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Introduction

T HE KSR Korea soundingrocket (KSR-II) is a two-stagesound-
ing rocket with a payload capacity of about 150 kg. It is

launched near vertically up to the altitudes in the 150-km range
to carry out upper atmospheric experiments including ozone layer,
ionospheric,and celestial x-ray measurement.A guidance and con-
trol (G&C) system is onboard to minimize the dispersion radius of
the impact point. This system keeps the � ight experiments less sen-
sitive to meteorological conditions, wind in particular, by reducing
the impact dispersionconsiderably.The attitude and angular veloc-
ities of the rocket necessaryfor the constructionof the G&C system
are obtained from an inertial navigationsystem (INS). Furthermore,
a pneumatic S-19 (Ref. 1) actuator is adopted as a primary actuator
system.The actuatorsaturationof the S-19 is a main element,which
may degrade the performanceof the whole system. For a controller
with an integrator, the saturation effect is accumulated in the in-
tegrator, which increases the overshoot resulting in a high settling
time.2 This phenomenon is known as windup2¡5 and usually results
in performance degradation.
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The primary goal of this Note is to apply the antiwindup con-
troller (AWC) to KSR-II attitude control.There have been extensive
studies with well-developed theories on AWC, including stability
analysis.2¡5 A rather simple form of AWC, however, is applied to
the practical problem of launch vehicle control in this study. The
control design is viewed from application perspectives instead of
conductingtheoreticaldevelopment.A modi� ed AWC also is intro-
duced, which compensates the highly gain-sensitivecharacteristics
of the typical AWC.

Description of KSR-II Control System
The control system of the KSR-II consists of an INS, a controller,

the S-19, and rocket aerodynamics.Because the shapeof the KSR-II
is long and slender, the magnitude of the roll moment of inertia is
approximately 1/100 of the pitch and yaw moments. The roll angu-
lar velocity caused by thrust and � n misalignment is much greater
than the pitch and yaw angular counterparts. Thus, an INS with a
roll-isolated inertial measurement unit by a gimbal is selected. The
INS calculates the pitch and yaw angle by a strap-down technique
and measures the roll angle. The KSR-II controls attitude by pro-
ducing aerodynamic control moments using canard � ns actuated
by a pneumatic system. This S-19 pneumatic system is designed to
acceptcontrol inputsin the formof roll-resolvedpitch and yaw com-
mands to two pneumaticservos.There are four canardsconnectedin
pairs with one pair controllingeach lateral axis. S-19 has maximum
actuating limits at 22 deg in de� ection and 140 deg/s in slew rate.
This actuator saturation affects the control system performanceand
stabilitysigni� cantly.The attitudeof KSR-II is controlledby canard
� ns up to 20 s after launch, corresponding to the thrusting phase of
the � rst and secondstages.At the end of thecontroltime, thealtitude
reaches9.2 km and the Mach number is 3.0. The maximum value of
the rocket natural frequency is about 2 Hz, and the damping coef� -
cient is about 0.06 during the � rst stage burning and 0.002–0.04 for
the second stage. The maximum axial accelerations are 12 and 9 g
for the � rst and second stages, respectively.The dynamic pressure
reaches a maximum value at about 22 s after launch.

AWC
To maintain the initial rocket attitude at liftoff for a certain period

of time, the following proportional, integral, plus derivative (PID)
compensator is designed as

±p D k ep C 1
Ti

ep dt C Td Pep (1)

whereep D µc ¡µ is pitcherror,µc is pitch command,µ is actualpitch
angle, k is controllergain, Ti and Td are integral and derivative time
constants, and ±p is the compensator output. In this study, k D 10,
Ti D 3 s, and Td D 0:3 s are used, which result in gain margins of
10 and 7.6 dB, phase margins of 43.2 and 34.2 deg, and bandwidths
of 28 and 43 rad/s for the � rst and second stage controls, respec-
tively. For a controller with an integrator, the effect of the actuator
saturation is accumulated in the integrator, and the integrator value
becomes excessively large, i.e., windup. A partial solution for the
windupproblemof the KSR-II is sought by applyinga typical AWC
design technique. Because the limit of de� ection angle is more se-
vere than that of slew rate in the S-19, only the actuating limit of
de� ection angle is considered.The concept of AWC is to reduce the
differencebetween the compensatoroutput and the actuator control
input by feeding back the difference caused by the actuator limit.
The feedback signals of the difference, as well as the PID compen-
sator, are combined together in the AWC as

±w
p D k ep C 1

Ti
ep dt C Td Pep ¡ f dt (2)

where the new error term is de� ned as

f D .k=Tt / ±w
p ¡ uw

p (3)
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Fig. 1 Effect of AW gain changes on pitch response.

and

uw
p D

±w
p : ¡22 < ±w

p < 22

22 : ±w
p > 22

¡22 : ±w
p < ¡22

(4)

where ±w
p (degrees) is the compensatoroutput in AWC, uw

p (degrees)
is the actuatorcontrol input, f is the antiwindup(AW) feedbacksig-
nal, and Tt is the AW tracking time constant. If the actuator reaches
a saturation limit, the AWC works in the direction to reduce the
compensator output by integrating and feeding back the saturated
variables.The AW tracking time constant Tt determines the weight-
ing effect of the AW. The ratio of the integrating time constant Ti to
Tt is expressed as the AW gain

b D Ti=Tt (5)

The higher values of this AW gain tend to bring a larger AW ef-
fect. Figure 1 compares the simulation results of the rocket attitude
changes for the PID (in the case of b D 0) and the AW controller.
Wind speed of 12 m/s, the maximum allowed value for launching at
the directionof 250 deg (west–south–west), is incorporatedinto the
six-degrees-of-freedom nonlinearsimulation.Note that the rocket is
launchedat the elevationangle of 80 deg and an azimuthof 191 deg,
respectively. It undergoes stage separation at 10 s and ignition of
the second stage at 12 s controlled until 20 s, after which the ca-
nard � ns are released to follow the freestream. In case of the PID
controller, the error caused by the actuator limit is accumulated in
the integrator.When AWC is applied to this particular problem, the
performance is improved remarkably. The controller feeds back the
differencebetween the compensatoroutput and the actuator control
input to operate the actuator as much in the linear range as possible,
reducing the overshoot level. As the AW gain b increases, the effect
of AW tends to be more effective. However, note that the response
becomesslow if b is too large.Despite some visual improvement,the
performance is still sensitive to the change of AW gain. This sen-
sitivity of AW gain needs to be considered carefully in the actual
implementation of the control system.

Stability Analysis
The stabilityanalysisofAWC is basedon thenonlineardescribing

function analysis. Some previous studies made extensive investiga-
tion on the stability of AWC,4 but we select the classical describing
function approach, which provides direct physical insight over the
AWC of this study. The linearized short-period pitch dynamics is
given by a transfer function as

µ.s/

±z.s/
D

m±s C .Z±m® ¡ Z®m±/

s3 C .¡Z® ¡ mq/s2 ¡ .m® ¡ Z® mq/s
(6)

where ±z.s/ is elevator input,µ.s/ is pitch attitude, and other param-
eters are aerodynamicstabilityderivatives.A detaileddiscussionon
the describingfunction technique is well presented in Ref. 6. We go
directly to the key features of the describing function approach.We

Fig. 2 Nyquist diagram of Geq( jw) using different numbers in b.

observe that the describing function of a generic nonlinear element
is expressed as6

K N .X; !/ D .Y1=X / Á1 (7)

where X is theamplitudeof theinputsinusoidandY1 is theamplitude
of the fundamental harmonic component of the output. The closed-
loop characteristicequation with the nonlinear element replaced by
its describing function becomes

1 C Geq. jw/K N .X; !/ D 0 (8)

where Geq is the equivalent transfer function forming the closed-
loop.The Nyquist diagramfor Geq. j!/ and ¡1=K N .X; !/ are plot-
ted in Fig. 2 for several values of b. Note that the larger value of b
implies dominant AWC action over the integral control action. We
start from a very small value of b and increase the value gradually
by observing the resultant trends. It turns out the transfer function
Geq.s/ remains as a minimum-phasesystem for a certain rangeof b.
If b exceedsa criticalvalue the numeratorpolynomialcomes to right
half-planezeros.The numericaldata for the parameterb are set to be
b D [0:01; 0:1; 0:3; 0:4]. In Fig. 2, case I correspondsto the smallest
element of b, whereas case IV is matched with the largest element
of b. Also the nonlinear describing function is plotted in the same
complex plane. The describing function is a pure real number and
plotted on the negative real axis. The slope of the saturationelement
is set to unity in the calculation of the describing function. Thus,
the describing function trajectory starts from (¡1, 0) point. From
Fig. 2 it is easy to understand that there is no limit cycle existent
that is a crossing point between Geq. j!/ and ¡1=K N .X; !/. Even
for the smallest element of b (case I), which is close to the case
without AWC action, no limit cycle is observed. But the Nyquist
diagram is observed to be parallel to the real axis for smaller b in
the range of small !. On the other hand, as the element of b in-
creases, the Nyquist diagram moves farther from the critical point
(¡1, 0). The diagram itself approachesthe imaginary axis for small
!. Thus, heavier AWC action implies more stability in the sense of
the describing function analysis.

Modi� ed AWC
As already stated, too high a value of the AW gain may effec-

tively reduce the amount of overshoot, but may also lead to a slow
response.These phenomena are because the differencebetween the
compensator output and the actuator control input with a high-AW
gain gives a large-AW feedback signal in the initial control phase.
The difference is primarily due to the proportional derivative (PD)
terms of the compensator.This AW feedback signal drives the inte-
grator to a large negative value. As time progresses, the PD terms of
the compensatordecrease,but the integratoroutput will not increase
fast enough to compensatethis change.This causes the compensator
output to be small, eventually slowing down the control system re-
sponses. Although the proper selection of the AW gain may bring
satisfactory responsecharacteristics,some types of modeling errors
are expected. These errors are also related to the sensitivity of the
AW gain and the associated system responses.Therefore, it may be
necessary to develop a controller structure less sensitive to changes
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Fig. 3 Simulation results by modi� ed AWC with b = 1.0.

in the control parameters. With this in mind, the preceding AWC
is modi� ed so that the modi� ed AWC protects the integrator from
being a large negative value in the initial control phase by limiting
the PD terms of the compensator output for the AW feedback. In
other words, if we let ±p1 and ±p2 represent the PD and integral
terms of the compensator output, respectively, the controller takes
the saturated values of ±p1 and ±p2 as the AW feedback signal. The
modi� ed AWC approach is constructed as

f D .1=Tt / min.±p1; H / ¡ uw
p C ±p2 (9)

where H is the saturated value of ±p1 , which limits the combination
of proportional and derivative terms of the compensator output. A
ratio of the saturated value of the actuator to H determines the
modi� cation quantities in the modi� ed AWC

r D Hact=H (10)

where Hact is the saturated values of the actuator, which is 22 deg
for S-19. The attitude control performanceof this modi� ed AWC is
presented in Fig. 3. It represents a case when the modi� ed AWC is
applied to the typical AWC with a large value of AW gain b. This
case also correspondsto the slow response,as was discussedearlier.
Note that the response characteristic has improved signi� cantly.
The change in the control system performance is not very large
considering the same range of variation of r as in the AW gain of
Fig. 1. These resultsprove thedesirableperformanceof the modi� ed
AWC for the case of slow dynamic responses. It also shows that
the modi� ed AWC is not that sensitive to changes of the control
parameter r . On the other hand, as the parameter r increases, the
stability margin of the control system reduces gradually. However,
closed-loop stability is guaranteed with the modi� ed AWC if the
original PID controller is stable.

Conclusions
Design of a typical and a modi� ed AWC in the presence of actu-

ator saturation of KSR-II is investigated. The control performance
of the typical AWC turned out to be rather sensitive to the AW gain
with slower response characteristics for a large AW gain. This has
been partially resolved by introducing a modi� ed AWC. The mod-
i� ed AWC improved the slow response considerably, even with a
large AW gain. This modi� ed AWC showed less sensitivity to the
control gains compared with the typical AWC.
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I. Introduction

P REVIOUS studies have demonstrated that families of arti� cial
Lagrangepointsmay be generatedusing solarsail spacecraft.1;2

However, these studies assumed an idealized solar sail with perfect
re� ectivity.This Notewill reexaminetheproblemwith a partiallyre-
� ectingsolar sail because a real aluminizedsail � lm would typically
have a re� ectivity on the order of 0.9. First, equilibrium solutions
will be obtained for an ideal � at solar sail. Then the problem will be
revisited with a partially re� ecting solar sail. Apart from reducing
the magnitude of the radiation pressure force exerted on the solar
sail, the � nite absorption of the sail means that the radiation pres-
sure force vector is no longer directed normal to the sail surface.
Because of this effect, it will be shown that the volume of space
available for arti� cial Lagrange points is extremely sensitive to the
solar sail re� ectivity.These arti� cial Lagrange points are of interest
for a number of mission applications.3¡5

II. Equilibrium Solutions for an Ideal Flat Solar Sail
First equilibrium solutions for an idealized, perfectly re� ecting

� at solar sail will be generated. We will not consider compound
solar sails such as the solar photon thruster concept of Forward.6

The ideal sail will be considered in a frame of reference corotat-
ing with two primary masses m1 (Sun) and m2 (Earth or another
planet) at constant angular velocity !, as shown in Fig. 1. The sail
attitude is de� ned by a unit vector n normal to the sail surface, � xed
in the rotating frame of reference. In addition, the ratio of the so-
lar radiation pressure force to the solar gravitational force exerted
on the sail is de� ned by the sail lightness number ¯ . Because both
forces have an inverse square variation with solar distance, the sail
lightness number is a constant. It can be shown that the sail light-
ness number is related to the total solar sail mass per unit area by
¾ .g m¡2/ D 1:53=¯ . The units of the problem will be chosen such
that the gravitationalconstant, the distancebetween the two primary
masses, and the sum of the primary masses are all taken to be unity.

The vector equation of motion for a solar sail in this rotating
frame of reference may be written in standard form as

d2r
dt 2

C 2! £
dr
dt

C rU D a (1)

where the three-body gravitational potential U and the solar radia-
tion pressure acceleration a are de� ned by

U D ¡ 1
2 .x2 C y2/ C [.1 ¡ ¹/=r1] C .¹=r2/ (2a)

a D ¯ .1 ¡ ¹/ r 2
1 .Or1 ¢ n/2n (2b)
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