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The excessive roll of air-launched missiles is a result of disturbances during the flight due to airframe misalignment,
asymmetric control in pitch and yaw planes, atmospheric disturbances or large torque disturbances in the vicinity of aircraft.
In order to overcome the undesired roll motion effects, most missiles are equipped with the roll autopilots to stabilize their
roll attitude in spite of disturbances. In this paper, the classical and optimal control theory are applied in the design of a roll
autopilot of the missiles controlled by the aerodynamic interceptors with the roll rate feedback in the inner loop and the roll
angle in the outer loop. The desired command is transformed to the aerodynamic interceptor deflection by the pulse width
modulation. The efficiency of the roll autopilot is verified on a wind tunnel model mounted on a free rotating adapter which
enables movements around the longitudinal axis of the model support system. Based on the wind tunnel model response to the
interceptor command, the transfer function of the wind tunnel model is determined. The results of the experiments show the
influence of the roll autopilot gains on the wind tunnel model response. The wind tunnel experiments have also shown that
missile oscillations occur due to the pulse width modulated deflection of the aerodynamic interceptors.
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Nomenclature

A, —stability matrix
B, —control matrix
I, —longitudinal moment of inertia of the missile
J —quadratic performance index
K —gain matrix of the optimal control law
K — gain of the roll autopilot [volt/rad]
K' —gain of the roll autopilot [volt/volt]

. —gain of the aerodynamic interceptors transfer

function
; —gain of the aerodynamic interceptors transfer
function

K, —roll rate feedback gain [volt/rad/s]
K, —gain of the roll transfer function
K, —roll angle feedback gain [volt/rad]
Kywry — gain of the wind tunnel roll transfer function
L —roll moment
L, —disturbing roll moment
L, —roll damping derivative
L —roll moment derivative due to interceptor deflection
p —missile roll rate

p —measured roll rate

Pmax  —Mmaximum allowed roll rate

Q —weighting matrix of the optimal performance
index

R —weighting matrix of the optimal performance index

S —solution of the Riccatti matrix equation

T, —time interval of the positive deflection of
aerodynamic interceptors

T, —time interval of the negative deflection of
aerodynamic interceptors

T, —time constant of the aerodynamic interceptors
transfer function

Ty —pure delay time constant

Tpyy  —time interval for pulse width modulation of the
aerodynamic interceptors deflection

T —time constant of the roll transfer function

Ty —time constant of the wind tunnel roll transfer
function

u —control vector

Uy, —demanded roll angle in voltage

W,(s) —transfer function of the acrodynamic interceptors

actuation system
Woa (s) —pure delay transfer function

WE (s) —roll transfer function of the missile
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WP —roll transfer function of the wind tunnel model
& (WT)

X, —state space vector of the missile roll channel
¢ —roll angle

b —demanded roll angle

¢Z —roll angle obtained by roll rate integration
Brnax —maximum allowed roll angle

& —total roll command

£ —roll command

Ea —demanded roll command

En —equivalent disturbing roll control

Enax —maximum allowed roll control

@y, —desired natural frequency

Sng —desired damping factor

Introduction

OLL of air-launched missiles during the flight is caused

by airframe misalignment, asymmetric control in pitch
and yaw planes, atmospheric disturbances, or large torque
disturbances in the aircraft vicinity. These disturbances may
result in excessive missile roll. The cross coupling of
guidance commands results in inaccurate missile maneuvers
due to excessive roll. The influence of the cross coupling can
be minimized or nullified by roll rate or roll attitude
stabilization and, as a result, the maneuvers of a missile with a
roll autopilot are appropriately controlled by the guidance
commands.

Minovi¢ analyzed a design of the roll attitude autopilot with
the roll angle feedback measured with free gyro of the missile
with the aerodynamic interceptors [1]. Free gyro characteristics
were given in the form relay element with dead zone. The gain
necessary for the stability of the autopilot closed loop was
determined analytically after linearization of the nonlinear
characteristics of the relay element with dead zone.

Garnel analyzed the design of the roll attitude autopilot
with the roll angle in feedback by the classical linear control
theory [2, 1]. The phase lag and phase advance compensators
were used to ensure the stability of the closed loop. The
numerator time constant of the phase advance compensator
was selected to cancel the time constant of the missile transfer
function. The phase lag compensator was used to lower the
crossover frequency and increase the stability of the roll
autopilot. The stability of the closed loop was analyzed by the
Bode diagram of the open loop.

Blakelock used a root locus plot for the design of the roll
attitude autopilot [3]. The stability of the closed loop was
obtained by introducing the lead circuit. Special attention was
paid to the influence of the roll damping coefficients
derivatives on the root locus poles movement in the root locus
plane. The larger roll damping coefficients derivatives, the
less requirement for the lead circuit.

An alternative to the roll attitude autopilot with the roll
angle in feedback is a two-loop roll attitude autopilot with the
roll rate feedback in the inner loop and the roll angle feedback
in the outer loop [4]. The inner roll rate feedback is used to
increase damping by means of stability augmentation and the
inner loop gain is selected to move the root locus poles farther
out along the negative real axis.

A special case of the application of the optimal control to
the missile guidance and control system is regulating control
where the desired state values are zero. This type of regulating

control is defined by the minimization of the quadratic
performance index (or cost function) [4, 5]. The control input
is a function of the state vector and it is less sensitive to noise
and external disturbances. The control input gains are constant
for the constant parameters of the state space matrix. Since the
missile guidance and control system is non-stationary and
nonlinear, the control input gains must be calculated for each
linearized point of the missile flight.

Nelson defined the quadratic performance index of the
linear quadratic regulator (LQR) controller for the design of
the roll attitude control autopilot [4]. The objective of the
LQR controller is to control the roll angle by minimizing a
quadratic performance index (or cost function) which ensures
that the roll angle, the roll rate and the aileron deflection are
within specified limits. The optimum roll attitude autopilot
control law is determined by solving the steady state matrix
Riccati equation and this control law is a function of the roll
angle and the roll rate.

Talole applied the quadratic performance index composed
of the state parts and control parts [6]. The weighting matrix
of the state parts includes the inverse values of the maximum
allowed roll angle and the maximum allowed roll rate. The
weighting matrix of the control part includes the inverse
values of the maximum allowed roll control. The simulation
results showed that the proposed design was robust and
offered satisfactory performances in the presence of large
external disturbances.

Nesline showed that modern roll autopilot designs with
adequate stability characteristics can easily go unstable by
increasing the complexity of the object model and he proposed a
modification of the weighting factors within the performance
index based on the crossover frequency and the stability margin
of the open-loop system [7]. If the crossover frequency is too
high, the system may go unstable when it is built and tested. It
was shown that the crossover frequency, the gain and the stability
margin can be modified by adjusting the weighting coefficients
in the performance index. This approach gave the control system
engineer the flexibility required to design a practical system
using modern control methods.

Detailed analysis of the roll autopilot with the roll rate
feedback in the inner loop and the roll angle feedback in the
outer loop are given in [8]. Influence of the roll rate and roll
angle gains to the stability of the roll autopilot closed loop is
analyzed by root locus techniques. It was shown that
increasing roll rate gain the limiting value of the roll angle
gain is also increased.

The purpose of this paper is to present how the roll attitude
autopilot for subsonic missiles controlled by aerodynamic
interceptors is designed applying both the classical and
optimal control theory Since there are only maximum positive
and maximum negative deflections of aerodynamic
interceptors, the pulse width modulation of the interceptors
deflection is applied for the realization of the demanded roll
commands. The wind tunnel model of the missile controlled
by aerodynamic interceptors is used for the analysis of the roll
attitude autopilot efficiency.

Roll Control in a Missile with Aerodynamic
Interceptors

A missile roll control is done by the roll moment created
with either differentially deflected hinged fins or ailerons
which usually make part of the trailing edge of the wings. A
choice of the aerodynamic configuration for the roll control
depends on the missile size and the wing size.

An alternative for the roll control with ailerons is the roll
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control with aerodynamic interceptors (Fig.1). Aerodynamic
interceptors are surfaces fitted normally to the wing. They are
used in pairs in order to generate the roll moment. The basic
characteristic of missiles controlled with aerodynamic
interceptors is having fixed either a positive deflection or a
negative deflection of these interceptors. Since there are only
two possible fixed deflections of interceptors, either a positive
one or a negative one, a constant positive roll moment or a
constant negative roll moment can be generated.

Figure 1. Aerodynamic configuration of the missile with interceptors

It is defined, by convection, that the positive deflection of
interceptors (the positive roll command &) generates the

negative roll moment -L (Fig.2).

Figure 2. Aerodynamic configuration with interceptors

Aerodynamic interceptor deflection is realized by two
opposite solenoid coils with a soft magnetic circuit forming
two electromagnets and an iron armature, fastened to a carrier
of the aerodynamic interceptor which can pivot around the
hinge axis (Fig.3). The magnetic fields of the electromagnets
are changed quickly by controlling the direction of the electric
current in the electromagnet coils. The electric current
directed to the coil of one electromagnet creates the
electromagnetic field which attracts the armature, thus
deflecting the aerodynamic interceptor in one direction. The
opposite deflection of the aerodynamic interceptor is realized
by directing the electric current to the coil of the opposite
electromagnet. Such bistable mode of operation is provided
with two complementary current signals obtained by a micro-
controller and a power amplifier.

Electromagnet

____@.___ _____________ _l

s| T
Electromagnet

Figure 3. Actuation of the aerodynamic interceptor

Demanded arbitrary commands for the roll control can be
realized by pulse width modulation (PWM) of the positive
and negative deflection of aerodynamic interceptors during
the predefined PWM time interval Tpy,,. This PWM
modulation is generated by splitting the PWM time interval
Tpwy to the time interval of the positive deflection of the

interceptor 7 and the time interval of the negative deflection

of the interceptors 7, (Fig.4).
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Figure 4. Pulse width modulation

The time interval of the positive deflection of the
interceptor 7; can be determined as a function of the

demanded roll command &., .
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Roll Autopilot Design

A widely used roll attitude autopilot for missile roll angle
control is a two-loop roll autopilot with the roll rate feedback
in the inner loop and the roll angle feedback in the outer loop
[4]. The block diagram of the roll attitude autopilot for
missiles controlled by aerodynamic interceptors is given in
Fig.5. In a modern autopilot all functions of the roll autopilot
encircled by a dashed line are solved numerically in controller
with the A/D and D/A converter.
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Figure 5. Roll attitude control system
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The missile transfer function is a function of the roll

moment derivative due to the interceptor deflection L, the
roll damping derivative L, and the longitudinal moment of
inertia of the missile /..

Ky _ -LJL,
Tys+1 —(1,/L,)s+1

W2 (s)= (2)

The roll damping derivative L, was calculated by the semi-
empirical build up method for the calculation of the
aerodynamic coefficients derivatives and the wind tunnel
experiments with a wind tunnel model of the missile with
interceptors [9-12]. The roll moment derivative due to the
interceptor deflection L was determined from the wind tunnel
measurement of the static aerodynamic coefficients. Since
these derivatives are constant for subsonic Mach numbers up
to M=0.5, the gain and the time constant of the roll transfer
function of the missile are constant for these Mach numbers.

K
Proy—_ ¢ _ =142
W) = s 1= 0325 1 )

The transfer function of the interceptor actuation system
can be represented as the first order element with the gain

K, =1 and the time constant 7, =0.01s .
-K

« _ -1
T.s+1 0.0ls+1 “)

Wa(s)=

The disturbing moment can be transformed to the
equivalent interceptor roll control

= ®)

where L - the disturbing moment due to asymmetric
pressure on the lifting surfaces, L: - the aerodynamic
derivative due to interceptors deflection and &y - the
equivalent disturbing interceptor roll control.

The block diagram of the attitude control system (Fig.5)
can be transformed into a new one with the unity feedback in
the outer loop where:

_x rad volt _ _ - + | rad volt _
K=KKy K, [Volt rad }Kp KoK, [Volt rad/s S}
(Fig.6).

The sampling interval can be represented as the transfer
function of the pure delay element. There are two sampling
intervals: one sampling interval is due to the controller (7.= 1
ms) and the second one is due to the pulse width modulation
of the interceptors (7pyy, = 50+ 100 ms). Since the sampling
interval of the controller is much smaller than the interceptors
PWM time interval it can be neglected for a definition of the
pure delay transfer function time constant.

The pure delay time constant can be taken as a half of the
interceptors PWM time interval T,y = Tpyy, / 2 [1].

Woa(s)= PRl (6)

l‘:nrl'\-f
el & VLT @
) dpatiag Ey i1 |

]
IEI

Figure 6. Roll attitude control system with the unity feedback in the outer
loop

Design of the simplified roll attitude control system

Since the dynamics of the interceptors is much faster than
the dynamics of the missile, it can be treated as a non-inertial
element W,(s)=-1. The pure delay element can also be

neglected at lower frequencies near the expected cross-over
frequency. The simplified block diagram of the roll autopilot
is given in Fig.7.
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Figure 7. Simplified roll attitude control system with the unity feedback in
the outer loop

The overall transfer function of the roll angle ¢ relative to
the demanded roll angle ¢, is given by the following formula

L2 1 _ 1
O Rk L e,
<K’ s+l st st ]
¢ (_KK¢ ) a)n¢ a)”¢
where the steady state value equals unity (ﬂ) =1.
¢d 50

Based on equation (7), the gains K and K, can be
determined for the given values of the natural frequency @,

and the damping factor ¢, " of the second order element

transfer function.

2
_a)n¢T¢ :l—Zgn¢T¢ @y ®)
K, » 7 Ky

The transfer function of the roll angle ¢ relative to the

equivalent disturbing roll control &, can be obtained easily
from the block diagram in Fig.7.

[ 1 1
§)=—— 9
fdis( ) K T, , 1_K¢GRs+1 ©)

KK, 7KK,

Due to the steady state value of the transfer function (9)
(#/&a ), =—1/K ,ahigh value of the gain K is required to
reduce the effect of the disturbing moment.

Table 1 gives the calculated values of the gains X, K,,, (8),
the settling time ¢, of the closed loop and the steady state
value of the roll angle relative to the equivalent disturbing roll
control (9) for the desired values of the natural frequency o, b

and the damping factor ¢, .

Table 1. Roll autopilot parameters

@, [rad /5] Sng t, [s] K K, (¢/ s ).y—>o
6.0 0.7 0.952 0.81 0.12 1.23
8.0 0.7 0.714 1.44 0.18 0.69
10.0 0.7 0.571 225 0.25 0.44

Based on the wind tunnel measurements and the maximum
allowed tolerance of the wing misalignment, the maximum
equivalent disturbing roll control is estimated to be
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Eaismax=0.2. If it is assumed that the maximum allowed error
in the roll angle $<10° and having in mind the steady state
values of the transfer function (9), the gains in the range

K =144+225 and K, =0.18+0.25 can be taken as the
initial values for the analysis of the roll autopilot.

LOR controller of the simplified roll attitude control system

Based on the transfer function of the missile roll channel,
the equation of motion for the missile roll motion can be
written in the following form

d 1, K

TP=—= P+ =&

dt LT (10)
d

dt¢_ p

If the dynamics of the aerodynamic interceptor system is
neglected, the missile roll response to the command can be
written in the state space form, having in the mind the minus
sign of the actuation system

x,=A,x,+B,u (11)
where
0 1
4
X, = , u=[&|, A, = 11,
s A 1
0 . (12)
B, =| Ky
T,

A special case of the application of the optimal control to the
missile guidance and control system is regulating control where
the desired state values are zero. The optimal regulating control
for the roll attitude autopilot can be obtained by minimizing the
quadratic performance index [4, 6, 7].

S GETAES e o

Having in mind the state space form of the missile roll
channel (11), the quadratic performance index (13) can be
written in the matrix form.

4
¢n’l ax

J = |(xfQx, +u"Ru)dt (14)

© ey 8

The weighting functions Q and R are chosen in the
following form

1
| i |1
Q- ! R[J (1

2
P max

The optimal control obtained by the minimization of the
quadratic performance index (14) is called the linear quadratic
regulator (LQR). The input control u is a linear function of
the state vector.

u=-Kx, =-B,Sx, (16)
where S is the solution of the Riccatti matrix equation

SA, +ATS+SA ,R'B/S+Q=0. (17)

Since the roll autopilot is controlled by aerodynamic
interceptors, the maximum roll command equals unity

Emax =1.0 and R=[1].
Substituting the matrices A,, B,, Q and R into the

Riccati equation leads to the unknown elements of the S
matrix becoming a solution of the set of nonlinear algebraic

equations.
K jz
¢ 2 1
= — S12 +—= 0
( T B

K.\
Sll_islz _(Tﬁjj S1252 =0 . (18)
¢

The parameters of the gain K=[K K] depend on the
maximum allowed roll angle ¢,,,, and the maximum allowed

roll rate p ... (Table 2).

Table 2. Optimal roll autopilot gains

¢max P max K Kp

0.40 6.0 2.5 0.48
0.25 6.0 4.0 0.63
0.15 6.0 6.7 0.84

The gains for the optimal roll control are comparable to the
gains obtained by classical linear control techniques.

Influence of the time delay to the roll attitude control system
stability

The stability of the roll autopilot closed loop, with the
included transfer function of the actuator of the aerodynamic
interceptor and the pure delay element, can be verified by the
Bode diagram of the open loop broken at the roll autopilot
command (Fig.6).

Crossover frequencies and phase margins are given in
Table 3 for three values of the gains K =2.0,4.0, 6.0 and

three values of the gain K, = 0.4, 0.6, 0.8 . Phase margins are

given for two values of time delay 7,, =0.05, 0.025s .

Table 3. Gain and phase margin

T, =0.05s T,s =0.025s
K, K @, [rad / 5] &[] &[]
2.0 6.62 48.7 582
0.4 4.0 8.37 26.0 38.0
6.0 9.86 12.1 263
2.0 8.66 53.6 66.0
0.6 4.0 9.82 348 48.9
6.0 11.0 213 37.1
2.0 112 50.3 66.3
0.8 4.0 11.8 37.1 54.0
6.0 12.7 2538 44.0

There is an increase of the crossover frequency and phase
margin with increase of the gains K, and K . The phase
margin is increased with the increase of the gain X, , and the

phase margin is decreased with the decrease of the gain K .
Better characteristics of the roll attitude control system can be
obtained with the decrease of the PWM time interval and thus
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with the decrease of the time delay constant 7, .
The magnitude and the phase curves of the Bode diagram
(Fig.8) are given for the gain K, =0.4 and three gains

K=20,4.0,6.0.

Fra dep)

Frequency (radlmc)

Figure 8. Bode diagram of the open loop

Transfer Function of the Missile
Wind Tunnel Model

A missile model with a roll autopilot was tested in the T-35
continuous type wind tunnel of Vojnotehnicki Institut (VTI -
Militry Technical Institute). The test section length is 5.5 m
and the area of the octagonal cross-section is 11.93 m’.
Different Mach number values are obtained by changing fan
rotation rates and the angles of fan blades. The total pressure
in the test section is slightly over 1 bar, and the test duration is
not limited.

The Micro-Electro-Mechanical Systems (MEMS) rate gyro
used for the roll rate measurement was InvenSense MPU-
6050 with the following features: Digital output; Full scale
range of +250 °/s; Integrated 16-bit Analog-to-Digital
convertor; Output data rate of 8§ kHz, Total Root-Mean-
Squared Noise is 0.05 “/s.

The micro-controller for all autopilot functions calculation,
including the integration of the roll rate in order to obtain the
roll angle, was Espressif Systems 32-bit microcontroller
ESP8266 with Central-Processing-Unit clock on 160 MHz.
The roll rate sampling and integration time interval was
0.2ms.

A photograph of the missile model in the wind tunnel is
given in Fig.9.

\ii

y

Figure 9. Wind tunnel model with the roll autopilot

The balance, the free rotating adaptor and the model are
mounted on a tail sting support. During the run, the free
rotating adaptor enables rotation of the model around the
longitudinal axis of the model support system (Fig.10).

FLANGE

ADAPTOR ROTATING PART
ADAPTOR NON-ROTATING PART

BALL BEARINGS

Figure 10. Wind tunnel free rotating adaptor

The roll rate of the missile p depends on a demanded

command and the PWM time interval Tpy,,. The zero
demanded command is realized by splitting the PWM interval
Tpyy into two equal time intervals Tpy,, /2, where the time
interval of the positive interceptors deflection 7} = Tpyy, /2
is equal to the negative interceptors deflection time interval
Ty = Tpyys /2 . The measured missile roll rates for the zero
demanded command are illustrated in Fig.11 for the PWM
times Tppy, = 0.2s and Tpy,, = 0.1s , while the measured roll
rates for the PWM time intervals Tpy,, =0.08s and
Tppar = 0.06s are given in Fig.12. It is evident that there are
oscillations of the missile even for the zero demanded
command. The mean roll rate is equal zero and the roll rate
oscillation amplitude decreases with the decrease of the PWM
time interval.
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Figure 11. Measured wind tunnel model roll rate for the zero command and
Tpwye =0.25s, 0.1s
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RN 02 04 i ¥ 1.0

Figure 12. Measured wind tunnel model roll rate for the zero command and
Tpyar =0.08s, 0.06s
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The transfer function of the wind tunnel model with the
ball bearing friction can be determined from the transient
response of the wind tunnel model due to the change of the
demanded roll command from &.;,=0.5 to &, =0.75

(Fig.13).

Kyr) (19)

wr =
g (WT)(S) T¢(WT)S+1

Since the steady state value of the wind tunnel model roll
rate for the command &.;, =0.5 is p=-180°/s=—xrad/s

and for  the command ¢.q =075 it is

3z
2
of the wind tunnel modelis K1) =—6.28 rad / s . The time

p=-270°/s=—""rad / s, the gain of the transfer function

constant Ty, of the transfer function (8) is determined by

adjusting the calculated response of the transfer function to
the measured roll rate of the wind tunnel model due to sudden
change he demanded command from &.;, =0.5 to &£, =0.75

(Fig.13). There are two curves of the calculated response of
the transfer function to the demanded command. One curve is
aresponse of the transfer function to the demanded command
and the other one is a response of the demanded command to
PWM interceptor deflection. A complete match of the
calculated response of the transfer function and the measured
response of the wind tunnel model is obtained for

-160 -&- Measured I
180 == TF response to £,
—#= TF response to PWM £,
-200 : : :
2 .220 4
240
=260 —
280 | ] I 1 I

Figure 13. Transient response from the command & =0.5 to the command
£=0.75

The transfer function of the closed loop of the roll attitude
autopilot (the response of the roll angle ¢ relative to the
demanded roll angle ¢, ) for the missile wind tunnel model

can be obtained by substituting the parameters of the wind
tunnel model transfer function K7 =—6.28 rad /s and

Tywry =0.45, and the roll autopilot gains K =2.0 and
K, =0.3 into the equation (7).

d 4L 2 1_Kszzf(WT) 1
_KK s+ S+
o (KKgr)) L o)
1
1 2,2-0.606
52837 T5083 ¢

+1

The natural frequency and the damping factor of the closed
loop transfer function are @,, =5.283rad/s and ¢, =0.606 .

Numerical Simulations and Measurements of the
Roll Autopilot Response

The roll attitude autopilot, given in Fig.6, with the PWM
command for the input of the missile transfer function, was
built in the SIMULINK toolbox of the MATLAB software
package. The results of the numerical simulation and the
measured response of the wind tunnel model are given
inFigures 14-16 for the step input of the demanded roll angle

@, =45°, the gains of the roll autopilot K =2.0 and
K, =0.3, and the PWM time interval Tpy,, =0.1s. The

diagram representing the calculated roll angle of the missile
wind tunnel model is in agreement with the measured roll
angle diagram (Fig.14). When the missile roll rate (Fig.15) is
concerned, the amplitude of the calculated roll rate in the
steady state conditionis 5° / s less than the amplitude of the
measured roll rate. The diagrams of the demanded commands
£.q and the realized PWM commands &ppy, are given in
Fig.16. The demanded commands are constant during the
PWM time interval and the realized PWM commands are the
input for the wind tunnel model transfer function.
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Figure 14. Roll angle response
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Figure 15. Roll rate response
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Figure 16. Demanded and realized PWM commands
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, and the PWM time

interval Tpy,, on the wind tunnel model response is analyzed

The influence of the gains K and K,

by changing the demanded roll angle from ¢, =0" to

@, =45° . The response of the wind tunnel model is measured
for four values of the gains K=0.5,1.0,1.5,2.0 and K, = 0.1,
0.1, 0.2, 0.3, respectively.

The diagrams of the measured roll angles are given in
Fig.17 and those of the roll rates in Fig.18 for Tpy;, =0.1s.
There are oscillations of the wind tunnel model during the
response. The amplitude of the roll angle oscillations in the
steady state condition is 0.3°.
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Figure 17. Influence of the autopilot gains on the roll angle response for

¢, =45 and Tpyy, =0.1s
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Figure 18. Influence of the autopilot gains on the wind tunnel model roll rate
for ¢, =45° and Tpy,, =0.1s

If the PWM time interval is decreased to Tpy,, =0.05s,
the roll angle oscillation amplitude in the steady state
condition decreases to 0.08° (Fig.19). Also, decreasing the
PWM time interval from Tppy =0.15t0 Tppy, =0.05s

results in the decrease of the roll rate oscillation amplitude in
the steady state condition from 10%s to (Fig.20).
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Figure 19. Influence of the autopilot gains on the roll angle response for
¢, =45 and T, =0.05s
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Figure 20. Influence of the autopilot gains on the wind tunnel model roll rate
for ¢, =45 and T,=0.05s

The transient response of the wind tunnel model can lead to
the conclusion that the transient response does not depend on
the PWM time interval. The settling time of the wind tunnel
model transient response decreases with the increase of the
gain K , and this time is reduced to 0.9s when the autopilot

gains are increased to the values of K =2.0 and K, =0.3.

Conclusion

The basic characteristic of the missiles controlled by
aerodynamic interceptors is the existence of two deflections
of interceptors, equal in magnitude, where the first one is
positive and the second one is negative. Demanded commands
for the roll control are realized by pulse width modulation of
the positive and negative deflections of aerodynamic
interceptors during a predefined modulation time interval.

The roll attitude autopilot of the missile controlled by
aerodynamic interceptors, with roll rate and roll angle feedback,
is designed with the help of both classical and optimal control
theory. The roll autopilot gains obtained with the optimal control
theory can be equal to the gains obtained by the classical control
theory by adjusting the weighting coefficients in the performance
index of the optimal control theory.

The efficiency of the roll autopilot of the missile controlled by
aerodynamic interceptors is verified on the missile wind tunnel
model mounted on a free rotating adaptor which enables
movement around the longitudinal axis of the model support
system. Based on the wind tunnel model response to the pulse
width modulated demanded command, the transfer function of
the wind tunnel model is determined. It has been shown that the
roll autopilot designed for missiles controlled by aerodynamic
interceptors can be applied to the wind tunnel model.

Based on the numerical simulation and the measured roll rate
response of the wind tunnel model to the pulse width modulated
zero demanded command, it has been shown that both the missile
and the wind tunnel model oscillate around the zero roll rate due
to pulse width modulation. These oscillations decrease with the
decrease of the modulation time interval.

The wind tunnel measurements have shown that a faster
response of the roll attitude autopilot is obtained with the increase
of the roll angle feedback gain and that the overshoot decreases
with the increase of the roll rate feedback gain. The amplitude of
the roll angle oscillations in the steady state condition decreases
with the decrease of the modulation time interval.

The research in this paper can be improved by
development of the LQR controller for themissile roll attitude
control system with the roll angle and roll rate feedback with
added pure delay element transfer function and more accurate
definition of the pure delay time constant of the PWM
sampling interval.
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Efikasnost primene aerodinamickih interceptora za kontrolu ugla
valjanja rakete

Izrazito valjanje raketa lansiranih sa aviona nastaje zbog aerodinamicke nesimetrije rakete, asimetricnog otklona
upravljackih krila, atmosferskih poremecaja i velikog poremecajnog momenta valjanja u blizini aviona pri silasku rakete sa
lansera. Za eliminisanje neZeljenih efekata valjanja rakete neophodno je da se ugradi autopilot valjanja koji kontroliSe ugao
valjanja bez obzira na dejstvo poremecaja. U radu je primenjena klasi¢na teorija automatskog upravljanja i teorija
optimalnog upravljanja za projektovanje autopilota valjanja raketa sa ugaonom brzinom valjanja u unutrasnjoj i uglom
valjanja u spoljasnjoj povratnoj petlji za rakete koje se upravljaju aerodinamickim interceptorima. Primenom Sirinsko
impulsne modulacije je pretovrena Zeljena komanda za kontrolu autopilota valjanja u otklon aerodinamickih interceptora.
Efikasnost autopilota valjanja sa aerodinamickim interceptorima je proverena u aerodinami¢kom tunelu. Model rakete za
ispitivanje u aerodinamickom tunelu je postavljen na slobodnorotirajuci adapter koji je omogucavao rotaciju modela oko
uzduZne ose. Na osnovu odgovora modela rakete za zadate komande odredena je preonosna funkcija modela koji je ispitivan
u aerodinamickom tunelu. Rezultati ispitivanja su pokazali uticaj pojacanja autopilota valjanja na odgovor aerotunelskog
modela. Date su i analize uticaja Sirinsko modulisanih otklona aerodinamickih inteceptora na neZeljene oscilacije rakete.

Kljucne reci: autopilot, avionska raketa, upravljanje raketom, valjanje rakete, ugao valjanja, aerodinamicki interceptor,
optimalno upravljanje, impulsna modulacija, aerodinamicko ispitivanje, rezultati ispitivanja.

(P PeKTUBHOCTH NPUMEHEHHUS AIPOAMHAMUYECKOI0 MEKCEKTOPA 1S
KOHTPOJISI IMANA30HA KATAHUA PAKeThI

Yérkas npokKaTKa pakKeT, 3amyHIeHHBIX ¢ CaMoJIéTa, CBSI3aHA C AIPOJAMHAMHUYECKHM pa3pyLIeHHeM paKeThl,
ACHMMETPHYHBIMH AeeKTaMH PYJIeBOro Kpblia, aTMOC(ePHBIMH BO3MYIIEHUSIMH U 00JIBIIMM BO3MYIIEHHEM MOMEHTA
KauyeHHs1 BOJIM3H caMoJ1éTa npH y0oliHoH pakeTe pakeTbI-HOCHTeJIs. UTOObI yCTPAaHUTDH HexeslaTesIbHble d3PdeKThl KaueHust
B paKeTe, HeOOX0AMMO YCTAHOBUTH CKOJIB3SILHI ABTOMMJIOT, KOTOPbIii KOHTPOJIMPYET yroJ KadeHUsl He3aBHCHMO OT
3ppexTa Gecnopsigka. B crarhe McHosib3yercsl KiIaccHMYecKasi TeOpHsi aBTOMATHYECKOrO YNPaBJIEHHS W TeopHsl
ONTHMAJILHOTO YNPaBJIeHHs] KOHCTPYKIHell PAKETHOTO ABTOIHJIOTA CO CKOPOCTBIO KaueHHsl BO BHYTPeHHel U yIJIOBOii
KaTKe BO BHEILIHEM KOHTYpe 00paTHOIi CBSI3U 1JIs PaKeT, yNpaB/isieMbIX 29P0JHHAMH4eCKUMH nepexBaTunkamu. Mcnosb3ys
HIMPOTHO-HMITY.JIbCHYIO MOTYJISIIIMIO, NIepeaeTcs sKelaeMast KOMaH/Ia Uil YIPABJIeHHs] CKAHHPOBAHNEM aBTONNJIOTA IIPH
nporuée a’poOAMHAMUYECKHX MEPeXBATYHKOB. J(P(eKTHBHOCTb MPOKATKH ABTONWIOTA C AIPOAHHAMHYECKHMH
nepexBaTYNKAMH NPOBePsieTcsl B A3POIMHAMUYECKOM TyHHeJle. PakeTHasi Moie/1b /IS HCIIBITAHUS B 23POJHHAMHYECKOM
TyHHeJIe OblJIa YCTAHOBJIEHA HA IePeX0JHHKe CBOGOIHOTO X0/1a, YTO MO3BOJIHIIO BPALIATH MO/IEIb BOKPYT NPOAOJILHOI OCH.
Ha ocHoBe peakuiu Mo/ieJI paKeThl LISl IAHHbIX 3JIEMEHTOB YIPABJICHHS ONpe/esieTcs epexoHas (pyHKIHsA Moaesu,
HCCIIe/I0OBAHHON B A3POIMHAMHYECKOM TyHHeJIe. Pe3y1bTaThl TecTa noka3ain 3p(heKT ycnieHnst NpoKaTKH aBTONNIIOTA 1O
OTKJIMKY MOjesu a’pomyHKTa. Takike ObUT JaH aHAIN3 BIMSIHUS IIMPOKO MOJYJHPOBAHHBIX A3POTMHAMHYECKHX

nepeceyeHHii Ha HelKelaTeJbHbIE PAKETHBIE KOJIe0aHUsI.

Kiouesvle cnosa: ABTONIWIOT, AaBHALIMOHHAfl paKeTa, ynpaBjieHHE paKeTaMH, KaTaHHe PpakKeTbl, yrojl KaTaHus,
aapouuﬂamuqecxnﬁ nepexBaTYUuK, ONTHMAJIBbHOE yIIPaBJICeHHE, UMITY/IbCHAA MOAYJIALNA, 2OPOANHAMUYECKHUE UCTIBITAHUS,

pe3yabTarbl HCIIBITAHUH.
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Efficacité de ’application des intercepteurs aérodynamiques pour le

controle de I’angle du roulement de missile

Le roulement excessif des missiles lancés a partir de ’avion se produit a cause de I’asymétrie aérodynamique du missile , de
I’écart asymétrique des ailes, des perturbations atmosphériques et du grand moment perturbé de roulement a proximité de
I’avion pendant la descente du missile du lanceur. Pour éliminer les effets non désirés du roulement de missile il est nécessaire
d’installer un autopilote de roulement qui contréle ’angle de roulement malgré ’action de perturbation. Dans ce travail on a
appliqué la théorie classique du contréle automatique ainsi que la théorie de contrdle optimale pour la conception du pilote
automatique du roulement de missile a la vitesse d’angle de roulement dans la boucle intérieure et ’angle de roulement dans
l1a boucle extérieure réversible pour les missiles contrélés par les intercepteurs aérodynamiques. La commande désirée pour
le contrdle du pilote automatique de roulement a été transformée en déflexion des intercepteurs aérodynamiques par large
modulation d’impulsion. L’efficacité de I’autopilote de roulement aux intercepteurs aérodynamiques a été vérifiée dans le
tunnel aérodynamique. Le modéle de missile pour ’examen dans le tunnel aérodynamique a été monté sur un adaptateur qui
tourne librement et qui a permis la rotation du modele autour de I’axe longitudinal. A la base de la réponse du modéle de
missile aux commandes données on a déterminé la fonction du transfert de modéle examiné dans le tunnel aérodynamique.
Les résultats de I’examen ont démontré ’influence du renforcement de I’autopilote de roulement sur la réponse du modéle du
tunnel aérodynamique. On a donné aussi les analyses de I’influence de la déflexion modulée largement des intercepteurs
aérodynamiques sur les oscillations non désirées du missile.

Mots clés: autopilote, missile, contrdle de missile, roulement de missile, angle de roulement, intercepteur aérodynamique,
controdle optimale, modulations d’impulsions, examen aérodynamique, résultats d’examen.



