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ABSTRACT The boost-glide rocket needs to maneuver in the atmosphere with complex flight conditions,
which is a big challenge for the attitude control system. In this paper, the design process of the control
system is analyzed. With specific points of the flight trajectory, the design of an improved proportional-
integrative-derivative (PID) controller based on the small perturbation theory is carried out. Design approach
of the attitude control system is verified by the six-degree-freedom model simulation. The rocket flight
control program is written to the onboard computer so that hardware-in-the-loop simulation experiment is
completed. Experimental results show that the mean and standard deviation of the error between simulation
value and experiment value are below 0.5°, so the control parameters and design method are reasonable
with a great attitude tracking effect. This paper proposes the design and verification method of a boost-glide
rocket attitude control system, which can provide a reference for design of the boost-glide rocket around the

world.

INDEX TERMS Boost-glide, attitude control, PID, hardware-in-the-loop simulation.

I. INTRODUCTION

Boost-glide rocket is the hotspot object of current research,
which can maneuver in the atmosphere to complete specific
flight missions. It can achieve great success with the joint
execution of multiple rockets [1], [2]. The boost-glide rocket
has many advantages such as high speed, long-range, and
high accuracy. Design and application of the control system
is a big challenge for high maneuver flight. The boost-glide
rocket changes attitude by rudder deflection, which requires
fast-tracking ability of the command attitude angle. It could
hit the target and complete missions by correcting attitude
deviation constantly.

The boost-glide rocket obtains guidance instructions from
measurement data of sensors, then generates control torque
to change the angular velocity and attitude angle. The attitude
control system is a complex mechatronics system, which not
only needs to ensure correctness of the calculation algorithm
but also needs to ensure normal work of the flight control
program and reliability of the hardware. The control system is
composed of a variety of software and hardware, any problem
in the loop will lead to failure of the whole mission [3].
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However, the rocket is in a bad flight environment for a long
time, disturbance and complex electromagnetic environment
will lead to failure frequently, the control chip’s voltage
inversion caused by disturbance will make the control process
generate errors and result in serious flight accidents.

The attitude control system is basis for a boost-glide
rocket to complete flight missions. Attitude divergence is a
high-frequency problem of rockets, which is also the focus
of research by scholars in related fields [4]-[9]. Common
control methods include adaptive control [10]-[12], con-
trol allocation [13]-[15], sliding mode control [16]-[18],
multi-model switching control [19]-[21], nonlinear control,
etc. [22]. The design of a controller with stability and strong
robustness is the focus of current research. Wei et al. [23]
propose a formation keeping controller. In [24], Wei et al.
design an adaptive control controller. In [25], Wang et al.
propose a method to deal with tracking and attitude control
problems. However, most of the current advances only remain
at the theoretical level with pure numerical simulation, lack
of experimental verification, so it is difficult to obtain engi-
neering applications.

Taking a small boost-glide rocket as an example shown
in Fig. 1, we will analyze the control system working princi-
ple and hardware composition, propose the transfer function
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FIGURE 1. A physical view of the propulsion glide technology test aircraft.

calculation method and the control law design method. The
three-channel control law will be designed and verified
through nonlinear six-degree-freedom trajectory simulation
and hardware-in-the-loop simulation experiment. The exper-
imental results have high reliability and universality, which
can provide a reference for design of an attitude control
system with the boost-glide aircraft.

Il. DESIGN OF THE ATTITUDE CONTROL SYSTEM
A. OVERALL CONCEPT DESIGN
There are three parts of the overall concept design.

1) COMPOSITION OF THE ATTITUDE CONTROL SYSTEM
Block diagram of the attitude control system is shown
in Fig. 2. While the rocket is flying in the atmosphere, it is
affected by various disturbances, which cause the actual atti-
tude angle to deviate from the command attitude angle. The
actual attitude angle is calculated by the integrated navigation
system. The attitude controller calculates rudder deflection
instruction according to attitude deviation and transfers it
to the rudder system to have deflection angle, then it will
generate control torque to change attitude of the rocket.

Components of the attitude control system are shown
in Fig. 3.

Simulation is required for a control system of the boost-
glide rocket. Flight process of the rocket is simulated by Real-
Time Model Solution Platform, integrated navigation, flight
control computer, and rudder controller, which are integrated
into integrated flight control machine, as shown in Fig. 4.

2) BLOCK DIAGRAM SIMPLIFICATION

When designing the control law, it is considered that there
is no disturbance and the measuring sensor and actuator are
ideal equipment. Block diagram of the control law is simpli-
fied as shown in Fig. 5.

3) DESIGN PROCESS OF THE BOOST-GLIDE ROCKET
ATTITUDE CONTROL LAW

First, we should calculate three-channel transfer function
of the boost-glide rocket, then derive transfer function of
the control system. Finally, adjusting control parameters to
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make performance of the control system meet requirements
of indicators, the process is shown in Fig. 6.

B. ROCKET THREE-CHANNEL TRANSFER FUNCTION

There are five steps to get the rocket three-channel transfer
function.

1) MOVEMENT MODEL

Movement model of the rocket is established, specific sym-
bol meaning is referred to [26]. The model is divided into
longitudinal movement model and lateral movement model.
Variables of the longitudinal model include velocity, velocity
inclination angle, attack angle, pitch angle, pitch angular
velocity, transmitting orientation displacement and altitude,
etc., which can be expressed as

av
m— = Pcosacos B —X —mgsinb coso + Feyyi

mV — coso
dt

= P(sina cos v + cosa sin B sinv)
+Y cosv — Z sinv—mg cos 6 +R'8, cos v
+R'8y sinv

Lo = Moy + M2y 8, + (Lt — Loy, W

dx
— =V cosbcoso
dt

dy .
— = Vsinfcoso
dt

.1 = @Cos Y cosy — Y siny
=0+«

Variables of the lateral motion model include track yaw
angle, sideslip angle, yaw angle, yaw angular velocity, roll
angle, roll angular velocity, and lateral distance, etc., which
can be expressed as

= P(sina sinv — cos « sin S cos v)
+Y sinv + Z cosv — mgsinf sino
+R'8, sinv — R'8y, cos v
L = Myy + M2,8) + (L — Loy

Ly = My + M8y + (I — L)wz10x1 ()
dz Vsi

— = =V Ssino

dt

Wyl =Yy — @siny

wyl =1 cosy + ¢cossiny
Y=0+p

y=v

2) LINEARIZATION OF THE BOOST-GLIDE ROCKET
MOVEMENT MODEL

Longitudinal and lateral motion models of the rocket are
nonlinear, parameter time-varying with modeling errors,
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FIGURE 2. Block diagram of the attitude control system.

(a) Body of the boost-glide rocket (b) Integrated navigation and rudder
Y & controller

= S
(d) The rudder system

(c) Flight control computer

(e) Ground station (f) Telemetry hardware
FIGURE 3. Components of the control system for a boost-glide rocket.

(b) Real-Time Model Solution Platform

(a) Intégrated flight control
machine
FIGURE 4. Simulation equipment of the attitude control system.

so models need to be linearized to facilitate the deriva-
tion of the transfer function. The perturbation equation of a
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FIGURE 6. Design process of the boost-glide rocket attitude control law.

rocket is derived by small perturbation method on theoretical
trajectory.
The longitudinal perturbation model is expressed as

dv
me = (PV cos —XV> dv — (Psina + X%)da
—mg cos 0do
do do
mV— =P sina+Y" —m— )dv
dr dr
+ (Pcosa+Y°‘) da+mgsin9d9+Y‘S‘/’d5¢
dC() 1 \% 7
Izld_tz = ZldV + gldot +Mzai d(,()z (3)
8
+ M7 dé, + M
dyp =dbf + do
de
w;] = —
T
T cosOV — Vsinf A6
Ay =sinBAV + V cosAb
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The longitudinal perturbation model is also expressed as

dAV
- =a11AV +a;p Al + aizAa

dAfO
o @ AV 4+ an A + a3 Aa + ars Ady,

dAa
—— =a31AV + a3 Ab + a3 Aa + aza Aw;;

dt
+azsAd,
dAw;;

dt

+agsAd,
where
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ajg = —,
m
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aply = ———,
m .
PVsina + YV —mb gsin6
a = ) a = )
21 ey 22 v
Pcosa +Y* 0 V&
a3 = ———, au=0, ap3y=—,
23 mv 24 25‘ mv
(PVsina+YV—m9)

mV
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az) = —az1 = —
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gsinf

azp = —ax = a3y = —ax =
y My
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mV I I

The lateral perturbation model is expressed as

VdAo
mdt

= (—Pcosacosf +ZF) AB — mgsin6 Ao
+ (Psina +Y) Av — Z% cos VASy + Fy,

dAa)l ) wy
Lo — = = MEAB + MY Awy + M Awy

8
+M, [ A8y, + M
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Av = Ay

Az=—-VAco

Iy
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The lateral perturbation model is also expressed as

dAB
7 —b11AB — b2 AY — bizAwy — bisAy
—b16Ady
dAy boi A
eavy w
I 23 Awy)
dAwy @)
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The variable calculation method of an aerodynamic deriva-

tive is as follows

Y()l: ;ll.q.Sm
M =Cf - q-Sw-Li + Y% Xeg
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1 1
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9

L
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where L represents the characteristic length and §,, repre-
sents the characteristic area.

3) DERIVATION OF THREE-CHANNEL TRANSFER FUNCTION
FOR THE BOOST-GLIDE ROCKET

The velocity variables are long period movements, which
change slowly relative to angular variables. We usually ignore
the small speed variable while designing the attitude control
law. Therefore, the longitudinal perturbation model can be
rewritten as

dA6
o = an A0 + a3 Aa + axs Ady
dia
—— = —an Al — apAa + Aw; — ax5Ady, (10)
d%a)ﬂ
o = a3 Aa + agaAwy) + ag5Ady
The model above can be obtained by Laplace transform
s—dax» —ax3 0 AB(s)
—az §—as —asg Aa(s)
—a4 —a43 S —a44 Aw;i(s)
azs
= | azs [ - Ady(s) (11)
ass

The transfer function from pitch rudder angle Ady(s) to
velocity inclination angle A6(s) can be obtained as follows,
(12), as shown at the bottom of the next page.

The transfer function of pitch rudder angle Ad,(s) to attack
angle A« (s) (13), as shown at the bottom of the next page.

The transfer function from pitch rudder angle Ady(s) to
pitch angle Ag (s) can be obtained (14), as shown at the
bottom of the next page.

The lateral perturbation model is obtained by Laplace
transform

s+bi1 by bz by O AB(s)
0 s —bys 0 0 Ay (s)
—b31 0 s—b33 0 —b3s || Awy (9
0 0 0 s —bys Ay (s)
—bs1 0 —bs3 0 s—bss Awy (5)
—big O
0O O
A8y ()
=| bx O [ v ] (15)
0 0 A(Sy (s)

0 bs7

The boost-glide rocket described in Fig. 1 is skid-to-turn
(SST). The interaction between yaw channel and roll channel
is very small by analysis of aerodynamic data. Therefore,
the cross partial derivatives of yaw and roll channels can be
ignored, namely
Wyl
AL
yl

L ~0 (16)
x1
wy]
xl ~ 0
le

b3s =

bs1 =

bs3 =
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Under action of the attitude control system, roll angle of a
rocket is small, so the projection of vertical normal force of
a rocket is very small so that could be ignored in the lateral
side, namely

Psina +Y
mV

According to simplified conditions, the yaw channel model
can be obtained as follows

big- Ay = — Ay =0 a7

s+b11 0 b3 AB (s) —bi
0 s —bxy AV () | =] 0 | A8y
—b31 05— b33 Awyi () b3
(18)

The roll channel model can be obtained as follows
s —bys Ay () | _| O
|:0 s — bss :| |:wa1 () | |bs7 Ady (9 (19)
The transfer function from yaw rudder angle Ady (s) to
yaw angle A (s) can be obtained

AY (s)
Ady (s)
_ b3gs + b11bsg — b31bis 20)
53 + (b11 — b33)s?> — (b31 + b11b33)s
The transfer function from roll rudder angle A§,, (s) to roll
angle Ay (s) can be obtained

Gay, () =

GO (5) = Ay(s) 1 Awyg 1 by
Ay Ay (s) s ASy(s) T s s— bss
bsy
= 21
S2 - b55s ( )

Therefore, transfer function of the three-channel for a
rocket can be obtained, (22), as shown at the bottom of the
next page, where the coefficient a;;, b; are called dynamic
coefficients calculated according to theoretical trajectory.

The transfer function of the three-channel can be rewritten
as

A Nyl - 8 + Nyo
GA? () = 3 £ B :
¢ dy3 - s +d(p2'_|f +dy1 - s+ dyo
AV ny1 -8+ nyo
G = 23
A‘S‘”(S) d¢3~S3+d1/,2-S2+d1/f1 .S 23)
Gl ()= —0
Ady dyg-s2+dy1 -8
where

Npl = d45, Ny = das(d23 — az) — a43azs
dpz =1, dyo =ax3 —ax — a4, dyi
= aq4(ax — az3) — as3, dyo = aqzaxn
ny1 = bss, nyo = b11bze — b31bie
dys =1, dyr=b11 — b3z, dy1 = —(b31 + b11b33)

nyo = bs7 24)
dy2 =1, dyl = —bss
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4) DERIVATION OF THE TRANSFER FUNCTION FOR A
BOOST-GLIDE ROCKET ATTITUDE CONTROLLER

In real applications, some important problems, such as hard-
ware limits and parameter uncertainties, are commonly seen
in boost-glide rockets. Some new control methods are not
suitable for practical rockets with complex flight environ-
ments. For example, the gain scheduling control method can-
not ensure good global performance. For the sliding mode
control method, to maintain stability, it is necessary to con-
tinuously switch control logic, which will produce chattering
problems and affect the control effect. For feedback lineariza-
tion method, it requires an accurate system model and all
state information, which is very difficult. Then engineering
applications of the feedback linearization method are limited.
So an improved PID controller is adopted for the small solid-
propellant boost-glide rocket. The traditional PID controller
is

t
u(t) = Kpe(t) + K; / e(t) + Kd? (25)
0

In a boost-glide rocket attitude control system, the sym-
bol e represents attitude angle error, which is the difference
between command attitude angle and actual attitude angle.
The differential term is improved, angular velocity of the
boost-glide rocket is direct feedback. Angular velocity is
directly measured, which is easily used in the control system.

FIGURE 7. Block diagram of pitch channel control loop.

The three-channel controller can be designed as
1
Ady = KppAgp + KiWEA(p — Kgpse
1
Ady = Kpy AV + Kiy, ;AW — Ky sy

1
A8y = Kpy Ay + Kiy~ Ay = Kaysy (26)

5) TRANSFER FUNCTION OF THE BOOST-GLIDE ROCKET
ATTITUDE CONTROL SYSTEM

Taking pitch channel as an example, the control loop is shown
in Fig. 7. Yaw channel and roll channel are designed in the
same method as pitch channel.

To select control parameters, the transfer function of pitch
channel can be obtained. Firstly, the open-loop transfer func-
tion of pitch channel is calculated. The open-loop control
block diagram is shown in Fig. 8.

Aa (s)
G5, () =
4 Ady (s)
_ —ax55” + (asaa2s5 + ass)s — axass (12)
§3 4+ (a23 — axn — aaa)s® + [aaa(ar — ax) — aszls + agzaxn
A0 (s)
Ga3,(9) =
o A8, (s)
_ a2s5s® — aaadnss + assary — as3ass (13)
$3 4 (a3 — axn — ass)s* + [aaa(axn — ax3) — ag3)s + aszaxn
A Ag(s) Aa(s) AO(s)
GA(S (s) = =
v ASy(s)  Ady(s) | AS,(s)
_ asss + ass(azz — ax) — a43ass (14)
83 4 (a3 — ax — ass)s* + [aaa(an — ax) — as3ls + aszan
G2¥ (5) = a4ss + ass(az — axn) — aa3as
Ady §3 + (a23 — axn — aas)s® + [aas(az — ax3) — asz] s + aszan
b3es + b11b3g — b31b
Ay 36 11b36 — b31b16
Gps, ) == — 5 (22)
s° + (b11 — bzz)s* — (b31 + b11b33)s
Ay | 57
Gns, =T
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FIGURE 8. Open-loop control block diagram of pitch channel.
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FIGURE 9. The process of control parameters correction.

According to a control block diagram in Fig. 8, the open-
loop transfer function of pitch channel is

K; A
o(s) _ (pr + Tw) GAQ, (s)
Pe(s) 1+ Kd(psGifw(s)

G, () = 27)

To select a certain moment, the transfer function of pitch
channel can be calculated, (28), as shown at the bottom of the
next page.

A closed-loop transfer function is calculated by the open-
loop transfer function

Gg(ﬂc (S)

Gl () = —&
(8 T G&C ©

(29)

The open-loop transfer function and closed-loop transfer
function of yaw channel and roll channel can be derived same
as the above method.

C. VERIFICATION PROCESS OF ATTITUDE CONTROL LAW
There are four steps to verify attitude control law.

1) SELECTION OF SPECIFIC POINTS FOR THE BOOST-GLIDE
ROCKET ATTITUDE CONTROL SYSTEM

To select the specific points of flight trajectory, including
engine shutdown point (maximum dynamic pressure point),
highest trajectory point, pull starting point, parachute opening
point, etc.

136366

2) CALCULATION OF THE BOOST-GLIDE ROCKET
THREE-CHANNEL TRANSFER FUNCTION

According to dynamic characteristics of specific points,
the dynamics coefficient is calculated, then three-channel
transfer function of the boost-glide rocket is obtained.

3) TO SELECT THE CONTROLLER PARAMETERS
To select the initial control parameters, Ky, Kiy, Kqyp.

According to the open-loop transfer function, Bode dia-
gram is drawn to calculate the frequency-domain character-
istics.

According to the closed-loop transfer function, step
response curve is drawn to calculate the time-domain char-
acteristics.

To judge whether the performance indicators meet require-
ments. If not, adjusting the control parameters and recal-
culate performance indicators until performance indicators
meet requirements. The control law of yaw channel and roll
channel can be designed as the same method.

4) VERIFICATION AND MODIFICATION OF ATTITUDE
CONTROL LAW FOR THE BOOST-GLIDE ROCKET

The control law is designed by some hypotheses, including
rocket linear movement model hypothesis, no disturbance
hypothesis, the ideal sensors and actuators hypothesis, etc.
The actual movement model is nonlinear and time-varying,
control parameters should be verified and corrected in
a six-degree-freedom simulation. If the attitude diverges,
we should adjust the control parameters according to simu-
lation.

The selected control parameters of each specific point are
taken as the initial value, the simulation time is set from zero
to this point. The control parameters are corrected according
to tracking derivation of the attitude angle along time. When
attitude control correction of this specific point is finished,
simulation time is extended to the next specific point. The
correction process is shown in Fig. 9.

The coordination relationship of the design, verification,
and modification of the boost-glide rocket control system is
shown in Fig. 10.

Ill. NUMERICAL SIMULATION VERIFICATION

A. NUMERICAL SIMULATION VERIFICATION

The boost-glide aircraft needs to glide in the atmosphere,
so a glide trajectory is designed. Designed boost-glide air-
craft is recoverable with a parachute, so movement before
parachute opening point is mainly simulated, and movement
after parachute opening point is not the focus. For designed
trajectory, the boost-glide rocket will glide in the longitudinal
plane and suppresses yaw and roll movement. The designed
glide trajectory in the longitudinal plane is shown in Fig. 11.
Command yaw angle and command roll angle of the lateral
movement is zero. It is a boost-glide trajectory so attack
angle of the rocket is zero in ascending stage and changes
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in descending stage with a pull-up glide trajectory to increase
the range.

Design of the small boost-glide rocket does not require
very strict trajectory tracking without considering the guid-
ance problem, so it only needs to control the three-channel
attitude. Theoretical trajectory of the boost-glide rocket is in
the transmitting plane, therefore, command yaw angle and
command roll angle of the attitude control system is zero.
In order to realize the trajectory in Fig. 11, the boost-glide
rocket will get lift force by adjusting pitch angle and attack
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FIGURE 12. Theoretical pitch angle of the boost-glide rocket.

angle. Then the rocket will glide in the atmosphere, theoreti-
cal pitch angle corresponding to trajectory is shown in Fig. 12.
The theoretical pitch angle in Fig. 12 is as command pitch
angle of the rocket, the mission is to track theoretical boost-
glide trajectory. Goal of the attitude control system is to keep
yaw angle and roll angle at 0, and the pitch angle needs
to track command pitch angle. The rocket will realize the
boost-glide trajectory with great effect by tracking command
attitude angle.

Kpy - ng1 - 5% 4 (Kpy - 190 + Kig - ng1) - s + Kig - 10

Ggfpc (S) =
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TABLE 1. Selection of specific points.

The time of specific points Meaning
0.5s near control starting point
2s assistant point
3.8s near maximum dynamic pressure point
18.45 near highest trajectory point
27 near pull starting point
52 near parachute opening point

B. SPECIFIC POINTS SELECTION FOR THE BOOST-GLIDE
ROCKET ATTITUDE CONTROL SYSTEM

Design of control law based on three-channel transfer func-
tion of the boost-glide rocket is aimed at a certain moment in
the flight trajectory. If the whole flight process should be con-
trolled stably, the representative moment in flight trajectory
should be selected.

The small boost-glide experimental rocket should have
the function of full rocket recovery to analyze the flight
process efficiently. According to parachute opening time,
movement of the boost-glide rocket before parachute opening
point is mainly simulated, and movement after parachute
opening point is not the focus. The control starting point,
maximum dynamic pressure point, highest trajectory point,
pull starting point and parachute opening point are selected
here. To ensure coordination of the whole rocket movement,
another specific point is taken between the starting point and
the engine shutdown point, so 6 specific points are selected in
total. The time of each specific point is determined according
to the theoretical trajectory as shown in Table 1.

In table 1, the boost-glide rocket has maximum speed and
maximum dynamic pressure at engine shutdown point, and
pull starting point is the moment while the boost-glide rocket
starts to pull up. The parachute opening point is the moment
while attitude of the boost-glide rocket is near O in descending
stage. The control parameters corresponding to time between
each specific point are obtained by linear interpolation of
specific points.

C. CONTROL LAW VERIFICATION
The performance indicators of attitude control system:

1) The amplitude margin is greater than 10dB.
2) The phase margin is greater than 45°.

3) Overshoot is less than 15%.

4) Rising time is less than 3 seconds.

5) Steady-state error is less than 0.01.

The boost-glide rocket needs to glide in the atmosphere by
changing attack angle and attitude angle. The moment of pull
starting point is valuable, which faces great difficulties in the
attitude control system.

Taking pitch channel attitude control law design of pull
starting point as an example to analyze. Design of the three-
channel attitude control system at other specific points is
similar to pitch channel at pull starting point.
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FIGURE 13. Nyquist diagram of pitch channel.
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FIGURE 14. Bode diagram of pitch channel.

According to the attitude control law design method pro-
posed above, the time of engine ignition is regarded as zero
point. The time of pull starting point is 27s, the transfer
function of pitch channel can be obtained as follows

—2.6636s5 — 2.9725
53 +2.24835% + 59.4734s + 3.4251

where K, = —20, K;, = —20, Ky, = —3, the open-loop
transfer function of pitch channel is

_3052.2608s% + 6458.4949s + 3406.2341
5% 4 460.0874s% + 570.408552 4 3.4251s

The closed-loop transfer function of pitch channel is (32),
as shown at the bottom of the next page.

Nyquist diagram, Bode diagram, and step response
curve according to transfer function above are shown in
Fig. 13-Fig. 15. Performance indicators according to the
transfer function above are shown in Table 2. PID parameters
selected of other specific points are shown in Table3. Selec-
tion of PID parameters should ensure attitude angle does not
diverge with time and performance indicators are supposed

Gt (s) = (30)

Gg% (s)
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FIGURE 15. Step response curve of pitch channel.

TABLE 2. Performance indicators of pitch channel at pull starting point.

Names of indicators Magnitude Wheth.er meeting
requirements
amplitude margin Gm inf dB J
phase margin Pm 81.9082 ° J
overshoot 6% 8.3153% J
rising time tr 0.25068 s J
steady-state error ess 0 J
open-loop poles s=0, -388.7166, J
-0.9944, -0.01
closed-loop poles s=-381.9629, -5.7719, J
-1.0282, -0.9579
TABLE 3. PID parameters of each specific point.
Time(s)
Channels Courses [0.52 3.8 18.45 27 52]
P [111122]*-1)
roll channel I [122111]*(-1)
D [0.10.20.20.10.50.5]* (-1)
a P [102235]*(-1)
Chyanwnel I [10 15255 1 1]* (-1)
D [0.10.20.2232]*(-1)
. P [125102010]* (-1)
C}f;;cfllel I [1112225]*(-10)
D [0.30.30.20.53 1.5]* (-1)

to be as optimal as possible for practical boost-glide rocket
systems.

D. ANALYSIS OF SIMULATION RESULTS

Designed parachute opening time is 51s after engine ignition,
then the boost-glide rocket falls free for recovery. It is enough
to ensure that the control system works to the parachute
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FIGURE 16. Comparison between simulation value and command value
of pitch angle curve.
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FIGURE 17. Comparison between simulation value and command value
of yaw angle curve.
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FIGURE 18. Comparison between simulation value and command value
of roll angle curve.

opening time. So the moving process from engine ignition
to parachute opening is simulated.

3052.2608s% + 6458.4949s + 3406.2341

G? (s) =
%) s* +460.0874s3 + 3622.6693s2 + 6461.92s + 3406.2341
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FIGURE 19. Schematic diagram of hardware-in-the-loop simulation.

It is assumed that the boost-glide rocket is launched with

[

initial angle and the initial pitch angle is set as 65°, the initial
yaw angle is set as 5°, and the initial roll angle is set as 10 °,
to verify the control effect of the designed attitude control
system.

A six-degree-freedom model of rocket is established in
Real-Time Simulation Platform, designed trajectory is dis-
cretized according to specific points, then the linear interpola-
tion method is used to calculate the command attitude angle.
The selected PID control parameters at each specific point
are brought into the six-degree-freedom model of rocket to
obtain simulation results, as shown in Fig. 16- Fig. 18.

In Fig. 16- Fig. 18, the x-coordinate is time, the
y-coordinate is attitude angle, phi represents pitch angle,
psi represents yaw angle, and gamma represents roll angle.
Command represents command attitude angle, Simulation
represents simulation attitude angle.

We can conclude that selected PID control parameters
of specific points have a good control effect according to
simulation. The simulation value and the command value are
coincide basically. In the case of a large initial error of yaw
angle and roll angle, it can quickly converge and track the
command attitude angle. It is proved that design method of
the attitude control system is reasonable and ideal control
effect can be achieved.

IV. HARDWARE-IN-THE-LOOP SIMULATION
VERIFICATION
Real-Time Simulation Platform, integrated flight control
machine, integrated inertial measurement machine, ground
station, rotation platform and other hardware are used for
closed-loop hardware-in-the-loop simulation according to the
schematic diagram shown in Fig. 19.

Real-Time Simulation Platform uses the rudder deflection
angle calculated by integrated flight control machine to fin-
ish closed-loop trajectory simulation, which drives rotation
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FIGURE 20. Comparison between simulated values and experimental
values of pitch angle curve.

platform to simulate rocket flight attitude. The simulated
flight data is transmitted to integrated inertial measurement
machine, then the mixed data with simulated data and mea-
sured angular velocity data is transmitted to integrated flight
control machine to complete guidance, navigation, and con-
trol calculation.

The simulation results of Real-Time Simulation Platform
are used as standard values to verify the hardware-in-the-loop
simulation control effect, as shown in Fig. 20- Fig. 23.

In Fig. 20- Fig. 22, the x-coordinate is time, the
y-coordinate is attitude angle, phi represents pitch angle,
psi represents yaw angle, and gamma represents roll angle.
Simulation represents simulated attitude angle of Real-Time
Simulation Platform. FlightControl represents experimental
attitude angle of the hardware-in-the-loop simulation experi-
ment. In Fig. 23, the x-coordinate is time, the y-coordinate is
deviation of attitude angle.

To calculate the mean and standard deviation of error for
hardware-in-the-loop simulation, as shown in Table 4.

It can be seen from Fig. 20- Fig. 23 that the numerical
simulation value is regarded as the ideal control effect, and
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FIGURE 21. Comparison between simulated values and experimental
values of yaw angle curve.
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FIGURE 23. Deviation curve between simulated attitude angle and
experimental attitude angle.

the hardware-in-the-loop simulation value is regarded as the
actual control effect. The deviation of pitch angle is kept
within 1°, and the deviation of yaw angle and roll angle
converges quickly and approaches zero. The control effect is
good and desired effect is achieved. It is proved that design
method of the attitude control system for a small solid-
propellant boost-glide rocket is feasible and the control effect
is good.

VOLUME 9, 2021

TABLE 4. The mean and standard deviation of error for
hardware-in-the-loop simulation.

Attitude angle Mean ot; the Standard deviaotion of the
error(®) error(®)
pitch angle 0.2513 0.3560
yaw angle -0.1836 0.2731
roll angle 0.0345 0.4101

V. CONCLUSION

Design method of the attitude control system is proposed
based on a dynamic model of a small solid-propellant boost-
glide rocket. An improved PID controller is used to design
the attitude control law, and designed attitude control law is
brought into a six-degree-freedom model of the boost-glide
rocket for verification. The hardware-in-the-loop simulation
experiment scheme is proposed, and hardware of the small
solid-propellant boost-glide rocket is connected to a closed-
loop experiment to simulate the real flight environment.
Experimental results show that attitude deviation converges
quickly and the control effect is great. Proposed analysis
method and design process can be applied for practical
boost-glide rocket systems in the future.
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