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Equipping a fixed wing unmanned air vehicle (UAV) with low-level autopilots, we derive
high-level velocity and roll angle control laws for the UAV. Backstepping techniques are
applied to design the velocity and roll angle control laws from known velocity and heading
angle control laws that explicitly account for velocity and heading rate constraints of the
UAV. Regarding unknown autopilot constants, a parameter adaptation technique is used
to estimate autopilot parameters. Simulation results on a fixed wing UAV are presented
to show the effectiveness of our approach.

Nomenclature
T,y inertial position, m
) heading angle, rad
1) roll angle, rad
v Airspeed, m/s
h Altitude, m
O Autopilot Parameters
g gravitational constant, m/s?
Subscript
r reference
Superscript
c command

I. Introduction

DVANCED control technologies for unmanned air vehicles (UAVs) have received significant attention
Ain recent years. Potential applications of autonomous UAVs in both civilian and military sectors in-
clude environment monitoring, search and rescue, communication relays, border patrol, situation awareness,
surveillance, and battle damage assessment.

Fully-automating UAVs poses both theoretical and practical challenges.® One important research is UAV
path planning.?? Another important aspect focuses on trajectory optimization for UAVs.%5 In addition,
cooperative control of multiple UAVs is also studied extensively in the literature.5®

Effective trajectory tracking algorithms guarantee that a UAV can accurately follow its pre-specified
desired trajectory. In addition, the study of nonlinear tracking control techniques for UAVs is essential for
the success of cooperative timing (e.g. Refs. 9,10) and formation keeping missions (e.g. Ref. 11). In Ref. 12,
velocity and heading control laws that explicitly account for stall conditions, thrust limitations, and saturated
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heading rate constraints are designed for small fixed wing UAVs equipped with velocity hold, heading hold,
and altitude hold autopilots. In Ref. 12, it is assumed that the autopilot response to heading commands is
first order in nature. However, the headings of the UAVs are controlled by their roll motions, which imply
that the kinematic model for UAVs should explicitly take into account the roll angle command. In addition,
the autopilot constants are generally unknown and depend on specific designs. Using inaccurate autopilot
constants in a control law design may result in degraded performance for the UAV. In this paper, we use
a more accurate kinematic model that takes into account the roll motion for heading control. We apply
backstepping techniques to derive velocity and roll angle control laws. In addition, a parameter adaptation
technique is developed for the control law design regarding unknown autopilot constants. This paper is the
continuation of the previous work presented in Ref. 12.

II. Problem Statement

Let (z,y), ¥, v, ¢, and h denote the inertial position, heading angle, velocity, roll angle, and altitude
of the UAV respectively. We assume that the UAV is equipped with standard autopilots as described in
Ref. 13. The kinematic equations of motion are given by

= vcos(y)
§ = vsin(y)
)= 20 (1)
v = ZU(UC—U),
1 C
¢ = 07(;)( - 9),
= — L e —n),
ah ap,

where ¢°, v¢, and h¢ are the commanded roll angle, velocity, and altitude to the autopilots, g is the gravi-
tational constant, and o, are positive constants.'3 14

In the following, we assume that an effective altitude controller exists and focus on the design of velocity
and roll angle control laws.

Due to the stall conditions, thrust limitations, and roll angle and pitch rate constraints of fixed wing
aircraft, the following input constraints are imposed on the UAV:

0< Umin S v S Umax
_¢ma:1: S (b S (bmaz (2)
where ¢pqz > 0.

We assume that the desired reference trajectory (z.., ¥y, ¥r, v, w,) generated by a trajectory generator®
satisfies

&y = vy cos(Yy)
yr = Ur Sin(wr) (3)
¢7- = w,,.
where v, and w, are continuous and satisfy that 0, and w, are bounded, inf;>q v, (t) > Vmin, SUp;>g vp(t) <
Umagz, and sup;>q [wr(t)| < Wmaz With Wyee > 0 denoting the heading rate constraint of the UAV.

Transforming the tracking errors expressed in the inertial frame to the UAV frame, the error coordinates'®
become

Te cos(yp) sin(yp) 0O Ty —
Ye | = | —sin(yp) cos(yp) 0 Yr—Y | - (4)
d)e 0 0 1 d)r - 1/)

Note that the motivation for this transformation is only to simplify the mathematics so that a constrained
Lyapunov function can be easily derived.
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Accordingly, the tracking error model can be represented as

Te = gtm;(@ Yo — U + v, c08(te)
Ye = —9g taf,lu((b) Te + Ur Sin(d}e) (5)
'lbe = Wr — g@-

III. Trajectory Tracking Using Backstepping and Parameter Adaptation
Techniques

In Ref. 12, the authors use the following simplified kinematic model for the UAV:

= v°cos())
= v°sin(¢)) (6)
- i(l/fc - w)a

Qe

ASIE =N =P

where v¢ and ¢ are the commanded velocity and heading to the autopilots and «, > 0 is an autopilot
constant.

However, the autopilot response to the heading command is not truly first order in reality. As a result,
Eq. (1) represents a more accurate model of the UAV equipped with standard autopilots.

Let

Umin, MTe <V
Vo = 4 vy co8(Ye) + NuTe, V< NpTe <V (7)
Umazx, NoTe >V
Wmax s —TNwOw <w
Wo = Wy + Nwlw, W< Moy <, (8)
—Wmazx, —TNwOw > w
A _A A _ A AN .
where U = Umin — Ur COSW@), UV = Umax — Ur COS(¢€)7 W = Wy — Wmazx, W = Wr + Wmazy Ow = >\¢e + Y

VaZ+yZ+1 ’
and 7, and 7, are sufficiently large positive constants expressed precisely in Ref. 12. In Ref. 12, it is shown
that v¢ = vy and ¥° = aywo + Y guarantees that |z — x| + |y — yr| + [ — ¥,| — 0 asymptotically. In
addition, vy and wy satisfy the following input constraints

0< Umin S Vo S Umax

—Wmazx S wo é Wmazx

which represents the case that the UAV has limited velocity and heading rate constraints.

However, the velocity and heading rate commands (7)) and (8)) are no longer valid for Eq. (1), where the
control commands to the autopilot are the velocity and roll angle commands. In the following, we apply
backstepping techniques to derive velocity and roll angle commands.

Note that Egs. (1)) and (5) can be rewritten as

X = f(t,x) +g(x)¢ ©)
i (10)
where y = [%ﬂeﬂbe]T’
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Ur COS("r/)e)
f(t,x) vy sin(t)
Wr
-1 Ye
0 -1

U= Vy _ o%(v67v)
Ve a(ec=9) |

Assume that ¢ is the control input to Eq. (9) and suppose that we have found a control law &¢ =

[vl, g tdn((b )]T that stabilizes y. Furthermore, assume that there exists a Lyapunov function V; satisfying
Vi < W( ) with ¢4 as the control input, where W (-) is a positive definite function.
However, £ is not a true control input in reality, so we will try to design v¢ and ¢¢ such that £ —

[v 7gtan(¢ )] in the next step.
Let w = gtazﬁ and w? = gtan((zs Consider a Lyapunov function candidate
1
V2 V1 + 22 Z, (11)

where

e=g-gt=

W —w

U—’Ud
) ] (12)

Differentiating Eq. (L1)), we get that

8V1 1 T -
f( x) + aXg(><)€+z %
av BI%
Ty T + o900l + (6 - €]
X
+z p_i}d
g @ui—tan(@)s _
=-Wk)
i oV,
+27 2 . +(5—90))" ],
? (lthw)wd (5X9(X>)>

where 9% and @w? represent the time derivative of v and w? in the case that v? and w? are differentiable. In
the case that v and w? are not differentiable, we let 9% and @ denote the generalized time derivative of v*
and w? respectively and let ©¢ and w¢ represent the minimum norm element of ¢ and @? respectively (see

Refs. 16,17).
Define
1 0
P= _gim(e) gsec’(@) ]

Letting

1% _ 8‘/1 @d

v :P 1 7KZ* i T+ ;

[ v, ( ( o 9(x)) 2

we have

V¢ =y + v
d)c = Vg =+ d) (13)
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Given the control command (13), we can see that Vo = —W (x) — 27 Kz, which is negative definite. As a
result, it is straightforward to see that the control command (I13) guarantees that |z.| + |ye| + |e| + |v —

d
vl + |g% — g%| — 0, which in turn implies that | — x| + |y — yr| + [¥ — 9| — 0.
Now we need to find v# and w? and a Lyapunov function V such that

-0V oV vd
V=—1Ff —
o ftx) + o 9(x) L"d]
is negative definite.
In Ref. 12 we have shown that
2
Ye
Vi = AMpe + ———=] +1 14
0(x) ( Y x§+y§+1> (14)

kT AT (14 k) (15)

is a constrained Lyapunov function for system x = f(¢, x) + g(x)[v,w]T with virtual control inputs v and w
given by Eqs. (7) and (8) such that Vg (x) < —W (x), where W (x) is a continuous positive-definite function,
k> %, A > Kk, where k is a positive constant expressed precisely in Ref. 12.

Therefore, we have the following lemma.

Lemma III.1 Let v¢ = vy and w? = wy, where vo and wy are given by Eqs. (T) and (8). The control
command (13) guarantees that |v — x| + |y — yr| + ¥ — ¥r| + v — 0| + |g% — wy| — 0 asymptotically.

Proof: Letting Vi = Vp(x) in Eq. (11), we can see that Vo = —W (x) — 27 Kz, which implies that y — 0

and z — 0 asymptotically, that is, |zc| + |ye| + [¢0e] — 0 and |v — v9| + |g% —wd — 0. The fact
that y — 0 also implies that [v? — v,| + |w? — w,.| — 0. Combining the above arguments, we know that

|£C - xr| + |y - yr| + W) - 'l/}r‘ + |’U - UT| + |g% - wr| —0 asymptotically. u
In reality, the parameter vector § = [a,, oy’ is unknown and depends on the autopilot design. The

commanded velocity v¢ and roll angle ¢¢ are given by v¢ = G&,v, +v and ¢¢ = &4vy + ¢, where 6 = [, )T
is an estimate of 6.

Let the parameter estimate vector be updated as

b—_1|" O|pr., (16)
0 Vg
where T is a diagonal positive definite matrix.
Consider a Lyapunov function candidate
Loplas O s
g

where § =6 — 4.
Differentiating Eq. (17), we get that

1
~ = 0
+0T | ] r—'o
ag
= 7W(X) - ZTKZ’
where the last equality comes from the fact that
p=r|" °|pT..
0 l/¢,

As a result, we know that W(x) — 0 and z — 0 from Theorem 5.27 in Ref. 18. Note that here 0 may
not approach zero.
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IV. Simulation Results

In this section, we simulate a small Zagi airframe'® based UAV that tracks a trajectory generated by
a trajectory generator described in Ref. 5. The simulation results in this section are based on a full six
degree-of-freedom twelve-state model equipped with low-level autopilots described in Ref. 13. The UAV is
equipped with a standard autopilot and the autopilot constants a, are generally unknown. However, we
have tuned the autopilot design to find out that o, = % and oy ~ ﬁ for comparison purposes. Table (1
shows the specifications of the UAV and the control law parameters.

Table 1. Specifications of the UAV and the control law parameters.
Parameter Value ‘
Umin 7.5 (m/s)
Umax 13.5 (m/s)
Winax 0.671 (rad/s)
¢maa: % (rad)
Uy € [9.5,11.5] (m/s)
Wy € [—0.471,0.471] (rad/s)
A 1
My 10
um 10
K diag{10, 10}
r 1

In the first case, we let v = &, v, +v and ¢° = Gyvy + ¢, where &, % and &y = ﬁ. Fig. 1l shows the
actual and desired trajectories of the UAV without parameter adaptation. Here we use circles to represent
the starting position of the UAV and squares to represent the ending position of the UAV. Also, we use
diamonds to represent the position of the UAV at ¢ = 10,20, 30,40 (secs). It can be seen that the UAV can
track its desired trajectory accurately with known a, and ay. Fig. 2/ shows the tracking error for position
and heading. Fig. 3 shows the velocity and roll angle of the UAV. Note that the velocity and roll angle of
the UAV satisfy their constraints. The switching phenomena of the roll angle are due to the fact that the
reference velocity and heading rate v, and w, are only piecewise continuous.

Reference and Actual Trajectories
50 T T T

— Reference
— — Saturation

y (m)

|
-300
X (m)

-100
-600

L L
-200 -100 0

L
—-400

-500

Figure 1.
tation.

Actual and desired trajectories of the UAV with accurate o, and a4 but without parameter adap-

In the
and ¢°

second case, we assume that no parameter adaptation law is applied. Here we let v¢ = a,v, + v
QgVy + ¢, where &, and &g are arbitrarily chosen as 0.192 and 0.55. Fig. 4] shows the actual and
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Figure 2. Tracking errors of the UAV with accurate o, and a4 but without parameter adaptation.

30 35 40 45 50

phi (rad)

Figure 3. Velocity and roll angle of the UAV with accurate a, and a4 but without parameter adaptation.

desired trajectories of the UAV with neither accurate o, and oy nor parameter adaptation. It can be seen
that the UAV cannot track its desired trajectory accurately. Fig.[5lshows the tracking error for position and
heading. Fig. 6l shows the velocity and roll angle of the UAV.

In the third case, Eq. (16) is applied to update the estimated parameters &, and dy, where we assume
that G,(0) = 0.192 and G4(0) = 0.55. Fig. [7 shows the actual and desired trajectories of the UAV with
inaccurate a, and ag but with parameter adaptation. It can be seen that the UAV can track its desired
trajectory more accurately in this case than in the second case. Fig. |8 shows the tracking error for position
and heading with adaptation. Fig. |9 shows the velocity and roll angle of the UAV with adaptation. Fig. [10
shows the actual and estimated parameters of the UAV. Note that although the estimated parameters do
not match the actual parameters here, trajectory tracking errors are still guaranteed to converge to zero due
to the inherent properties of adaptive control.?°

V. Conclusion

With a UAV equipped with low-level autopilots, the twelve-state model of the UAV is reduced to a seven-
state model with velocity, roll angle, and altitude command inputs. We have used backstepping techniques
to design velocity and roll angle control laws from known velocity and heading angle control laws for small
UAVs equipped with effective autopilots. The velocity and roll angle control laws have extended the velocity
and heading controllers in Ref. 12, where the velocity and heading controllers explicitly account for limited
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Reference and Actual Trajectories
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Figure 4. Actual and desired trajectories of the UAV with neither accurate o, and a4 nor parameter adaptation.

1 L L L L L L I I I
0 5 10 15 20 25 30 35 40 45 50

t(s)

Figure 5. Tracking errors of the UAV with neither accurate a, and oy nor parameter adaptation.

velocity and heading rate constraints of fixed wing UAVs. A parameter adaptation technique has been
applied to estimate unknown autopilot parameters. Simulation results on a small fixed wing UAV have
shown the effectiveness of our approach.
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