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ABSTRACT This article presents a series active disturbance rejection controller (ADRC) autopilot design
scheme with mini pin actuators for nonlinear hyper velocity projectile (HVP) system. In order to accurately
describe the flight dynamics of HVP, a new nonlinear model with mismatched disturbances is established
considering the aerodynamic characteristics of mini pin actuators. For compensating mismatched distur-
bances, series ADRC method is incorporated into double-loop (angle loop and angular loop) autopilot
design, i.e., in the angle loop mismatched disturbances are observed and compensated in the virtual control
calculation; in the angular loop, the observed matched disturbances are compensated in the mini pin control.
In addition, both the mismatched and matched disturbances are considered as lumped ones including external
disturbances, model uncertainties, coupling terms, etc. Finally, comparative numerical simulations with
some traditional nonlinear control methods indicate that the proposed series ADRC HVP system has good

robustness performance.

INDEX TERMS HVP, mini pin actuator, attitude autopilot, series ADRC, mismatched disturbances.

I. INTRODUCTION

With the development of new concept weapon such as elec-
tromagnetic gun, the muzzle velocity of projectile has already
surpassed 7 Mach [1], [2], which provides the technique guar-
antee for kinetic energy of hyper velocity projectile (HVP).
Because of lower cost and great armor-piercing damage abil-
ity [3], guided HVP has been chosen as an important part
of American next generation ballistic defense system [4].
Usually, HVP flight is with hypersonic velocity, which leads
to extremely high dynamic pressure on the projectile and
actuator. Consequently, the key problem to control HVP is
that traditional high-power actuator cannot be equipped in the
projectile with limited space. To solve this technical conun-
drum, some new concept actuators were presented, such as
reaction control system (RCS) [5]-[7], canard rudder [8], [9],
and plasma actuator (PA) [10], [11]. However, these actuators
have some limitations. RCS uses thrusters arranged around
the side direction of projectile to provide attitude control
torque as well as translational force. Moreover, due to the
discontinuity and limited working time of RCS, it is hard
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to control HVP flight. Canard rudder has been applied to
large-caliber trajectory correction projectile, but the problem
of canard wing miniaturization hasn’t been solved. The con-
cept of PA is to install one or several plasma discharge at
the nose tip to produce the asymmetry of the flow variables
around the projectile nose and give an angle of attack to the
projectile. Unfortunately, the limitation of battery capacity
limits the high-power discharge times of plasma.

As a novel actuator, mini pop-up pin is firstly presented
by Georgia Institute of Technology in 2005 [12], [13], which
fenced off this question tactfully. By popping up mini pins
asymmetrically, HVP can achieve more than 10 gravitational
acceleration turn in the effect of high-speed airflow stagnated
at pins [14]. After that, a lot of researches on HVP based on
mini pins control have been achieved. Silton [15] analyzed
mini pins which install near tail wings will generate asymmet-
ric lift on wing to produce roll torque by computational fluid
dynamic (CFD) simulation. Massey and Silton [16] presented
four different pin geometries to satisfy different maneuver-
ability requirements, and optimized pin deployment schedule
for maximum turning authority. Celmins [17] designed and
tested a simply electromechanical pin actuator for projec-
tile guidance, with short flight times or limited numbers of
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required actuations. However, these studies only described
the effect of mini pins in practice. They did not give a rigorous
analysis of dynamic model to consider the influence of mini
pins on projectile aerodynamic parameters.

On the basis of aerodynamic data, some simple control
laws have been applied to trajectory correction projectile with
mini pins. Through approximately linearizing experimental
aerodynamic data, Fresconi et al. [18] studied the stability of
a guided spin-stabilized with mini pins, and found a simple
proportional—derivative controller to maneuver the projectile.
By Monte Carlo simulation, Fresconi et al. [19] proved that
the small diameter munition with a rotating pin can afford
enough course correction to compensate for ballistic delivery
errors. For the same trajectory correction projectile with mini
pins, Kai [20] presented a ballistic correction law to make the
ballistic drop point close to the target mostly. Unfortunately,
these control laws based on trajectory correction projectile
with mini pins cannot be applied into the HVP with harsh
disturbance and great mobility requirement. Thus, designing
an attitude autopilot for HVP with high mobility and strong
robustness is necessary.

In addition, the external disturbances and parameter uncer-
tainties exit in attitude dynamic model of HVP on account
of harsh flight environment. To improve the robustness
of attitude control, Chen et al. [21] proposed an adaptive
non-singular fixed-time attitude control scheme effectively
compensated inertia uncertainties and external disturbances.
By using linear active disturbance rejection control (LADRC)
technique, Liang et al. [22] presented an improved method
to actively compensate for the disturbance and improve the
attitude system robustness for spacecraft. However, for mis-
matched disturbances, these methods have certain limitations
to completely compensate it. Therefore, many scholars com-
bine the idea of backstepping method with advanced con-
trol theory to solve this difficulty, such as adaptive neural
network (ANN) [23], echo state network (ESN) [24]. Mean-
while, based on the disturbance observer (DOB) technique
such as extend state observer (ESO) [25], [26], Nussbaum dis-
turbance observer (NDO) [27], and sliding mode disturbance
observer (SMDO) [28], total disturbances which include mis-
matched disturbances can be well compensated.

In this article, a new nonlinear mathematic model of HVP
is established on the basis of analyzing the aerodynamic
parameters change with the introduction of the control pin.
The mismatched disturbances caused by control pin and wind
exist in the angle loop, which cannot be compensated by feed-
back linearization (FL) or second-order active disturbance
rejection controller (ADRC) method. Therefore, we intro-
duce a virtual control variable and transform conventional
ADRC into series form. Then, a double-loop attitude autopi-
lot is designed with great robustness.

The paper is organized as follows. In Section 2, the mathe-
matical model of mini pin control for HVP is deduced, and
the characteristics of aerodynamic parameters change with
the introduction of the control pin is given. Then, in order
to compensate the mismatched disturbances existing in angle
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FIGURE 1. Shape of HVP with mini pins.

FIGURE 2. The tail view of the HVP.

loop, series ADRC method is proposed to design attitude
autopilot of HVP in Section 3. In Section 4, comparative
simulations with some nonlinear control method validate the
efficiency of the proposed series ADRC attitude autopilot.
Finally, some conclusions are given in Section 5.

Il. PROBLEM DESCRIPTIONS
A. AERODYNAMIC ANALYSIS FOR MINI PINS
By installing mini pins in the tail of a certain fin-stable pro-
jectile, it is inexpensive to convert a conventional projectile
into a control projectile [14], as shown in Figure 1.

Specifically, four mini pins which can pop out to a certain
height or retract into body are placed near the tail wings,
then the attitude of HVP can be controlled by different mini
pins configurations. In Figure 2, projectile will generate a
positive angle of attack when pin a and b pop out to same
height. Similarly, if pop out pin a and d, projectile will
generate a sideslip angle. Specially, when pop out pin @ and c,
the projectile will rotate counterclockwise because the flow
field become asymmetrical on both sides of the tail wing
caused by mini pin. Therefore, two mini pins with same effect
can be configured as a group, and the height of the group is
represented by hy, hy, and ;. So we can choose appropriate
configuration groups to manage three channels of attitude
pitch, yaw and roll, respectively.

To study the influence of mini pins on projectile aerody-
namic parameters, CFD simulation and scale model experi-
ment have been carried out on projectile with mini pins by
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Kai [20] and Massey et al. [12]. The results from analyzing
the aerodynamic data are as follows.

Not surprisingly, introduction of the control pin causes
aerodynamic parameters change at hyper velocity speeds.
Specially, for a given Mach number, axial force coefficient
Cxo, roll torque coefficient Cjs5, and pitching moment coef-
ficient C;x pronouncedly increase with the increased pin
length. The normal force coefficient Cy also increases with
the introduction of the control pin, but compared with Cy ,
the change is much smaller. It indicates that the additional
normal force provided by mini pins is much less than the
additional pitching moment. Meanwhile, because of different
principle from direct aerodynamic parameters, pitch damping
moment coefficient C,(f;, and roll damping coefficient Cfﬁj
nearly do not change with the introduction of the control pins.

Therefore, we use m;° to represent the increased part of
Cy caused by control pin. The same situation applied to roll
torilue coefficient C;s. Because normal force coefficient Cy; is

affected by the control pin smaller, so we use 61}\'] to represent
small increased part.

B. DYNAMICS OF HVP WITH MINI PINS

The mathematical model of the HVP includes the body
dynamic model, the aerodynamic model, as well as mini pins
model [29]. In order to facilitate discussion, the projectile is
treated as a rigid body and its mass is constant. Meanwhile,
the influence of gravity is ignored. Thus, the dynamic equa-
tions of HVP are

N
& =w,—wtanB + wysinatan f — —
’ mV
8 — wy sina + wy + ——
B = wysina + wy -
)} = Wy
(hy—J) ooy My )
y = —— + —_
Jx J
(J; — Jx) wy ]ny
y e —— + —_
Jy Jy
oy = (Jx — Jy) Wy wy n M
Jz Jz

where the state variables include attack of angle «, sideslip
angle B, roll angle y, roll rate wy, yaw rate wy, pitch rate w,. m
is mass of the HVP. Jy, Jy, and J; are the moments of inertia of
three axis, respectively. V means flight velocity. The normal
force N, lateral force Z, aerodynamic pitch moment M, yaw
moment My, and pitch moment M, are all the functions of
reference area S, dynamic pressure ¢, and reference length /
as shown in (2).

v
Ma = -
Sonic N
N = gS[Cy(Ma)a + 85/ (Ma)h,]
Z = gSICE(Ma)B + 5 (Mah, ] )

M, = gSI[m® (Ma)w, + m'™(Ma)h,]
My = gSIimy” (Ma)w, + mf (Ma)B + m)’ (Ma, hy)hy]
M, = gSIim®(Ma)w, + m®(Ma)a + m!(Ma, h;)h;]
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where Mach number Ma is a function of velocity V and local
sonic speed. Ay, hy, and h; are the height of pins configuration
in three channels, respectively. The aerodynamic coefficients
have a nonlinear relationship with Mach number and height
of pins.

We assume that the mini pins are ideal actuator without
delay, and height of pins is limited within Apax. Substi-
tuting (2) into (1) and in consideration of J, ~ J, then
we define the state vectors as x = [Ot By ]T e R¥*1
w = [or o wz]T e R3*! and control vector as u =

[hx hy h; ]T € R3*!, The mathematic model of the HVP can
be expressed in a strict feedback form as

Xx=w+di(x,w,u,rt) 3)
(’b = ga)u + da)('xv w, U, t)
where the vectors g, € R3*3 are:
hy h,
I Imy’ Im;*
= diag(gS ,qS ,qS — 4
8w g(g 7.4 7, @ ) “4)

The disturbances d,(x, w, u) = R3*! and dy(x,w,u) =
R3>*! in (3) include model uncertainties, channel cou-
plings, and wind disturbances. from equation (1), the ele-
ments wy tan 8, wysina tan B, wy sina, (Jy — JZ) wza)y/.lx,
(J; — Jx) oy / Jy are the channel couplings. In terms of
previous analyzing of aerodynamic, because 81}(,1 is smaller
than m;°, the method that indirectly controlling angle
through directly controlling angular velocity is appropriate.
So N /mV and Z /mV which include 61}\’; and 8, respectively
are the extra elements of strict feedback form, which can be
regarded as disturbances to simplify the controller design.
In addition, in consideration of wind disturbances and model
uncertainties, we express these effects as disturbances wy,
Wg, Wa, , We,» Which mainly reflect in pitch and yaw channels.
In summary, the disturbance d and d,, can be represented as

[ —w, tan B + wysinatan B — N/mV + wy

d, = wy sina +Z/mV 4+ wg (@)
i 0
B gSIm™ w,

dy = | (J; = Jo) 0,00 /Iy + qSl(my” oy + ml )1y + W,
| (Jx — Jy) ocwy /T, 4 qSIm:*w, + m¥a) /], + we,

(6)

To facilitate the description and calculation of disturbances
estimating, we consider the model uncertainties, couplings
and wind disturbances as total disturbances. In addition, the
disturbance d, is mismatched and disturbance d,, is matching.

Ill. CONTROL DESIGN

A. CONTROL ANALYSIS

According to the system (3), angle loop and angular velocity
loop all exist strong disturbances. In order to improve the
robustness and adaptability, we choose active disturbance
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FIGURE 3. ADRC controller structure of the two-order control system.

rejection controller (ADRC) which is independent of an accu-
rate model of system by extended state observer (ESO) to
design controller in this article [30], [31].

Meanwhile, by considering the model uncertainties, cou-
pling terms, and wind disturbances as total disturbances,
which can be estimated by ESO, the problem of the ““differ-
ential expansion” based on the idea of [32] can be avoided.
At the same time, total disturbances estimated by ESO also
can easily apply to practical engineering application. For
second-order system with common form (7), its standard
ADRC controller structure is usually as Figure 3.

X=f(,x,d(@),t)+b(t)u
y=x

@)

According to Figure 3, ADRC is composed of “Transi-
tion Process Arranging”, “Nonlinear Feedback (NF)”, and
“Extend State Observer (ESO)’’. The role of ““Transition Pro-
cess Arranging” is to reduce the impact of initial phase and
adjust the overshoot as well as rapidity of system. Meanwhile,
unlike linear feedback (LF), NF can improve the dynamic
performance of closed loop system. And ESO can extend the
disturbance d () as state variable z3, the matching disturbance
f(x, x,d(t), t) can be compensated well.

But aiming to this nonlinear system (3), especially in the
angle loop, mismatched disturbance d, cannot be compen-
sated by this standard ADRC in Figure 3. Based on the ideal
of backstepping method [33], we transform ADRC into series
form with the introduction of the virtual control variable,
so the mismatched disturbance can be expanded into state by
ESO to estimate and compensate. The control system series
formation is as shown in Figure 4.

where v(z) is the expected control object. ' represents
virtual control variable for angle state x. dy, d,, represent mis-
matched disturbance and matching disturbance, respectively.

According to Figure 4, because the unknown disturbances
dy exist in the angle loop, the virtual control variable o’
can be generated by the angle loop ADRC to compensated
the mismatched disturbances d,. Then, considering o’ as the
expected control object for the angular velocity loop, and
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angular velocity loop ADRC can give actual control variable
to compensate the matching disturbances d,, and accurately
track «'. Finally, all disturbances can be compensated by
series ADRC and track expected control object v(r) well.
In addition, compared with backstepping method which need
to construct complicated Lyapunov function, series ADRC
method just needs simple error feedback and compensating in
every step, and the robustness of autopilot designed by series
ADRC method is strong which backstepping method cannot
achieve.

B. AUTOPILOT DESIGN

In terms of the previous designed series ADRC method, this
subsection will propose a control scheme to design autopilot.
The discrete algorithm realization of the series ADRC are as
follows:

1) TRANSITION PROCESS ARRANGEMENT
The purpose of this part is to reduce the impact of initial phase
and solve the contradiction between overshoot and rapidity.

vi =vi — hrg fal(vy — v, ay, h) ®)
2) ESO1 OF ADRC1

e1 =211 — X
zi1 = z11 + h(zi2 — Brier + @) 9
212 = 212 — hB12 fal(e, a1, h)

3) VIRTUAL CONTROL VARIABLE OF ADRCI1

el =vi — 211
/ (10)
w, = P fal(ey1, a2, 81) — 212

4) ESO2 OF ADRC2

e =221 —w
221 = 221 + (222 — Br1ea + bou) (11
200 = 222 — hB fal(e, a2y, h)

5) SYNTHESIS OF CONTROL VALUE
e = W, — 21 (12)
u =B fal(ezr, a3, 82) — z221/bo

where & is simulation step size. v € R3*! is the control
objective. vi € R3*! is the optimum track signal of v. And
the rise time of control system 7y is decided by parameter
ro € R¥3. 711 € R®*! and 251 € R3*! are the estimation of
angle state x and angular velocity state w, respectively. The
state variables of ESO z12 € R3*! and 720 € R3*! are the
extended state for mismatched disturbances dy and matching
disturbances d,,, respectively; e; € R¥>*! and e;; € R3*!
are the error of estimation and track, respectively; g;; € R3*3
(i = 1,2y = 1,2) is a positive adjustable parameter. by €
R>*3 is the estimation of g,. fal is a saturation function
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FIGURE 4. Block diagram representation of the series ADRC.
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FIGURE 5. The response of the attack angle.

which effect is to restrain the signal oscillation, and can be
represented as follows:

ei/8'7,

lei|” sign(e;),

le;| <6

fal(e;, 0;, 8) =
lej] > 8

13)

Generally, set § equal to & and o is an adjustable parameter
between O and 1.

The convergence and stability analysis for (8) to (12) have
been proved in [34].

IV. SIMULATION

In this section, in order to validate the performance of
designed attitude control system, an attitude maneuver with
large command angles and frequency signal with noise have
been considered. The simulation object is a 25mm sub-scale
projectile with blunt wing leading and trailing edges, and
its mass is 120g and length is 181.4mm. In this simulation,
the aerodynamic coefficients are given in [20], [35] while the
HVP is flying under 5 Ma. In addition, the dynamics of pins
is no more than |hnax| = Smm.

A. TIME RESPONSE ANALYSIS

In order to evaluate the rapidness and accuracy of the series
ADRC controller, let the command of angle-of-attack, yaw
angle and roll angle are step signal with o, = 8°, . = 0°,
and y, = 45°. To verify the robust performance under harsh
flight environment, the aerodynamic forces and moment
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FIGURE 6. The response of the sideslip angle.

are deflected 20% and the quick wind shear wind(r) =
20sign(sin(z)) is added to pitch channel.

For the method of parameter turning of ADRC, combining
with the trial-and-error method, the adjustable parameters of
ADRC can be obtained as follows:

ro = diag(0.8,0.8,4), aj =a=[05 0.5 0.5],

a3 =[111], ann=ay=[050505],8 =6
= h=0.001, B = diag(100, 100, 100), B12 = Ba1
= diag(300, 300, 300), B, = diag(300, 300, 500),

B =diag(1,50,1), B>=diag(200,150,1), by=0.9 - g, kN.

Meanwhile, to ensure that the designed series controller
is reasonable and superior, we compare the series ADRC to
classical ADRC, feedback linearization (FL) method [36],
PID method, and sliding mode control (SMC) method [37].
The comparative simulation was done using MATLAB soft-
ware and results are presented in Figure 5 to Figure 13.

As shown in Figure 5 to Figure 7, the rise times of these
five methods all can achieve 0.9s and 1.7s respectively for
angle-of-attack and rolling angle, which indicates its good
mobility. The series ADRC method can successfully track
the attitude angle commands without overshot under strong
disturbance effect. However, because the FL method which
is heavily dependent on accurate control model, there is a
periodic steady state error in Figure 5 when the wind shear
and aerodynamic deflection cause inverse system deviation.
Similarly, compared with the PID controller, the control effect
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FIGURE 8. The response of the pitch rate.

presents a little overshoot due to the disturbance and model
uncertainty in Figure 5 and Figure 7. It indicates that the
autopilot designed by ADRC method has great robustness in
harsh flight environment. Meanwhile, due to the mismatched
disturbances, the inevitable overshoot exists in the classical
second-order ADRC method. It means that series ADRC can
effectively compensate the mismatched disturbances so that
robustness of autopilot can be further improved.

From Figure 8 to Figure 10, it is shown that angular rates
of three channels rapidly rise to peak and then decline to the
same value. Meanwhile, the peak value of the series ADRC
is smallest in these five control methods, which means that
ADRC can achieve the same result with smaller angle rate
which is beneficial to flight stability of HVP. And angle
rate can quickly stable to compensate the disturbance, which
indicates that ESO can rapidly estimate the disturbance and
accurately guide system compensate the disturbance.

In Figure 11 to Figure 13, compared with series ADRC,
the SMC method can track the command and compensate
the disturbance well by constructing sliding surface, but the
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FIGURE 10. The response of the roll rate.

chattering phenomenon of control pin occurs obviously,
which indicates that the section function fal can greatly
suppress the chattering phenomenon. Meanwhile, there is
impact phenomenon until steady with classical ADRC,
which means that ADRC in series form can avoid initial
disturbance observation error well caused by mismatched
disturbances.

In general, the effect of the series ADRC controller is
superior to the other four method. It still has good robustness
when the intensive internal and external disturbances exist.
The effectiveness of the attitude autopilot designed by series
ADRC method satisfies the maneuverability requirement of
HVP.

B. FREQUENCY RESPONSE ANALYSIS

In order to validate the frequency performance of designed
attitude control system, we replace the command with a sine
signal. Meanwhile, take pitch channel as example to facilitate
discussion.
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FIGURE 11. The response of the pitch pins height.

0.8 T T T T
= Series ADRC
0.6 — Classical ADRC
= = PID
g —,
=1, 0.4F —— MO
=
5
5 0.2
=
=
o
= 0
5]
-
-0.2
04 . . L ‘
2 4 6 8 10
Time (s)
FIGURE 12. The response of the yaw pins height.
3.5 T T T
3k = Series ADRC l
— Classical ADRC
= ——PID
2.5F i
E 0.3 —
e o ———— SMC J
= 0.2
=
R Y i
72
g 1 i
= 0
g o5k 0o 1 2 |
0 =
-0.5 i 1 L L
0 2 4 6 8 10

Time (s)

FIGURE 13. The response of the roll pins height.

According to Equation (8) to (12), the rise time of system
is mainly decided by transition process arrangement, and
specifically decided by adjustable parameter rg. At the same
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FIGURE 14. The low frequency response of attack angle with different ry.
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FIGURE 15. The medium frequency response of attack angle with
different ry.

time, the rise time also has an effect on frequency perfor-
mance of system. Therefore, in order to analyze the frequency
bandwidth characteristics, the autopilot with different param-
eters rg is simulated. Meanwhile, we respectively set com-
mand in low (Srad/s), medium (15rad/s), and high (35rad/s)
sine frequency to study the change of phase and gain. The
results are as presented in Figure 14 to 16.

In Figure 14 to 16, the results show that the rise time
decreased with the increasing of rg, phase lag also weakened
with ry increasing. It indicates that the rapidity of system
improves as rog enlarge. However, high rapidity will cause
autopilot responses to high frequency noise. In addition, it is
obvious that amplitude decline exists under high frequency
response and also decline with increasing rg. It means smaller
ro can restrain high frequency signal better. So we choose
ro = 10 to consider the rapidity and the ability to suppress
high frequency noise.

Then, a high frequency noise is added into input command
to test the noise reduction ability of autopilot. We set com-
mand is a, = 8° sin(15¢) and noise is n = 3° sin(200¢). The
input signal and result are presented in Figure 17.
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FIGURE 17. The response of attack angle with high frequency noise.

As shown in Figure 17, system is not sensitive to noise.
It indicates that the autopilot has good noise reduction ability.
At the same time, about 15° phase lag can still meet the
requirement of rapidly.

To sum up, by choosing appropriate adjustable parameter
ro, the autopilot can achieve great rapidly and high fre-
quency reduction ability. Meanwhile, the frequency simu-
lation results shown series ADRC method good frequency
response stability.

V. CONCLUSION

In this article, based on the HVP’s aerodynamic characteris-
tics with the introduction of mini pin actuators, the proposed
nonlinear dynamic model can precisely descript the flight
of HVP. After that, a double loop (angle loop and angular
velocity loop) autopilot for HVP is presented. By introduc-
ing a virtual control variable, the series active disturbance
rejection controller (ADRC) can guarantee that the autopilot
has satisfactory tracking performance and great robustness.
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The main contribution of the proposed control scheme is
to compensate the mismatched disturbances. By using the
extended state observer (ESO) to estimate and compensate
total disturbances which include external disturbances, model
uncertainties, and coupling terms, the autopilot still can nor-
mally operate in harsh environment. Finally, the compara-
tive simulation indicates that the effectiveness of the attitude
autopilot designed for HVP by series ADRC method can
satisfy the mobility and avoid the chattering phenomenon on
actuators.

The HVP with mini pins is a complicated nonlinear sys-
tem, so the new dynamic model possibly cannot accurately
describe the flight of HVP. Meanwhile, there are too many
parameters and turning difficulties in the design of the series
ADRC method. Therefore, how to simplify turning parame-
ters is significance for practical engineering application, this
need to be resolved in the future research.
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