describing function  coupling,” AIAA Paper 94-36731994.
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VI. ACKNOWLEDGMENTS
This work has been supported under MCyT-FEDER

grants DP12003-00429 and DPI2001-2424-C02-01.

the uncompensated X-15 system (dashed) and with the phase compensator

(solid)

[2] I. Alcala, F. Gordillo, and J. Aracil, “Saddle-node bifurcation of
limit cycles in a feedback system with rate limiter,” Rroc. of the
European Control Conference 2002001, pp. 354—359.

[3] F. Amato, R. lervolino, S. Scala, and S. Verde, “A robust stability
analysis approach for prediction of pilot in the loop oscillations,” in
Proc. of the European Control Conference (ECG9)igust 1999.

[4] C. Buck, “Method and apparatus for phase compensation in a vehicle

control system,” Patent WO99/09461, 1999.

[5] M. A. Dornheim, “Report pinpoints factors leading to YF-22 crash,”
Aviation Week and Space Technolpgwl. 137, no. 19, pp. 53-54,
1992.

[6] M. F. Shafer and P. Steinmetz, “Pilot-induced oscillation research:
Status at the end of the century,” NASA Dryden Flight Research
Center, Tech. Rep., April 2001.

[7] M. J. Chapa, “A nonlinear pre-filter to prevent departure and/or pilot-
induced oscillations (pio) due to actuator rate limiting,” Master’s
thesis, Air Force Inst. of Technology, Wright-Patterson AFB, March
1999.

[8] D. Klyde, D. McRuer, and T. Myers, “Pilot-induced oscillation anal-
ysis and prediction with actuator rate limitingldburnal of Guidance,
Navigation and Contrglvol. 20, no. 1, January-February 1997.

[9] G. J. Matranga, “Analysis of X-15 landing approach and flare
characteristics determined from the first 30 flights,” NASA, Tech.
Rep. NASA TN D-1057, 1961.

[10] D. T. McRuer, C. S. Droste, R. J. Hansman, R. A. Hess, D. P.
LeMaster, S. Matthews, J. D. McDonnel, J. McWha, W. W. Melvin,
and R. W. PewAviation Safety and Pilot Control. Understanding
and Preventing Unfavorable Pilot-Vehicle Interactiorser. ASEB
National Research Council. Washington D.C.: National Academy
Press, 1997.

[11] RTO-TR-029, “Flight control design best practices,” NATO, Tech.
Rep., December 2000.

[12] L. Rundgwist and R. Hillgren, “Phase compensation of rate limiters
in JAS 39 Gripen,"AIAA paper 96-33681996.

[13] J. W. Smith, “Design of a nonlinear adaptive filter for supression of
shuttle pilot-induced oscillations tendencies,” NASA Dryden Flight
research center, Tech. Rep. NASA TM-81349, April 1980.

[14] R. Van Der WeerdPilot-Induced Oscillation Suppression Methods
and Their Effects on Large Transport Aircraft Handling Qualities
Delft University Press, December 2000.

4691



	MAIN MENU
	Front Matter
	Technical Program
	Author Index

	Search CD-ROM
	Search Results
	Print
	View Full Page
	Zoom In
	Zoom Out
	Go To Previous Document
	CD-ROM Help

	Header: Proceeding of the 2004 American Control Conference
Boston, Massachusetts June 30 - July 2, 2004
	Footer: 0-7803-8335-4/04/$17.00 ©2004 AACC
	Session: FrM04.5
	Page0: 4687
	Page1: 4688
	Page2: 4689
	Page3: 4690
	Page4: 4691


