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Introduction

A PRIMARY � ying qualities metric is the numerator zero 1=Tµ2

of the pitch attitude to pitch control transfer function.1¡4 It
describes the lag between the responses of the pitch attitude and
the � ight path to a pitch control input. A well-balanced relation
in the time responses, quali� ed as path-attitude consonance, is of
paramount signi� cance for longitudinal control.

The extensionof the speed regime to super- and hypersonic� ight
is associated with a substantial increase of Tµ 2, leading to values of
25 s or more. The resulting � ying qualities problems are an issue
of continuous interest, and there is a controversial discussion con-
cerning the reasons for the increase of Tµ2 (Refs. 3–9). In several
discussions, the lift curve slope CL® plays an important role.4¡6 In
particular,theTµ2 increaseis consideredto bedue to thevery lowCL®

of hypersonicvehiclesbecauseof their unique aerodynamiccon� g-
uration. Other investigations indicate that there are further reasons
for the addressed path-attitude control problem.8;9 This concerns
a low-frequency washout characteristic in the � ight-path response
due to altitude effects.

It is the purpose of this Note to suggest a mechanism causing
the addressed increase of Tµ 2. It will be shown that the CL® effect
may not be considered separately but as a part of an overall aero-
dynamic effect, which does not change much, even when compar-
ing the conventional and the hypersonic regions. Further, the speed
and the atmospheric density gradient are identi� ed as main factors
for the increase of Tµ2 .

A further purpose of this Note is to show that there is a limiting
effect caused by the atmosphericdensitygradient,yieldingan upper
bound on Tµ 2. It turns out that this limit is practically independent
of speed or Mach number, respectively.

Aerodynamics and Speed Effects on Tµ2 Increase
The aircraft dynamics of concern for the problems in mind are

usually described by the short-term pitch model yielding the fol-
lowing transfer function:

µ.s/

±e.s/
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(1)

The numerator consists of a � rst-order zero .¡1=Tµ 2/ and the de-
nominator yields second-order poles representing the short-period
mode of motion .!sp; ³sp/. This model can be used for unaugmented
aircraftas well as for augmentedvehicleswith the additionof a time
delay e¡¿ s in the numerator when applying the lower-order equiva-
lent system concept.1

The numerator zero may be described by the following expres-
sion:

Tµ 2 ¼ .V0=g/CL =CL® (2)

Thus, the aerodynamic in� uence is due to CL and CL® : Tµ2 /
CL =CL® .

Super-andhypersonicvehicleshavevery lowCL® becauseof their
unique aerodynamic con� guration. This characteristic is presented
in Fig. 1a, which also shows that increasing Mach number leads
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Fig. 1 Lift curve slope and lift coef� cient (maximumlift-to-dragratio),
data from Refs. 10–13.

Fig. 2 Overall aerodynamics effect CL /CL® , data from Refs. 10–13:
� lled symbols, maximum lift-to-drag ratio; and open symbols, high dy-
namic pressure � ight ( Åqmax = 50 kPa).

to a further decrease. Comparison with conventional-speedaircraft
reveals that there is a signi� cant decrease of CL® for super- and
hypersonicvehicles. The results presented in Fig. 1, with data from
Refs. 10–13, suggest that the reduction in CL® is the main reason
for the increase of Tµ 2.

However, typical con� gurations of super- and hypersonic vehi-
cles are also associated with reduced CL values that may be aero-
dynamically feasibleor utilizable for the � ight tasks and operations
of these vehicles. This feature is depicted in Fig. 1b, which shows
that super- and hypersonicvehicleshave low CL values,particularly
when compared with aircraft of the conventional-speedregion.

As a result, theCL reductiondue to the aerodynamiccon� guration
of hypersonic vehicles basically shows a similarity to the CL® de-
crease. From these properties,both caused by the unique con� gura-
tion of hypersonicvehicles, it follows that the CL® effect may not be
considered separately but as part of an overall aerodynamics effect
set by the ratio CL=CL® . This interpretation is illustrated in Fig. 2,
which shows two CL =CL® curves for representative� ight tasks:One
curve relates to the maximumaerodynamicperformance(maximum
lift-to-drag ratio), which is of particular concern for cruise type ve-
hicles. The other curve correspondsto high dynamic pressure � ight,
which may be of interest for hypersonic acceleration type vehicles.
Figure 2 reveals that the CL=CL® ratio shows only little change,
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Fig. 3 Increase of Tµ2 according to constant atmospheric density mod-
eling Eq. (2), data from Refs. 10–13: � lled symbols, maximum lift-to-
drag ratio; and open symbols, high dynamic pressure � ight ( Åqmax =
50 kPa).

stayingat rather constant level.This featureeven applieswhen com-
paring vehiclesof the conventional-speedregionand the hypersonic
regime.

An evaluationof the Tµ2 characteristicsof the con� gurations just
considered is shown in Fig. 3. There are several observations to be
made from Fig. 3 concerning the features of the Tµ2 . Basically, Tµ2

steadily increases with Mach number (or speed, respectively), and
there seems to beno limit.The increaseof Tµ 2 approximatelyfollows
a straightline suggestinga proportionalityto Machnumberor speed,
respectively. Based on this characteristic and on the interpretation
of the aerodynamicseffectsconsideredin the precedingparagraphs,
it may be concluded that speed is the primary factor for the increase
of Tµ2 .

Tµ2 Limit and Increase Due to Atmospheric
Density Gradient

The analysis concerning the Tµ2 characteristics shown in Fig. 3
is based on the short-term dynamics model Eq. (1), which assumes
constant atmospheric density. For super- and hypersonic � ight, an
extension of the aircraft dynamics model is necessary to account
for the effect of the atmospheric density gradienton Tµ2 . This effect
primarily leads to an upper limit beyond which no Tµ 2 values are
possible.

From an aircraft dynamics model accounting for the change of
atmospheric density with altitude,14 it follows that the numerator
of the pitch attitude to pitch control function is of second order,
instead of � rst order as in Eq. (1), for the frequency range under
consideration

N µ
± .s/ D M± s2 C s.g=V0/CL®=CL ¡ g½h (3)

Accordingly,there are two zeros. They are real valued in supersonic
and low hypersonic� ight. The larger one correspondsto 1=Tµ2 , and
the smaller one, which may be denotedby 1=Tµ½ , is due to the effect
of the density gradient ½h D .1=½/ d½=dh. From Eq. (3) it follows
that an increase of speed causes the two zeros to move toward each
otheras regardstheir sizeuntil theybecomeequal.Then, theycouple
into a complexpair. From Eq. (3), the conditionfor both zerosbeing
equal .1=Tµ2 D 1=Tµ½/ yields

Tµ2 D .Tµ2/max D 1
p

¡g½h

(4)

This is the largest value Tµ 2 can attain. A larger value is basically
not possible because of the addressed coupling of Tµ2 with Tµ½ into
a complex pair.

From Eq. (4) it follows that there is practicallyno effect of Mach
number on (Tµ2/max . Further, the altitude in� uence is rather small
becausethe atmosphereshowsonly littlechangesof ½h for thewhole
altitude range that may be of interest for hypersonic � ight.14 As a
consequence, the limit (Tµ 2/max is rather constant.

A numerical evaluation is presented in Fig. 4. As a main feature,
the limit (Tµ 2/max shows practicallyno dependencyon Mach number

Fig. 4 Limit (Tµ2 )max and more rapid increase of Tµ2, effects of atmo-
spheric density gradient, data from Refs. 10–13: � lled symbols, maxi-
mum lift-to-drag ratio; and open symbols, high dynamic pressure � ight
( Åqmax = 50 kPa).

or speed, respectively.Figure 4 further reveals that the (Tµ2/max limit
is of the order of 25–30 s. The numerical value applied for ½h in
the computations for Fig. 4 represents an average for the altitude
range from 10 to 80 km. According to the atmospheric properties
in this altitude range, there may be changes in (Tµ 2/max up to §8%,
depending on the actual ½h .

Note that the results for the limit of Tµ 2 according to Eq. (4) and
for its numerical value according to Fig. 4 are of general nature for
super- and hypersonic � ight.

Figure4 furthershows that the increaseofTµ2 with speed(orMach
number) is also in� uenced by the atmosphericdensity gradient.The
increaseof Tµ 2 becomes much more rapid when the limit (Tµ2/max is
approached.This outcome is in contrast to the resultsof the constant
density model of Eq. (2), which shows no such change (Fig. 3). The
effect of the atmospheric density gradient on the increase of Tµ 2 is
con� rmed by the following expression:

Tµ 2 ¼
2Tµ2;½h D 0

1 C 1 C 4g½hT 2
µ2;½h D 0

(5)

where Tµ 2;½h D 0 ¼ .V0=g/CL =CL® denotes the constant density case
Eq. (2)

Because of the more rapid Tµ2 increasecaused by the atmospheric
density gradient, the .Tµ2/max limit may be reached at rather low
Mach numbers. Figure 4 also shows this effect according to which
the .Tµ 2/max limitcanbe reachedat Machnumbersas low as M D 4:0
for � ight conditions at maximum lift-to-drag ratio. For smaller lift
coef� cients, as in high dynamic pressure � ight, the .Tµ2/max limit is
approached at higher Mach numbers.

Conclusions
The numerator zero of the pitch attitude to pitch control transfer

function .¡1=Tµ2/ is consideredwith regard to its characteristicsin
supersonic and hypersonic� ight. It is shown that speed is a primary
factor for the increaseof Tµ 2. By contrast,the aerodynamicin� uence
in terms of the ratio CL =CL® is rather small, though CL® shows a
signi� cant decrease for hypersonic vehicles.

It is further shown that there is an upper limit of Tµ 2. This limit
is due to the atmospheric density gradient, which exerts a signif-
icant effect on aircraft dynamics in super- and hypersonic � ight.
The density gradient also yields a more rapid increase of Tµ2 when
approaching its limit. As a result of general nature, the limit of Tµ 2

is rather constant (in the orderof 25–30 s), with practicallyno effect
of Mach number and little in� uence of altitude.
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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)


