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Abstract

Intelligent unmanned robotic systems have recently gained popularity due to their ability to potentially explore inaccessible
and dynamically changing environments. In these environments, these vehicles might be subjected to unique types of
disturbances that may lead to mission performance degradation. This paper describes the design, development and proof
of concept of a novel adaptive control that combines concepts from model reference and feedback linearization and it is
augmented via nonlinear bounded functions typical in immune system responses of living organisms. Proof of stability of
the proposed control law using Circle Criterion is presented. Numerical hardware in the loop simulations along with actual
implementation are performed using a gimbaled mini-free flyer vehicle that uses thrust vectoring control actuation. A set
of performance index metrics are used to quantify and assess the performance of the adaptive control system which shows

stabilizing capabilities in the presence of system disturbances and uncertainties.

Keywords Adaptive control - Artificial intelligence - Aerospace vehicles

1 Introduction

The increase in the operational capabilities of robotic sys-
tems for space exploration missions demands a significant
improvement in their level of reliability, effectiveness, and
efficiency. Advanced autonomous space systems require
advanced intelligent systems with the ability to perform
complex information processing, reconfiguration and deci-
sion making to optimize performance within complex,
unstructured and dynamic, sometimes unknown, operating
environments. These technologies are expected to increase
autonomy by maintaining control of the mobile robots while
rejecting undesired conditions caused by unexpected uncer-
tainties and disturbances. Therefore, exploration of celestial
bodies imposes potential challenges that require the devel-
opment of new technologies.
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Current efforts by the authors have been focused on
developing technologies to enhance space exploration mis-
sions through the design of novel flying robotic vehicles [1—
4]. These vehicles, known as Extreme Access Flyers (EAF),
are powered by cold-gas jets with mobility and auton-
omy capabilities. They feature Thrust Vectoring Control
(TVC) actuation to increase maneuverability with limited
power consumption [5]. Early versions of these EAF proto-
types were equipped with propellers and brushless motors,
while a newer version, named Gimbaled Mini-Free Flyer
(GMFF), features ducted fans with thrust vectoring capabil-
ities (Fig. 1 left). These prototypes were developed to sup-
port validation and verification of intelligent control algo-
rithms for the next generation of space exploration robotic
systems. One example is the extreme-access spacecraft
flyer system that is powered with cold gas and uses thrust
vectoring actuation as shown in Fig. 1-right [6].

During space exploration tasks EAFs might be exposed
to uncertainties and disturbances that could compromise
the success of the mission. Therefore, disturbance rejec-
tion is still a challenge that must be addressed to increase
autonomy and operation performance. Of particular atten-
tion is the development of technologies that can provide
timely compensation to system upset conditions to main-
tain system stability [7-10]. Several adaptive control tech-
niques have widely investigated to resolve the problem of
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Fig.1 GMFF Testbed (Left),
EASY spacecraft prototype
(Right)

disturbance rejection in aerospace systems. Although still
a matter of extensive research, adaptive control theory has
demonstrated to have the potential to increase autonomy,
resiliency and versatility of the system while providing a
robust solution when the system diverges outside bounds of
nominal design.

Fault tolerant adaptive control techniques inspired by
bio-mechanisms has recently been an active area of research.
These techniques have shown to address the multidimen-
sionality problem typical of nonlinear aerospace systems
when detecting and accommodating to sub-system mal-
functions or upset conditions [11-14]. Addressing adverse
dynamics and mitigating their effects using intelligent con-
trol laws could represent a key aspect in the development
of next generation of aerospace vehicles and its safety
operation.

Algorithms inspired by biological mechanisms represent
alternative solutions in the design of adaptive systems. In
particular, Artificial Immune System (AIS) has been known
to have special characteristics, that combined with other
machine learning techniques, can provide a framework and
the basis for the development of intelligent algorithms with
self-adaptiveness, strong robustness and cognitive capabil-
ities [15, 16]. Such characteristics have provided the basis
for the emergence of this new computational paradigm in
artificial intelligence. Different mechanisms of immune sys-
tem components are the source of inspiration for techniques
in a wide set of engineering applications including data
mining [17], distributed and cooperative control [18-21],
parameter optimization [22, 23], fault diagnosis and health
management [24, 25], control scheduling [26, 27], path
planning [28, 29], computer network protection [30], and
adaptive control [31]. In recent years, although new models
and applications are currently being developed and existing
methods are improved continuously, the field is still rela-
tively young, not well defined and no systematic theoretical
background yet supports the AIS.

The main contribution of the work presented in this
paper is the design, implementation and theoretical stability
analysis of a bio-inspired adaptive control architecture for
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GMFF attitude control. The proposed control is primarily
based on a hybrid approach that uses feedback linearization
as a first layer and it is augmented by a novel Model-
Reference Adaptive Immune System (MRAIS) at a higher
level for disturbance rejection. The first layer guarantees
that the closed loop response behaves as close as possible
to a desired system dynamics while the higher adaptive
layer features a set of nonlinear functions that describe
the response of the immune system of living organisms to
external attacks. Successful implementation of the proposed
control laws, both in hardware in the loop and on a real
prototype, demonstrates the effectiveness of the adaptive
architecture to compensating bounded disturbances such as
thruster failures and variation of vehicle’s inertias.

The paper is organized as follows. Section 2 includes
an introduction to the GMFF vehicle dynamic model
followed by Section 3 that describes the baseline control
law design. Section 4 includes derivation of the proposed
adaptive control augmentation and provides a theoretical
analysis of the stability of the system. Section 5 discusses
numerical simulation results and describe the performance
metrics used to assess the capabilities of the control laws.
Description of the experimental setup and implementation
results are presented in Section 6. Finally, some conclusions
are specified in Section 7, followed by acknowledgments
and a list of references.

2 Vehicle and Thrust Vectoring Dynamics

A free body diagram of the GMFF is shown in Fig. 2.
The GMFF features four ducted fans [32, 33] where each
thruster has the capability to actuate with a tilting angle
defined by y. Assuming rigid body and neglecting the
aerodynamics forces, Eqs. 1 and 2 represent the forces
and moments acting on the vehicle in body-fixed reference
frame.

mVy, +® x mVy, = Fr +F, (1)
Jo+oxJowo =Mr (2)
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Fig.2 GMFF’s Free Body Diagram, isometric view (left) and top view (right)

where Fr € %% and My € %3 represent the external
propulsion forces and moments, respectively. Fg € N3 is the
gravitational force acting at the center of mass. Vj, € 9 is
the velocity, m € 9 is the mass of the vehicle, and @ € %>
is the angular velocity. J € 333 is the inertia matrix of the
vehicle.

Furthermore, based on Fig. 2, the external propulsion
forces can be modeled as:

[Ty siny sinu
Tisinycosu |
| —Ticosy

—Thsinysin(w/2— 1)
Trsinycos(w/2 — 1b)
—Tcosy

Fir= For=

[ —Tssinysinu
—Tzsinycospu
—Tzcosy

F3r =

Tusiny sin(mw/2— )
—Tysinycos(mw/2 — i) (3)
—Tucosy

Far =

where [T1, T, T3, T4] and [11, T2, T3, T4] represent the
thrust and torque produced by each actuator and p
represents the angle with respect to the y-axis when a thrust
tilting angle y is applied. The total moments are calculated
as:

ZMT =r; xFip+rxFy+r3xF3+ry

xFp+tu+n+n+u (€]
with
[ le ] L2x _L3x
ri=|—-Liy|, ro=|Ly|, r3=| L3 |,
Ly, Lo, Lj,
S
ry = | —La, (5
[ L4z |

Ly, Ly, and L, are the distances of each actuator to the

/L2 + L2 + L? . In this
case Ly = L1y = Lyy = L3y = Lyy and Ly = L1y =
Ly = L3y = Ly4y. Additionally, it is valid to assume that
the vertical CG distance with respect to the xy plane is small
so L, = Ly, = Ly; = L3; = L4, = 0. The resultant sum
of moments at the CG will be:

=

center of gravity (CG) and L =

Lycosy[(T1 + Ty) — (T + T3)]
Lycosy[(T1 + T2) — (T3 + Ty)]
Lsiny(TM+ DL+ T+ Ty)+t+n+03+1
Mg
= | Myq (6)
Mzd

and the total sum of forces yields to:

siny (Tysinu—Trcospu—T3sinpu+Tacos )
ZFT: siny(Ticosu~+Trsinu—Tzcospu—Tasinp)
cosy(=T1 —Th — T3 — Ty)
de
= Fyd @)
de

The inertia, mass and geometry characteristics of the
GMFF are listed in Table 1.

Table 1 Inertial and geometry characteristics of GMFF

Inertial Parameters Distance from Motor to CG

Jex(Kg-m?) 0.012 L, (m) 0.100
J,y(Kg-m2) 0.012 L, (m) 0.100
J..(Kg-m?) 0.017 L. (m) 0.019
m (Kg) 2.04
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3 Control System Architecture

A baseline controller is designed following a feedback
linearization technique, also knwon as nonlinear dynamic
inversion (NLDI), as a first layer in the proposed control
architecture [34-36]. Since exact feedback linearization
is not usually achieved, specially in real applications, a
second layer includes an adaptive augmentation designed
to eliminate residual nonlinearities dynamics that might
still be present in the system. This augmentation relies
on a model reference architecture that is inspired by
the immune response mechanism to internal and external
attacks. The advantage of using this bio-inspired approach
is the introduction of a distributed self-adaptive system that
allows fast response to hostile invasions (e.g. disturbances
or failures) [15, 16].

3.1 Baseline Controller

A Lie-Derivative based single step inversion approach is
used as a baseline controller [36]. Hence, it is convenient
to express the kinematics and rotational dynamics in state
space form:

. ) _ g(@)w
X = [a) } = [fw(w) + Jlu(t)] ®)

T .
where @ = [y, @y, @;]  is the angular rates vector, ® =

[¢ 0y ]T is the attitude angles vector and u(r) = My (1) is
the vector of control input moments. Defining the functions
g(®) and f,(®) based on Euler-kinematics and rotational
dynamics we obtain:

1 singtan6 cos¢tan6
g®)=|0 cos¢ —sin¢g O]
0 sing secH cos ¢ secH

fo(@) = —J"'[~0 x (Jo)] (10)
Equation 8 can be written as an affine nonlinear system:

% = Fx) + GX)u(t) = [gffz)‘)"} + [[0]3x3 } u@t) (11

[0V wy oy @17 and F(x) € R,
G(x) € M3, Assuming full observability of the output
vector defined in Eq. 12 and taking the derivative of y until
u(t) appears explicitly, one can apply direct inversion to
obtain an expression of the control laws.

y=hm=0=[¢0y] (12)

Taking the derivative of the output with respect to time,
we obtain:

where X =

oh (x)

Z‘)h(x)X

= —h( ) = [Fx) + Gx®u@)] (13)
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¢
O=|06
v
wy + wy sing tan 6 + w; cos ¢ tan &
= Wy COS P — w sing (14)
wy sin ¢ sec & + w; cos ¢ sec §

=gO)w

.
|

Taking one more differentiation:

_d*h(x) _dy ay
T Tar T ar T axe

[F(X) +G®u@)] (15)

¢ O¢ tan 6 + 01 sec @
y=|6 | = — Y cos b
1} 9(]) sec +9'1ﬁ tan 6
A(©,0)
1 singtan6 cos¢tan6 Wy
+10 cos¢ —sin¢g wy, | =
0 sin¢ secH cos ¢ sectH W,
8(O)
= A0, 0) + g(O) (16)

Given that Eq. 14 contains the definition of the Euler
angle rates as a function of the states (Euler angles and
angular rates), this equation can be plugged into Eq. 15 so
that the function A can be re-written as function of the state
vector Xx:

y=AK + g a7

Moreover, replacing (10) into (17) an expression with
explicit input u(¢) is obtained:

¥ = A®X) + g(x) [J—‘[—w X (Jw)+u(t)]] (18)

Finally, after inverting the dynamics in Eq. 17, the
following control law is obtained:

a0 =0 x (o) +J [0 VE.H - a1 (19

Applying (19) to the system in Eq. 18 will render the
following closed loop linear form:

y=V@.y) = [uvqb Uypp Uy ]T (20)

where V(y,y) € %! is a pseudo controller that can
be designed to stabilize the closed loop dynamics. The
following linear control was chosen as the pseudo controller
baseline architecture:

¢ =y (1) = kskpp(Drer — ) — kppd
0 = uvy(t) = kokpe (6ref — 0) — kpob _ 2D
U =y (t) = kykpy Wref — ) — kpy

The pseudo control gains in Eq. 21 can be calculated using
Eq. 22 based on desired dynamic response requirements.
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The gains are obtained by comparing the closed loop system
with a second order system response.

kpp = wng [ 24
kp(? = 0)119/259 (22)
kpy = wny [25y

kD¢ = 2§¢a)n¢,
kpe = 2&pwne,
kpy = 28y wny,

4 Artificial Immune System based Adaptive
Augmentation

Immune system is a complex evolutionary network that
compiles several biological mechanisms to protect living
organism from hazardous threats. One of the key charac-
teristics is the capability to self-regulate and adapt to new
environments through the process of learning from previ-
ous encounters. As the immune system gets more robust, it
produces the correct amount of specialized cells to counter-
measures new or sometimes unknown attacks.

The immune system of living organisms is primarily com-
prised of two major subsystems, bone marrow and thy-
mus gland. Specialized cells such T-cells and B-cells are
produced from these subsystems following a regulatory
dynamic process. B-cells are produced in the bone marrow
and are the primarily defense against intruders by produc-
ing antibodies. T-cells, produced in the thymus gland, are
of two types: helper T},-cells and suppressing T;-cells. They
control and regulate the amount of antibodies present in the
bloodstream and guarantee a balance between antibodies
and antigens. When an infection is detected, 7} -cells stimu-
late the generation of antibodies until the threat is reduced.
Once the infection is controlled, T;-cells inhibit the antibody
production and therefore a balance is eventually achieved.

Although immune system mechanisms are complex and
difficult to characterize, several simpler mathematical mod-
els have been proposed [16, 37-39]. Particularly, a model
that represents the interaction between B-cells and T-
cells can be derived following the difference between the
amount of Tj-cells and Ts-cells [39—41]. If the antigens
total amount at a given instant time k is defined as A(k),
then the response of the Tj-cells can be represented as
Tn(k) = c1A(k) where c; is a stimulation constant. Simi-
larly, the production of suppressing T;-cells can be defined
as Ty (k) = c2 f (AB(k))A(k) where c; is a suppression con-
stant, AB(k)) is the change of concentration of B-cells, and
f(AB(k)) is a nonlinear function that relates this change
with the amount of T-cells. Using these definitions, one can
obtain a more general equation that represent these immune
interactions:

B(k) = K[1 —nf(Au(k))]r (k) (23)

where K is a reaction rate and n = c»/c is a factor that
characterizes the dynamic interaction between the Tj-cells

and Tj-cells. In general, the stability will depend on the
parameter n and the nonlinear function f(Au(k)). Notice
that Eq. 23 represents a feedback mechanism where the
amount of B-cells (input u (k) in the control sense) regulates
and minimize the total amount of antigents (error e(k) in the
controls sense) present in the the system.

Equation 23 represents a specific case of a more general
control structure that models the interaction between T-cells
and B-cells as shown in Fig. 3.

where function Pj(.) characterizes the stimulation of
antibodies production as a function of error. Function f7,(.)
represents the dynamic interaction between helper 7}, cells
and antigens, and function f;(.) describes the interaction
of the suppressing 7 cells as a function of amount of
antibodies present in the system [16].

4.1 Immune Adaptive Augmentation

This paper presents an immune adaptive configuration
different from the ones developed in [12, 16, 40]. In our
case, a model reference control architecture is used such
the immune functions described in [12, 16, 40] are applied
to the Au,(¢) (differences in inputs) between the model
reference plant and the real plant. The control architecture,
named Model Reference based Adaptive Immune System
(MRALIS), is also designed to add bounded adaptation such
that the absolute stability theorems can be guaranteed for
the tracking error dynamics of the closed loop system [42].

Following the analysis in Section 3.1, let’s first consider
one of the channels in the control design, e.g. roll control.
Similarly, this analysis will hold for the other two decoupled
attitude channels (pitch and yaw). The goal is that the
closed loop dynamics follow the model reference plant with
dynamics represented by:

Gm = 12, (1) = kpoko(Prey — dm) — kpodm 24)

We can augment the pseudo control law described in
Eq. 21 by adding a dynamic adaptation term usp () as
follows:

¢ =ty (t) = u(t) + uap, (1)
¢ = kpgkp(Prer — @) — kppd (25)
”x(’)

+{ ke (1)(P — b)) — kepp () (D — d) }

uap(t)

where the adaptive gains are designed as a function of

J(Auy (1)) as:

keg(t) = kppkgny f(Aux (1))

kepg(t) = kpgnx f(Aux(1))
In Eq. 26, n, is an arbitrary constant and f(Au,(¢)) is

chosen to be a bounded positive definite nonlinear function

(26)
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Fig.3 General architecture for
T-B Cells model interaction

e(r)

that describes the immune response to intruder attacks [12,
40]:

f(Aux (1)) = [1 - 27)

2
erx[AuOF 4 o=yl Aux O ]

where y, is a constant. The closed loop plant dynamics will
take the form:

¢ = knoko(brey = 9) — kg — naf(Aux(®) o
X [kpgke (@ — dm) + kpg (D — ¢m) ]
The difference in control inputs between the nominal
model and the non-adaptive portion of the control law can
be defined as:

Auy(t) = umx(t) — ux(t)
= kD¢k¢(¢ref - ¢m) - kD¢>¢m.
— {kpgkp(Brer — ) — kpgd}
= kpgky(d — ¢m) + kpg(d — dm)

(29)

Figure 4 depicts the proposed immunity-based adaptive
control architecture.

\ 4

B, () Plant

u(r)
9 -

> /0 [0 [«

4.2 Absolute Stability Analysis

If the error is defined as the difference between the actual
and the nominal plant:

ey = G() — bu (1)

: 30
epy = $(1) — (1) G0
then the difference control input becomes:
Auy(t) = kpgkgpey + kppepe (€19

Moreover, to find a state space definition of the error
dynamics, we can start from the definition of the error
provided in Eq. 30:

by = dt) — () = epy
¢pp = —kpgkpey — kppepy + Ny f (Aux (1))
x [—kpgkpes — kpgens)

(32)

Using the definition of Eq. 26 the state space error dynam-
ics reduces to:

w1 [ o 1 e |, 0
eng |~ | —kpeks —kpg || epg —kep(t)ey — kepg(1)epg

¢mf(7) + - i
- ¢m ~ kDoko(¢re/ - ¢m) a kDo [
Model plant .
n C
Z e. (1)
l Au (1) ¢
Qe LA
Y Uyp, ) [¢.9]
+ I:ke.o" keD.d:. "

Adaptation law

+?—v ¢ =u,(1)+u (1)

Fig.4 Model reference AIS adaptive augmentation
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The nonlinear error dynamics can be represented as a
Lur’e closed loop system as the one shown in Fig. 5 [43] by
defining the output of the closed loop system as follows:

e, -
yx(t) = [kpgpky, kpg | [€;’¢] = Cyex = kppkgpey
+kD¢eD¢ = Au, (1) (33)

The nonlinear feedback element v, (.) within the Lur’e
system will take the following definition:

¥, (@) = yxOnx f(x (1)
= 1. f(Aux (1)) [kppkges + kppepg | (34)

then, the closed loop error dynamics become:

é¢ _ 0 1 €¢
[éw } B [ —kppky —kp ] [€D¢ ] 53

+[?}[—¢x0wUD]
= & = Aver + By [—¥,(0x(1)]

In order to apply the absolute stability theorems the
following sector condition must hold globally:

yx (1) € [-00, oq]
(36)

e ye (0 < 3 ¥ (e (1) < Bryx ()2,

Following this inequality, further analysis can be per-
formed from the nonlinear feedback function ,:

¥, (@) = yx@Onx f(x (1)

2
Y (DN |:1 -

eV OF L o=valin O

] (37

where 7y, By, o, are real numbers. In this case, oy < By
which represents the minimum and maximum linear sectors
where the nonlinear function ¥, (y,) can lie. Without of loss
of generality in this analysis, we can set o, = 0 in Eq. 36:

0 < y:(OP, (e (1) < Byx(t)?

0 < 1y F( (1)) < B (38)

Fig.5 Closed loop roll error
dynamics seen as a Lur’e type

system 0

é.\' =
y.\‘ = (_‘.\'e.\'

Since sup {f(y. (1))} =
holds:

0 < nx f(x (@) < nxsuplf (yx ()] < By
0< nxf(yx(t)) <ny < B«

Therefore, given that B, <= o0 as long as n, is a
real positive scalar, the sector condition will hold globally.
Figure 6 shows that the non-linearity behaviour for the case
ny = 1, it can be seen the sector condition holds.

Furthermore, the Circle Criterion can be applied as an
extension of Popov’s theorem. As described by Khalil in
[43], this theorem establishes that a system with a feedback
sector nonlinearity that holds globally will be absolutely
stable if :

1 , the following inequality

(39)

Re[l+8,Gx(jw)]>0, — Re[Gx(ja))]>—ﬂiVa)eR
(40)

Equation 40 implies that the Nyquist plot of G, (jw)
must lie to the right hand side of the vertical line defined
by Re(s) = —1/B.. The following more conservative
condition will also met the Circle Criterion:

Re[G,x(jw)] >0, VYweR 41)

Consequently, the transfer function G,(jw) must be
specified in frequency domain as follows:

kpg(jw) + kppks _
(j)* + kpg (jo) + kpskg
kpg(jw) + kpgke

Gy(jo)=C(sI — A,) "' B, =

= - (42)
—? + kpy (jw) + kppkg
where the real part of the transfer function results in:
K2kD, + 0 (K — kykpy)
. ¢ Do D¢ ¢ D¢
Re{G,(jw)} = (43)

212 2
K3y + w2 (Kb — 2Kk ) +

Therefore, to obtain a positive real part of the transfer
function, the following inequalities must hold:

k D¢ > 2k¢ (44)

Vs

v.() |«

@ Springer
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Fig.6 Sector nonlinearity

Sector Non-Linearity

10

nY,fy,)
N

I | s R T
x P
> 2 . 1
x Rk
4l e X
7’
-6 F 4 z 4
+=0.1
8+ 1
-10 d :
-10 -5 0 5 10
y,=Au ()
kpg > k¢ (45)  the attitude performance metric as the measurement of

The condition in Eq. 44 is more conservative and also
meets the condition in Eq. 45 so it is the one selected.

In order to prove absolute stability the transfer function
G (s) also needs to be Hurwitz. To verify this condition, the
following analysis in s-domain is performed:

kpgs + kppky
s2 4+ kpgs + kppky

Gy(s) = Cu(sI — Ay) 7 'By = (46)

The gains in the transfer function denominator must be
positive, which implies that the following conditions must
be met:

{kp¢>0 (47)

k¢kD¢, >0

Consequently, it can be concluded that if the conditions in
Eqgs. 44 and 47 are met then the closed loop error dynamics
of the adaptive system in Fig. 4 will be absolutely stable.

5 Performance Metrics and Numerical
Simulations

To assess the effectiveness of the proposed control archi-
tecture, a set of metrics were used that include actuation
performance and tracking error for attitude, angular rates,
velocity and position. As an example, Eq. 48 represents

@ Springer

accumulated tracking error in the attitude angle.

3 T
5 1
‘o=z ; /0 e; (1)dt (48)

Similar equations can be used for angular rates eag,
velocity ey and position e p performance metrics.

The actuation performance index metric measures the
activity of the thrust actuation and thrust vectoring required
to perform the commanded maneuvers and maintain
stability of the vehicle. It can be defined as:

1 4 T
Fm o ; fo S (1)1 (49)

where e; is the tracking error of the i th attitude, velocity,
position and angular rate states. S is the actuation that
combines power and thrust vectoring at each thruster. A set
of normalization factors C®, CAS2, CV, CP and CAS
are also defined based on the worst performance case. The

Table 2 Control gains of the baseline controller

Kpgy =16 Ky =6.58 Ky, =04 Kp =0.16
Kpg =16 Ky =6.58 Ky, =04 Kp), =0.16
Kpy =16 Ky =6.58 Ky, =04 Kp, =0.16
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Table 3 Adaptive augmentation parameters

£, 0.78 T 55 T (5) 0.5
£, 0.78 Ny 55 Ty (s) 0.5
£ 0.78 o 3.0 Tyo(s) 0.5

individual metrics can then be combined to obtain a Global
Performance Index P;:

Pr=1—(wiép + wréan + wséy + waép + wsS) (50)

where wy, wy , w3 , wg and ws are weights chosen by
the user to determine the contribution of each performance
metric. A Py of 1.0 corresponds to the best performance.

Numerical simulations were performed to evaluate the
control architecture under nominal and failure conditions.
The mission was designed such that the vehicle is
commanded to track a set of pre-set waypoints. A failure
was then introduced at 45 seconds after the vehicle takes
off, and it was modeled as a saturation at 4.6% of
maximum power in one of the thrusters with a tilting angle
locked at 10 degrees in the same thruster. Tables 2 and 3
outline the control parameters for the baseline and adaptive
augmentation control laws.

Figure 7 shows examples of the commanded trajectory
and tracking performance for both, baseline and adaptive
controllers under nominal conditions. Under nominal
condition both controllers are able to track the commanded
trajectory with an acceptable and similar performance.

Figure 8 shows the tracking performance of the con-
trollers while the vehicle operates under failure condition.
In this scenario, the tracking is significantly improved when
MRALIS augments the baseline controller compared to the
baseline controller alone, e.g., the baseline controller per-
formances poorly to the point that the vehicle is not able to
complete the mission and the simulation stops when the it
reaches the 7th waypoint. As an additional example and to
better visualize the effect of the adaptation, Fig. 9 shows the
performance of both controllers for angular rates. After the
failure is injected, MRAIS controller is capable to maintain-
ing tracking of the commanded rates with minimum error
whereas the NLDI controller induces a significant amount

NLDI Nominal

—+— Desired Waypoint-path
Real path

Fig.7 Position tracking under
nominal condition (Left: NLDI,
Right: NLDI+MRAIS)

of tracking error. Additionally, Fig. 10 shows an example of
time history of the adaptive gains for pitch and yaw controls.
Once the failure takes effect at 45 seconds, the adaptation
gains show activation to compensate the failure. Table 4
summarizes the performance metrics for both cases, nomi-
nal and failure. It is notable that the adaptive augmentation
provides a better performance with an accumulative normal-
ized PI of 86%, compared to that of the baseline control law
with 0.6% PI.

6 Hardware Implementation

Two approaches were considered for real-time hardware
implementation, the first one consists on a Hardware in
the Loop (HIL) setup which includes a host computer that
runs the mathematical model of the vehicle dynamics and
a target computer that runs the designed control laws at
100Hz. The main goal of the HIL setup was to evaluate
the dynamic performance of the novel adaptive control
algorithm on the same type of space exploration missions
presented in section 5 while running the control laws on the
target hardware.

The second setup involved the development of a research
vehicle prototype developed by NASA named “Gimbaled
Mini-Free Flyer” (GMFF). This test-bed incorporates a
real flight control computer (Pixhawk 1), real sensors and
actuators in the loop. The main goal of this setup was
to assess the attitude tracking capabilities of the proposed
adaptive control laws in a gimbaled setup that allows
motion of the vehicle on its three axis of rotation (roll, pitch
and yaw).

6.1 Hardware in the Loop Implementation Results

e Condition 1 - nominal: this test was designed to assess
the control performance given a change of inertia while
the vehicle is commanded to track a trajectory defined by
nine waypoints. At waypoint 5, the vehicle is commanded
to land and take a mass sample of 200g. The exta mass is
placed at 7 = [00.152 0.152]m from the vehicle’s CG. This

NLDI+MRAIS Nominal

—+— Desired Waypoint-path P
Real path

Z(m)

0
Y(m) (TS X(m)
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Fig.8 Position tracking under NLDI Failure .
—+— Desired Waypoint-path NLDI+MRAIS Failure

Real path —+— Desired Waypoint-path

Real path

failure condition (Left: NLDI,
Right: NLDI+MRAIS)
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Fig.9 Pitch rate tracking under failure condition (Left: NLDI, Right: NLDI+MRAIS)
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Fig. 10 MRALIS adaptive gains (left: roll control, right: yaw control)

extra mass produces the following change of inertia and CG
location:

0.0092 O 0
AJr = 0 0.0046 O
0 0 0.0046

= [0 0.0017 0.0017] m

Kg.mz; A_r)g

619

e Condition 2 - sampling extra weight: this mission
follows the same profile of Mission 1, but the vehicle is
now loaded with an extra mass of 800g at the location 7 =
[0 0.152 0.152]m from the vehicle’s CG that consequently
changes the inertia and CG location as:

0.0355 O 0
AJp = 0 00177 0
0 0 0.0177

[0 0.0067 0.0067] m

Kg.mz; A72

(52)

e Condition 3 - thruster reduced efficiency: similar to
nominal case in Mission 1, the vehicle is commanded to
follow the same trajectory while is loaded with an extra
mass of 200g at 7 = [0 0.152 0.152]m from the CG.

Table 4 Performance metrics for numerical simulations

Performance Index Nominal Failure
NLDI MRAIS NLDI MRAIS

Angular Rates 1.05 0.24 268.98 2.25
Attitude 1.90 0.03 41.28 9.61
Velocities 1.05 1.05 11.76 3.68
Position 31.61 3.61 42.84 33.67
PI 0.63 0.67 0.004 0.56
Normalized PI 0.95 1.00 0.006 0.86

550 Yaw Control Adaptive Gains
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20+ [
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0
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However, while performing the commanded maneuvers,
power on thruster 1 slowly starts reducing efficiency by
decreasing its power to 40% from the maximum force
within a period of 150 seconds.

Table 5 summarizes the accumulated global performance
index obtained from the three missions. Results from a typ-
ical PID controller have also been included for comparison
purposes. The results show that MRAIS outperforms the
other two controllers achieving more than 50% increase in
performance for all three missions.

6.2 Experimental Results on Gimbaled Mini Free
Flyer

As mentioned before, the GMFF is a vehicle prototype
mounted on a gimbal that allows the vehicle rotate on its
three axis (see Fig. 1), in order to demonstrate attitude
tracking capabilities. The system is equipped with four
Electric Ducted Fans (EDF) capable of producing 4.8kg of
total thrust and four servos that allow rotational motion of
each of the EDFs.

Results were obtained from tests where the EDF#3 is
fully jammed at 67 seconds while the vehicle is commanded
to track smooth roll and yaw reference inputs.

Figure 11 presents a qualitative comparison of the
numerical simulation and the experimental results on the

Table 5 Performance metrics for HIL simulations

Control Laws Test Condition

Nominal Extra Mass Failure in T1
PID 0.490 0.425 0.006
NLDI 0.611 0.531 0.121
MRAIS 1.000 0.953 0.813
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Fig. 11 Experimental vs

simulation results, failure in 5

NLDI+MRAIS M3 Fail (Experimental vs Simulation)

EDF 3 50
g
k=) 0 SNS—"AANANS
-50 |
40 45 50

Yexp

" sim ||

ref

¢ [deg]

GMFF vehicle. It can be seen that the numerical simulation
closely matches the real implementation results. The dif-
ferences in the responses can be attributed to unmodeled
dynamics such as friction of some of the mechanical com-
ponents present in the experimental setup (i.e. gimbals and
bearings).

Figure 12 presents the time history of angular rate for
both, the baseline and the adaptive augmentation. Signifi-
cant improvement is achieved by the adaptive augmentation
with less oscillatory dynamics and higher tracking perfor-
mance. The results in Fig. 13 also shows similar behaviour
for roll angle tracking. It is clear that the adaptive augmen-
tation outperforms the NLDI with improved tracking under
abnormal conditions.

65 90

Time(s)

70 75 80 85

Figure 14 shows activity of the roll angle adaptive gains.
As predicted from the numerical simulation results, it is
notable the activation of the adaptive gains once the failure
takes effect on the system dynamics.

Further tests were performed with a mass of 130 grams
added in one of the arms of the vehicle after 5 seconds
from the first commanded maneuver, while the controller
is tracking a smooth cycloid roll command. As shown in
Figs. 15 and 16, the angular rate and roll angle tracking
performance are improved by the adaptive augmentation.
However, it is also noticeable how this type of disturbance,
that corresponds to a significant changes in vehicle’s inertia,
represents a more challenge case, even for the adaptive
augmentation.

Fig.12 Angular rates tracking NLDI M3 Fail NLDI+MRAIS M3 Fail
under failure in EDF 3 100 100
w, Wy
’\U? 50 “yref 4 2)\ 50
o o
() (9]
) \ ,ﬂ ,[\\. | S
1A A i A
3 0 “_’_ﬁ"’ﬁ‘“ﬁ*'{'u ™ 3 Of
U J
-50 -50
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Time(s)
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Fig. 13 Roll angle tracking
under failure in EDF 3

Fig. 14 Adaptive gains
activation under failure in EDF 3

Fig. 15 Angular rates tracking
performance for case of adding
130g on left arm
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Fig. 16 Roll angle tracking NLDI 100gr Added NLDI+MRAIS 100gr Added
performance for case of adding 100 — 100
130g on left arm 6 6
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7 Conclusions

A novel control adaptation based on immunity based
mechanisms has been introduced in this paper. The MRAIS
control architecture combines a feedback linearization
approach as a baseline controller with an adaptive scheme
augmentation inspired by immune mechanisms of living
organisms. A theoretical framework and proof of absolute
stability using Circle Criterion were presented in this paper.

Numerical simulations were performed using different
flight scenarios and the performance of the proposed
control laws evaluated and analyzed. Results show that
the proposed control augmentation provide a promising
alternative tool that significantly enhance the baseline
control with adaptability characteristics.

Validation of these results were further obtained using
a HIL setup and actual implementation using a vehicle
research test-bed. In all scenarios, the adaptive augmen-
tation is capable of rejecting failures and compensating
system uncertainties or unmodeled dynamics. It is notewor-
thy, however, that implementation shows more conservative
performance compared to that of simulation. This might
be explained by the fact that some basic assumptions were
made in the analytical proofs that were not explicitly con-
sidered in the real case implementation. For example, con-
tinuous time domain was assumed in the analytical design
of the controller which might cause discrepancies in the
dynamic response if the real system is not properly sam-
pled at a high frequency. Additionally, the delay between
the commanded input and the actuation response, typical
in control applications, was not included in the analytical
development, although it was included in the numerical sim-
ulations. Possible future work would include stability proof
analysis considering the effect of the actuator time response,
which indeed will allow to obtain more realistic gain bounds
to maintain stable operation of the system.
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