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Abstract—In the year of 2003 it was established a coopera-
tion agreement between Ukraine and Brazil for utilization of
Cyclone-4 launch vehicle at Alcantara Launch Center. The
company responsible for the marketing and operation of launch
services is the company bi-national Alcantara Cyclone Space
(ACS). The Cyclone-4 launch vehicle is the newest version of
the Ukrainian Cyclone family launchers developed by Yuzhnoye
State Design Office. This family has been used for many suc-
cessful spacecrafts launches since 1969. This paper is concefne
with the yaw stabilization problem around a nominal trajectory
for the third stage of a satellite carrier rocket similar to the
Cyclone-4. Only the steering machine of the main engine is
considered as actuator. The dynamic behavior of the third
stage around the nominal trajectory is modeled as a fourth-
order time-varying linear system whereas the steering machine
is modeled as a linear dynamical system up to third order. The
values of the parameters of the steering machine model are
unknown, however belonging to known intervals. As the main
result, the stabilization problem is solved with a proportional
derivative (PD) controller. The proposed tuning approach take
into account the robustness of the controller with respect to the
steering machine model uncertainties. The performance of the
PD controller is demonstrated by simulation results.
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1. INTRODUCTION

Yuri Dmitrievich Sheptun
Physical-Technical Faculty

Dniepropetrovsk National University Oles Gonchar

Ukraine

model is a time-variant dynamic system [5]. Rockets often
require special guidance and control design strategigs tha
are able to deal with rapidly time varying parameters [19].
With respect to the control system design, each rocket has a
particular system, which depends on its structure and arissi

During the flight, the rocket is influenced by disturbance
forces due to the influence of environment, the inaccuracy
of rocket and propulsion manufacture and installation &ed t
inaccuracy of elements and instruments of governance [§]. A
an example, in an ideal situation, the thrust vector shoald b
in the longitudinal axis of rocket, passing through the eent
of gravity. However, in practice, the thrust vector makes a
small angle in relation of the longitudinal axis due to struc
tures errors and disturbance forces. The result of thiseang|
is three components of thrust vector, one in the longitudina
axis, as expected, and the others in the perpendicular axes t
the longitudinal one, taking into account a coordinateesyst
fixed at the center of mass in the start of launch. These cause
a small variation in the angles of pitch and yaw and a center of
mass displacement. To circumvent this problem of stability
it used, in the present work, a thrust vector control system
actuating in a single engine rocket. The vector control is
applied in space vehicle nozzles to change the thrust direct

in order to perform maneuvers and small deviations [21].
An electro-hydraulic servo valve, thereafter called stepr
machine (SM), is used as actuator.

The electro-hydraulic servo valves have been studied for
many years [1, 6-8, 10-12, 15]. In [1], for example, it is
showed that until 1957, there was around 21 different servo
valve designs. These are used in industrial applications,
such as testing equipments and autonomous manufacturing
systems [15], in flight simulations and robots [7], and, in
the aerospace industry, for flight attitude control of rdske
[11]. Nowadays, in all spacecraft, it is common to use
hydraulic actuators to vary the engine angle [8]. A lot of
studies about these valves are found in the literature, such
as discussion on some issues involved in controlling linear
hydraulic actuators [6], modeling and control of a hydrauli
servo system [7] and designing of a proportional integral
derivative controller attached to electro-hydraulic seac-
tuator system [10]. Control of the angular position of the
rotary actuator, which controls the movable surface of spac

A launch vehicle, or Rocket Carrier (RC), in general, isVehicles is also studied in [10]. A mathematical model for
referred as a rocket carrying some payload into outer spaca electro-hydraulic servo directional valve is presernted
[22]. There are several common characteristics which mudl2] and a comprehensive dynamic model of a closed-loop
be taken into account in designing the flight control systenfervo-valve controlled hydro-motor drive system is pr@gbs
of a RC [22]. To achieve this objective, it is necessary toin [15].

study dynamic properties of RC of spacecrafts or satebiges

objects of control. This is a complex problem because the RGome investigations about nozzle vector control have been
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applied to a mini-launcher [17]. The principles of analysis
and design of launch vehicle flight control are described
in [9], where stability robustness with respect to modeling



uncertainties and a gimbal angle constraint is discussed. | Xo
[20] a thrust vector control of an upper-stage rocket with
multiple propellant slosh modes is proposed, where the con-

trol inputs are defined by the gimbal deflection angle of a

main engine and a pitching moment about the spacecraft Yo
center of mass. The electro-hydraulic thrust vector contro

of twin rocket engines with position feedback was presented

[8], and a comparison between mechanical and gas-dynamic
control system of space vehicle is discussed [18]. In [18],

a mathematical model using mechanical control system that
describes the angular motion of a closed loop dynamic system

in the plane of yaw is considered.

o
In the present work, a third stage rocket stability control Zo
problem using a SM as actuator of a single engine is investi- ) . .
gated. As an example, it is used a rocket similar to Cyclone- Figure 1. Initial coordinate systenXY,Z

4, which is the newest version of the Ukrainian Cyclone

family launchers developed by Yuzhnoye State Design Office.
This family has been used for many successful spacecrafts
launches since 1969. To solve the rocket stability control Y, Y 50“ X1
problem, the proposed approach involves:

1. to obtain the equations that describe the system,

2. to calculate the coefficients that vary in time,

3. to construct stability areas,

4. to select the structure and parameters of control system,
5. to validate the choices by mathematical modeling of
movement.

Z1,Z

The remainder of this paper is organized as follows. Section

2 presents a description of the control problem, Section 3_. .

describes the electro-hydraulic servo valve model. Sectio Figure 2. Coordinate system related to the rockaty’; 7,

mathematical model and calculation of equations parasieter of the rocket

Section 5 is about the construction of stability areas. iBect

6 shows the results of control problem to stabilize the yaw

angle by designing a PD controller. Finally, Section 7

presents the conclusions. the mass distribution, small structure errors and disnrba
forces result in a small angle of thrust vector with respect
to this longitudinal axisX;. This angle, in turn, results in

2. DESCRIPTION OF THE PROBLEM three components of thrust vector: one in the aXis one
, . ) toward to the lateral in the direction d&f; (yaw plane) and
Consider the following coordinate systems: one in direction ofY; (pitch plane). The lateral component

) ) ) on the yaw plane is responsible for a moment that results in
« a coordinate system fixed on the EartiXoYyZo, in the  an jnitial small angle of yaw and a CM lateral displacement
initial position of rocket at launch site, as shown in Figlire - with respect to the longitudinal axis, causing instabitity
» a coordinate system fixed in the center of mass (CM) ofne rocket. There are some different ways to deal with this
rocket - XY’ Z, whereX coincides with the direction of the jnstapility. For example, for the third stage control syste
velocity vector and tangent of rocket trajectory, as shown i of 3 rocket similar of Cyclone-4 with a single engine, it is
Figure 2; i ... possible to vary the engine angle within a small range (lgual
« acoordinate system related to the rocket, fixed at the initiagjegg thanl®) for the upper stages [4]. In this problem it is
position of CM in the start of launchX, Y, Z,, whereX, is  considered an angle not greater ts8ngenerating a moment
aligned with the rocket longitudinal axis addl is located in  ahout the center of mass and maintaining the rocket stable in
the plane of symmetry of rocket, as shown in Figure 2; a previous established nominal trajectory area. This sehem

In Figure 1, the angle in the plang,)Y; between the horizon Eg%ﬁféiﬂelg ghggﬂs 3, wherB is the thrust vector andiis

line and X} is the angle of pitclyp and the angle in the plane
XoZ, betweenX; and the planeX,Y; is the yaw angle)
(figure 2). The initial coordinate system is used to deteemin ?Zl
the position of the rocket as a rigid body in space [5].

In Figure 2, I, 11, Il and IV represent the symmetrical axis - \7777 D) s
of rocket andV is the velocity of the rocket. The plane I- = /
Il coincides with the plane of fireXyY,, andYj is positive
direction taken from the Earth’s surface [5].

In an ideal situation, the rocket thrust vector should be in
the longitudinal axis of rocket, passing through the ceoter
gravity, resulting in a maximum impulse. But, in practice,

Figure 3. Scheme of rocket gimbaled engine
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To control the thrust vector, an SM can be used. Thigight in a distancey. The thrust vector direction changes
device turns an electrical current into a hydraulic flow thatand the anglé that rocket makes with its longitudinal axis
can generate a mechanical motion; linear, rotational tlehut becomes nonnull.
or unidirectional [13]. It is possible to model an electro-
hydraulic servo valve at various levels of detail, depegdin Thereafter, the closed-loop system receives a negatiee fee
on the project application. For example, when designing thédack until the input is equal to zero and the rod is exactly in
valve, more detail is needed than when modeling a systerthe middle of distance between the two nozzles again. Thus
controlled by an already designed one [2]. Its dynamicthe system composed by nozzles and pistons returns to the
can generally be described by first and second-order tnansfénitial position. The rod is moved to the left by other eléctr
functions [15]. The servo-valve mechanism can be variable i impulse, P, < Ps, the system also moves to the left, and the
its weight, size, capacity and efficiency. The charactiesstf  pump leads working liquid fronP,, to P, until P, = Ps.
an SM depends on the rocket and engine structure, as well &s this situation, one ha®, = P, andd = 0. Again, by
on the mission to be developed. To increase the payload arfdedback, the input becomes equal to zero, and the system
decrease the rocket mass, itis better if the SM is small asd has at the null position. A similar procedure occurs when the
a high capacity, generating a fast response of the engine. ®ystem is in equilibrium and the rod moves first to the left.
understand better the dynamic of the electro-hydrauliecser
valve, a third stage rocket mathematical model and stgbilit Summarizing, three cases can be considered:
study are presented.

1. w = 0andj = 0: valve at the null positioni; = P,);

2. uw > 0ando # 0: after the rod has been moved,

3. ELECTRO-HYDRAULIC SERVO VALVE : AN 3 u=0andd # 0: after feedback.

EXAMPLE The system that represents the SM and the actuation on the

Consider an SM composed by an eletric RL circuit connecte@ngine is shown in Figure 5.
to a steel rod that can move to the left or to the right by an
Small angled. The rod is kept from each of two nozzles by
twice the distance and is very small, with weight less than
0.005kg. Connected to each nozzle is a valve that attaches
them to a hydraulic actuator. One of the nozzles is coupled
to a piston system. The actuator works with the difference
of pressure between one of the nozzlés)(and the piston
system ;). The system of SM is shown in details in Figure

4, enlarged in relation to the rocket engine.

Figure 5. Representation of electro-hydraulic servo valve
and its actuation at engine

To the open loop system, the electric RL circuit may be
described by the following differential equation [3]:

dl
¥ TIE + I - klua (1)
whereT; = £, Ky = £, L is the inductance and® the

resistance.

The electrical currenf moves the steel rod, so it is the
input to other control block whose output/is the steel rod
block. The equation that describes this block is a second-

Figure 4. Sketch of the interaction of SM with a rocket order differential equation given by

managing engine

d*h dh

Mg g
When pressurd®; is equal to pressuréy, the system is in
equilibrium and the rod is exactly at the middle of distancewhere the constants, C; andk, are obtained experimen-
between the two nozzles. In other words, the valve is in theally, k5 is a constant of proportionalityy, is related with
null position. Moving the rod to the right unfilby an electric  the expenses of viscous friction energy and the moment of
impulse with an applied tension, P, becomes greater than Coriolis force due to stream of nozzles gas, énds related
P; and the system composed by nozzles and pistons movegth the damped motion of steel rod. The first term in (2) is
to the right, opening a gap to the pipes. The pump leadsbtained from the steel rod moment equation.
special oil (working liquid) fromP,, to P, and, as result,
P, > P,. After that, the oil fromP, goes to tank passing Figure 4 shows a steel rod described as a very small rod
through P3,. and the piston betweeR; and P, moves to the near the eletric circuit, in which the moment is represented

+Clh: kQIv (2)
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by 16 = M, where! is the moment of inertia and the  In order to study this isolated system and its stability,apen
angle of rod rotation. From this figure, it is possible to writ and the closed loop are considered. For the closed loop, the
h = r for small# values. By deriving this equation twice equations are almost the same ones than those of the open

and substituting in the moment equatién= 5/r, it yields |0r?p, hkowever replacing by the f(leedback contral’ — ksy,
M = h[/r So, the moment of inertia can be written as WNerens 1S a system proportional gain:
I/r =my. Thus Jhmy = M. dI

It is possible to rewrite equation (2) as follows [3]:
o d*h dh It is clear that the SM is described by a set of differential
15— gz T2l +h =K, (3)  equations formed by (1), (3), (4), (6). To solve them, first of
all, the variation of parameters with respect to time is igtdd
whereT2 = mL 90T = b1 andK, = 072 As |y| = |4], the calculations were performed using oply

The outputh becomes input to the variation of the piston Open loop and closed loop systems
system. Beingds the section area of piston system and  Open loop—Fhe parameters used in the computational simu-

a constant of proportionality, it is possible to write [3]: lations are shown in Table 1 [3].
dz
Ts— o te= h, (4) Table 1. Parameters of the SM

[ Parameterf  Value ]

whereTs = Az /ks.

T 0.01s
Positionz is the input to the variation of pressureP = k1 0.005Q~"
P, — P, = kqx, andAP is the input to the displacement by 3.5kg/s
of the piston betweef’, and P». The equation that describes o] 12500N/m
the displacement piston control blocks is: my 4500k g
d2 dy U 20V
k 12.5N/A
dt2 + byg— a + Cyy = Askyx, (5) T:2s 1005
. . . . my 1kg
where b, is related with the expenses of viscous friction 5 50ka/s
energy and the moment of Coriolis force due to stream of Cf‘ 104]\5;
engine gas(), is related with the moment of engine dis- 4 - /;”
placement, and, is a constant of proportionality. The first Ay 10"m
term of equation (5) can be described as moment of engine ky 2000V/m

movement.

Figure 4 shows an example of engine movement, whére gy denoting@,; (0) the matrix containing the initial values of
is the engine angIeF is the force applied by movement of parameters, h, h, z, y, andD,; (t, ) the matrix representing
piston in the engine, and is the distance between the center ,q et of differential equations for the open loop system, 0
of pressure (CP) and the engine point where the fdfds  pas:
applyed. CP is the point of rocket where all the fluid pressure
forces are concentrated (in this case the thrust veciors

applied to the CM. Sincg = r’6 and the moment equation

. . . T
is given by 1,0 = M, then forgj = /6, it is possible to Qou(0) = [Io ho ho o o %o |
write I,4/r" = M, wherel, /v’ = my, andmyy = M. Itis — [0 00000 ]T
|mportant to remark that this last equation does not take int o
account compressibility of liquid, nonlinear dependences
and so on. The equation (5) also can be rewritten as: Equations (1), (3), (4) and (6) can be rewritten as follows:
o d? d Ak kyu—1I
TP 2Ty = S, (6) T
dt2 C4 h
whereT} = %4 and2¢, Ty = % ks I—2T5Cah—h
2
. . . Dy (tv .%‘) = hiézr ’
Finally, considering” = 1m, one hagy| = |§|. The block T
diagram of the open loop SM is shown in Figure 6. 7
Aykya .
=&, —2TuCay—y
RL circuit stell rod vapriisat:i':)n ; Eiston T42
u eq.(1) I eq.(3) h eq.(4) N leq.(ﬁ) v
where(, = 2\/3117 andk; = #. The graphics obtained

Figure 6. Block diagram of the SM in open loop applying the step: with amphtude of20V are shown in

Figure 7.



TiAl : b m] ’ ]'J[mE*Gl‘] ; the state variables converge to a single point and none of the
o1t e | 001 |- 41 goes to infinity, so the system is stable. Studying the blocks
of piston variation and piston displacement of device witt a
0 1 without damping, it was seen that the systems with damping
; ‘ . converge faster than the systems without damping.
th 005 t[s] O 003 t[s] WLy 0005 t[s]

Current versus time Steel rod displacement versus time Steel rod velocity versus time AnalyZing these graphiCS in FlgS 7 and 8, one can see that

_ ) _ . To calculate the roots of the characteristic equation of the
Piston displacement x versus time ~ Piston displacement y versus time Pistn velociy verisime - onen Joop and closed loop systems, it is necessary to rewrite

x[m] ' y’[[';] T . [“‘ff] — 1 the differential equations in the Laplace domain:
¥ [ms
110* | 540 s
107 R A{\/\/\N—' Open loop—
0
" (Ths+ 1)I(s) =k U(s),
% i t[s] % R tlsl e W t[s] —koI(s) + (m182 +b1s+C1)H(s) =0, ®)
Figure 7. Open loop graphics of variation of parameters —H(s) + (T3s + 1) X(s) = 0,
with time —Aé—f“X(s) +(TEs? +2¢Tys +1)Y(s) = 0.
The roots of the open loop system are computed as:
Closed loop—For the closed loop system, it is used a step _388.889 4+ 16214
with amplitude ofU = ' — ksy, whereks = 2 - 103 and 388,880 — 16215
u' = 20V. The initial values of parameters and the set of Eentsal 3
differential equations are given by: g —100.014 — 0.027¢
ol = —99.986 + 0.027:
—10 + 99.499:
] . 1T —10 —99.499:
Qu(0) = [ Iy ho ho xo wo %o ) !
= [0 0 0 0 001 0]",
Closed loop—
(T1s 4+ 1)I(s) + k1kssY (s) = k1 U'(s),
o (u' —ksy)—1I
e —kal(s) + (m1s + bis + C1)H(s) =0, 9
i “H(s) + (Tys + DX (s) = 0, ©)
kg[—QgréCzh—h — AL X (5) + (TEs? + 2¢uTyus + 1)Y (s) = 0.
Dcl (t, l‘) ES hfx .
T
(1 The roots of the closed loop system are computed as:
A4c7k441—2T4C4?)—y
Ti
—388.889 — 16211
The graphics for the closed loop are shown in Figure 8. —388.889 + 16211
_ _ . _ _ —102.387
" Cmemlversusntlne S‘;E:de displaclememverlsus time . S'teel rod \'el?cm'vcrﬂ‘lsmne ch = 97615
1[A] b [m] hms?] —9.999 — 99.527:
’ - ; —9.999 4 99.527i
0 0
5 ! ! ~0005 | 1 r | | i
Yo wtg ™ 02 04 tfd IR By analyzing the roots of the open and closed loop system,
it is also possible to see that its real part is negative, 8o th
Piston displacement x versus time Piston displacement y versus time Piston velocity y versus time SyStem is stable.
001 T T 0.01 T T . T T
i ] & | 7 A more general equation
o As said before, it is possible to model an electro-hydraulic
0 00033 7 servo valve at various level of detail depending of the objec
o ‘ | . ‘ . & . | tive. Consider again the system of differential equatiorof8
o 02 o4 tfd "o 02 o4 tfs] 0 02 o ts] the SM. By isolating! in the first equation of this system of
. . L equations, one has:
Figure 8. Closed loop graphics of variation of parameters
with time K
= —U.
(Tls + 1)



Replacing! in the second equation and isolatihg angle, variation of yaw, the SM angle and the resultant force
of disturbance:

K Ky
T (Tys+ 1)(T2s2 + 20 Ts + 1)
. o, _
Again replacing? in the third equation and isolating T (;fzz oy Tzt F a0+ Fy
F,o = =
m
- KKy (12)

(Ths + 1)(T3s% + 2¢Tos + 1) (Tss + 1)u'

wherez is the rocket lateral deviation of the C is the
Finally, replacingz in the last equation: third stage mass and’, the perturbed resultant force [5].

This resulting disturbance force can be caused by action of

wind (not in this case because it is considered the mathe-

 AYK K Kou matical model of third stage), presence of manufacturirty an
- n ’ assembly (installation) errors of a rocket and driving érc
installation.
wheren = (Tys +1)(T5s* + 2 Tos +1)(T3s +1)(T#s* +  Due to skew and frame deformation respectively, two per-
204 Tys +1). turbed forces are considered in the mod&l:~ Psin(g;")
~ . 100 .
Using |y| = |3], one gets the following 6th-order transfer @nd £2 ~ Psin(g; ). The force F. is calculated as
function: F, = \/F? + FZ? [16], see Figure 9.
< Xp
ny = Ay Ky K1 Kou. (10) R X4
F,.F, >
Since the steel rod is considered very small and moves along - CM cp
with a small distance or angle, such as the piston system, in L
generall, T, andT3 are small. Because of that, equation
(10) can be approximated by a 3rd-order transfer function: Xt >
< LP ~ |
BN al

2.2
(118 +1)(735" + 20728 +1)d = ue, (11) Figure 9. Perturbed forces due to skew and frame

deformation

where( is a damping factory; and , are time constants,

0 the angle of engine movement (output), the input. The

damping factoc is determined by the frictional forces in the ) .

bearings of mobile connections and may vary slightly. TheThe time-variant parameters ., a.y, a,, anda.; can be

values ofr; and » are determined by mass and geometrycalculated using experimental values [16] of thrust, mass,

(size) of governing bodies, in particular the control eegin  dimensions of rocket, forces, density of air and area of

They are defined as induced drag, present in the contratansversal section. This model does not consider the terms

devices. that depends of flow rate of total mass and the flow of mth
tank. In the third stage, the density of ai) (s considered
negligible and the parameteis, anda;w can be considered

4. NON-STATIONARY MATHEMATICAL MODEL zero [5], since these are dependent on the air density.

OF DYNAMIC SYSTEM AND CALCULATION . . L
OF PARAMETERS The equation for the acceleration of yaw angle is similar to
the equation of CM lateral displacement acceleration,thsit i
Using a thrust vector control system, it is possible to gimbadependent of resultant moment of disturbance:
the engine in order to maintain the rocket stability in a

previous established nominal trajectory area. For thig it Vo= ag.Z+ aiww + ayyth + aysd + M.,
necessary to obtain the equations that describe the dynamic ~ M

of rocket third stage. Those equations describe the lateral A7, = z,

CM displacement acceleration and the acceleration of yaw I

angle. In this problem only the control of yaw in its plane (13)

is considered, supposing that the control of pitch and yaw

are independent because of the approximation of small angle i ) i

(6 < 5°). The equations in the pitch plane are very similar towherel, is the inertial moment of stage add. the resultant

the equations of yaw in this case. of perturbed moment. Once again, the parameters can be
calculated using data from [16] and as-= 0, the parameters

The equation of CM lateral displacement acceleration is dic=, @y, anday.,, which depend o, will be considered

rectly proportional to CM lateral displacement velocitgwy  zero [5].



Due to skew and frame deformation forcdg, and F», the  obtained froma,; = —Py(X,, — X;)/I. L, is the distance
arising moments ardl; = Fy(L, — X;) andMy = Fy(L, — betw%en_thetﬁeginn_ing o;_third séta%e rocﬁetka?dhthfeder}d, not
X,) (see Figure 9), which result i/’ = /M2 + M2. Also,  considering the engine. Figure 9 shows a sketch of distances
mto>rr(1ents o?distuabance arise due to dlspla{c:;me%t of the cMXt» Xp, Lp and X, distance of CP to the top of rocket.

In the yaw plane, the moment is calculate ad/} = Pz,
Wherez¥ is the distance component of CM in the axis
(see Figure 10). The resultant of perturbed momeny, is
calculated ad/, = M’ + M. yqbf is the distance component
of CM in the axisy; .

Factora.,, is obtained as.,, = —P/m, whereP is the thrust
engine by approximating to small anglé3¢os(«) = P and
Psina = Pa. Atleast,F, = F,/m is also calculated as
a:ready explained. All the factors were computed in the yaw
plane.

During the time interval) through0.25s, all the parameters
X are null, so the polynomial regression can be performed
! considering only the interval.3, 0.7]s. A fourth-order poly-
Vi nomial has been used to iterpolate the data. Figure 11 shows
the graphics obtained comparing the used time-variant data
% M [16] to the polynomial regression for each one of parameters
YA
y¥ /] 05 T T T T o
71 )< |
cross-section detail or b

P / azy az5 01 T
an® 250
/ AL . Cour 1

71 03 T T T T T 0.002 — T

Figure 10. Moment of disturbance relative to CM i
displacement ’

To simplify this complex problem, a PD controller actuating
only on the angle of yaw is considered. For this, one has th
law controlu, = K,¢ + K4sv¢, whereK, and K, are the
constants to be determinate (controller gains). Finalig, t
set of equations for a rigid hardened rocket that descrimes t
stability problem is as follows:

§%2 — azypt) — a0 = F,

s2p — a6 = M Figure 11. Graphics of the polynomial regression
- 14
(115 + 1)(158% + 2¢T25 + 1)8 = u,, (14)

Ue = Kpp + Kgstp.

inally, the mathematical modeling of the time-variant-sys
em has been obtained. The polynomial functions obtained
for each one of parameters are given as follows:

The used data are close to those of the Cyclone-4 thir
stage [16] whitin the time interval frond through 0.7s.
Aerodynamic factors are considered negligible since the ai
density is disregarded.

The factora, is calculated as.s = — Py /m, whereF, is the

thrust engine in Earth and is tr(1e)}*nass of(tr;e rocket at/the azy  (t) = —2.047 4 19.027t — 67.266t> + 103.296t> — 59.254t",
third stage, calculated a8 = G(¢)/9.81. G(t) = Gy — G _ _ 2 3 4
is the variation in weight with time, wher@, is the initial ~ @=¢ (1) = 72047+ 19.027¢ = G7.2661" + 108.2961" — 592541,
values of weight and:’ the change in weight with time. aps (t) = —33.285+299.319¢ — 1003t~ + 1437t — 751.562t",
- F. (t) =6.679-10"% —0.062t + 0.218t> — 0.333t* 4 0.19¢*
To calculatea,s, it is necessary to use the values of thrust _ *) +2 5 + . ’
engine on Earth, the coordinalg of CM; X;; the coordinate M- (t) = 0.216 — 2.009¢ + 6.912¢™ — 10.246¢" + 5.594¢".

of engine location,X,, = L, — 1; and the inertia moment (15)
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The set of equations is given by: _ { F.(s) ] (18)
822 — ap) — a.56 = F,

%) — A0 = M.,

(16)

—(Kp + Kg8) + 17383 + (2¢7 7 - . . .

(2 Y, )9 + [ (&mir The characteristic polynomial of the first matrix of above
+73)s” + (11 +2¢72)s + 1] = 0, equation, calculated at= jw, can be written as:

or, in the time domain:

d’z _ n

= = azy(t)Y + afs(t)é + FL (D), Ay (w)Kp + Arp(w)Kg = By (w),

G = ays()0 + M. (1),

3

—(KP¢+Kd‘;—f)+rn§§—t§ (7)

+(2<7’17’2—|—7'22)ZT§+ Agl(w)Kp+A22(w)Kd = Bg(w).

(11 4+ 2(m) %L +5=0.

Then, by defining:
5. STUDY OF STABILITY AREAS

In order to evaluate the control stability problem, first €on

sider the analysis of area stability construction. To celiv Aw) = ‘
the payload to a given point on the space, it is considered a

region around the nominal trajectory, i.e., a technicdlitg

region. That means that if the rocket is maintained insidge th

region, the mission would be accomplished. Taking differen

instants of timgt = 0.3s,t = 0.4s,t = 0.5s,t = 0.6s,¢ =

0.7s) and setting the parameters values at these instants [16], “Bi(w) Ap(w)
areas of stability are constructed for some probable values A (w) = ‘ ! 12

of constantsr; and 7, in order to analyze the influence of

these constants on the size of stability areas. For eadmninst

of time there are different coefficient values of movement

equations of rocket and different stability areas.

The study of the influence of andr, on the size of the areas An(w) —Bi(w)
is important for solving the control problem. These values As(w) = ‘ 1 !
are generated for design parameters and cannot be chosen Aoi(w)  —Ba(w)
arbitrarily. They may vary slightly and, in the design, ttoey

be changed within some range. It is considered the variation

of 7 and » between0.001 and 0.15. Each point inside ]

the stability region defines the coordinatas m, K, and  one finally gets the PD controller parameters:
Ky, indicating the values of time constants and gains in the

implementation that provide the stable movement of rocket.

The time constants are chosen before constructing the, areas _ Ag(w) I B ) 19
such as the SM damping factor, chosen between 0.1 and 0.4 a(w) = : (19)
(in most of stability area construction was useg 0.3). The
limits of stability regions moves im , 72, K,,, K4 because of
changes in movement equation coefficients. It is possilale th
the selection of the values in the initial instant of desgnat i _ ;

inside the stability region in some moment of flight. In this g?er gvséﬁgigaags: 0.3s the polynomialse. (1), a:s(?), avs(?)
case,r; and, cannot change, so it is necessary to change

the value of length’ in the SM, the shoulder of control force

)

relative of CM. The calculation of boundary stability eresbl a,4(0.3) = —0.084,
the choice of gain value, formed by the control system and
implemented as needed. a.5(0.3) = —0.084,

aﬁ,5(0.3) = —1.048.
First, it is chosen a time instant to set the parametgy$t),
a.s(t) andays(t) is chosen. Then, one isolat@é the third
equation of 16 and replaces in the first two system equations.

Finally, the resulting equations are written in the matasnfi: ~ In this example, the range of frequency for the calculation
of K, Kqisw € [0,100] rad/s and the damping factor is

¢ = 0.3. By varying the time constants, the stability areas
) (s Ky a5 K as) can be constructed. As an example, considering the variatio
S ol B Bl oy ey oy [ (®) } of 7, inside the interval0.1,0.15] with fixed 7, = 0.01s,

one obtains the plot shown in Figure 12. Similarly, for fixed
s Kotaus Kas m = 0.01s and varyingr, inside the interval0.1, 0.15], one
0 (s*— (Tfﬁfg‘ng’;;L;gT;jm) obtains the plot shown in Figure 13.




60 ; ; ; .
e —— " — Define the following state-space variables:
Klew) Kdi(w) ‘nk_h \ z = xo,
,IF‘?N) .l?..“.if“-) “ﬁ"\\\ dz dx
Kd3(w) E’F“’) 3 = ~ E = dito =,
Kaiw) Kedi(e) I
0 £ 0 = d’(ﬂ d.l?g
0 300 1000 1500 0 il 40 60 80 e — _— = x3)
Kpl(w), Kp2w) Kpd(w) Kpiw) Kp3(w), Kpb(w) KpT(w), Kodlw) dt dt
— T2=001 - T2=001— T2=003 - T2,=001‘ [— =05 T=00s— T=007— - T2=00y o6 = Ty, (20)
do dx4
_— = —_— = 1'5
s = dt dt ’
b Kdl3(w) ‘in“a\ d*s das
Kdlow) 4 - - — _ T = = — = 4.
Kall(w) TN Kdldw) - . dt dt
— ! ) Kdii(w) 2 S
Kdlw) - — L
o L ot . . .
= = The set of equations (17) is written as:
i 3 01 P L 05 5 I 5
Kpd(w). Kpli{w) Kpl (). Kpl2(w) Kpl3(w) Kpl4(w),Kpl3(w) % =Ty,
— T2=009 ---- T2=0.40 —  T2=011 —- =0. — T2=013 ---- T2=014 — - T2=015 I
n=0] [— D=0 =g — m=0n dd% _ @zw(t)l‘2 + az5(t)l‘4 1L E,
dzy _ T3
Figure 12. Areas of stability -, fixed o ’ _
Tf = a¢§(t)$4 + Mz(t),
d
d
d 1
e = (—aswe — azzs — w4 + Kpwo + Kqus) -,
o
Kals) Kesise) H‘*“&Hﬁ__\
S T T ) )
T 0 — ) Fw 0l ; wherea; = 774, a2 = 2(T1 72 + 75 andag = 1 + 2(7o.
Keitw) N, R R . - . -
= 2 //’/ - e Consider the initial values of, z andd as0, the initial yaw
s | ol Ij‘*:w Ll angley as2.5° (0.044 rad) and yaw velocity as0.044 rad/s.
R S s Ko T Kt By setting the SM damping factgr= 0.4, it was found that
— o mw— mee Tew] [ mieis - mieaw— mieiw - mieom] the angle and velocity of yaw are controllable fgy = 1.33
and K; = 0.2. This result was found for the stability area
s__it%\ = constructed at = 0.6s, with time constants; = 0.001s and
- - | . 75 = 0.02s. See Figure 14.
Ka0s) Y Rdlis) S
Kdlltw) Katit) 1
e KL 5 - Zz)fgg [ e —
iy L 1877
e s
’ 0 100 0 300 400 0 [ 30 100 150 200 250 300 }3‘3‘
Kp9(w).Kpl0(w), Kpl1(w), Kpl2(w) Kl Kpld(w) Kpltw) B i,
— T=009--- T1=010 —  Ti-=0i1—-- T1=01] [— Ti=013 - TI=01¢ —- Ti=015] Kd(w) glg ,}
58
Figure 13. Areas of stability -, fixed os
i3
22
o 11
0O 34 68 102 136 170 204 238 272 306 340
] Kp(w) 340
It can be observed that the stability areas in Figure 12 Figure 14. Area of stability

decrease as, increases. In Figure 13, the stability areas
decrease less than in Figure 12, but these areas are a little
dislocated as; increases.

After the study of stability area, the simulation of system

with time-varying parameters is represented by polynasnial
6. DEVELOPMENT AND RESULTS Ay (t), az5(t), ays(t). The parameters have been setas

Consider again the mathematical model of the time-varian.001, m» = 0.02, K, = 1.33, K4 = 0.2 and¢{ = 0.4. To

system. Another approach studied in this work is to choosehoose these gains, a lot of simulations taking into account

Timin < 71 < Timaxs T2min < 72 < Tomax, Kp and Ky in the stability area have been performed.

such a way that the yaw angle and its variation to be stable

(converging to zero). The parameters,, a.s andays are By varying the time instants, the time constants and proceed

considered fixed at a given time instant. ing as in the previous section, an extensive study about the
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Figure 15. Dynamic system with non-stationary
characteristics: yaw and yaw variation versus time
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Figure 16. Dynamic system with non-stationary
characteristics: SM angle versus time

influences of the parameters in the technical stability &ea
performed. The study of each one of these areas enables the
choice of gains in order to stabilize the system. The goal is t
find the value of the parameters leading the initial angénd

1 to zero. Control of lateral displacementnd its variation
% has not been considered in order to simplify the problem.

Figures 15 and 16 shows the obtained valueg/for) and s
to validate the control design.

Analyzing Figure 15, it is possible to see that the yaw angle

10

and the variation of yaw approach zero, as expected. These
graphics were obtained for an short period of time becawese th
initial values of parameters, before the polynomial regjaas

are just for0.7 seconds. Because of that, in the simulation of
non-stationary system, the analysis was made for this time
interval.

With respect of SM anglg, it can be seen in Figure 16 that its
variation is betwee.081 and—0.015 rad; i.e., it was taken
into account the overshoot 6f —5° < § < 5°,

7. CONCLUSIONS

The stability control problem of third stage rocket using an
SM as actuator of a single engine has been addressed. This
problem has been approached by obtaining the equations
that describe the system, calculating the time-variantehod
parameters, constructing stability areas, and selectieg t
structure and parameters of a PD controller.

After choosing the parameters related to the mechanical
electro-hydraulic valve structure, and the controllerngai
which are applied to the yaw angle and velocity, the problem
of obtaining the third stage RC stability inside a technazak
could be solved.

The model parameters have direct influence on the stability
areas, such as setting of time variant coefficients, which
describe the third stage rocket dynamic and actuationrsyste
At every time instant, these coefficients values will geteera
different stability areas. Studying the stability areagath
instant inside a given interval and the influence of model
parameters chosen in these areas, it was possible to find the
controller gains to stabilize the yaw angle and velocityirtg

care of maximum and minimum values that the engine angle
can reach. If the variation angle of engine were greater than
the engine overshoot, the time constants of SM should be
smaller; i. e., it is necessary an SM with a better valve flow
capacity [2].

To illustrate these theoretical results, computationalusa-
tions have been presented. However, the problem of con-
trollability maintenance is a challenge and often demands
solutions that are not traditional [5]. For future works, it
is intended to research and study more about RC as control
object and rocket controllability maintenance.
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