
Budapest University of Technology and Economics

Department of Control Engineering and Information Technology

MODERN CONTROL METHODS FOR UNMANNED AERIAL

AND GROUND VEHICLES
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1 Motivation, goal of the research

The control of autonomous unmanned ground (UGV) and air (UAV) vehicles and their
formations are part of the non-linear dynamic control methods. It integrates the knowledge
of various fields, and its research is in the center of the international trends. Its main topic
is the control of various vehicles (mobile robot agents) based on common grounds including
modeling, identification, path design considering the under-actuated fashion of the agents
and the obstacles on the path, navigation based on special sensors, movement analysis
and sensor-fusion, fast communication for control and system optimization, as well as the
coordinated control of several vehicles in formation considering static and moving obstacles.

The main goal of this research is to develop control methods based on common system
engineering grounds for ground and air vehicles.

Based on experience it can be seen that autonomous embedded control systems can
be designed for autonomous mobile robot agents, obstacle avoidance of vehicles in traffic,
quadrotor copters and propelled aeroplanes and their movement in formation with the use
of modern control method development tools, embedded microprocessors and GPS/IMU
sensors.

2 Major research directions, results

Throughout this work I was introduced with the most important academical results of the
control industry and used them to reach my research goals. My research was based on the
control of three different type of unmanned vehicles - Quadrotor UAVs, Fixed wing UAVS
and Unmanned Ground Vehicles. My main research was based on navigation and state
estimation of vehicles based on sensor fusion, hierarchical (on the upper level kinematic
and on the lower lever dynamic model based) control of ground vehicles and input-output
linearization based control of quadrotor helicopters.

3 Formulated theses

3.1 Control of Quadrotor helicopters

From the often used nonlinear control algorithms the input-output linearization, the back-
stepping control (BSC) and the sliding mode control play important role in engineering
practice. All these methods are model based. In this chapter I concentrated on the popular
method of backstepping control with integrator error extension (IBSC) and applied it to
the control of Quadrotor UAVs where the actuators are four (brushless) DC motors which
exert lift forces fi proportional to the square of the angular velocities Ωi of the actuators.
The system is underactuated because the degree of freedom (DOF) is six (3D position and
3D orientation) while the number of actuators is only four. In such cases not every path
can be exactly realized and the main goal is to approximate the motion having small error
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to the path. The path plays the role of the reference signal (desired value) of the control
system. The main results are as follows.

Thesis Group 1. I applied a complex and an approximating nonlinear dynamic model
of quadrotor helicopters for control purposes (dynamic model, simplified dynamic model
and rotor dynamics) and developed model based IBSC control algorithms satisfying nonlin-
ear Lyapunov stability. The hierarchical control is state dependent and consists of position
control, attitude (orientation) control and rotor control components. Path design methods
were presented satisfying continuous acceleration or continuous jerk. I generalized the IBSC
method for adaptive model parameter and disturbance force identification.

The results were published in: [C1] [J2]
IEEE International Symposium on Intelligent Systems and Informatics (SISY 2018), Sub-
otica, Serbia, September 2018. [C1],
Periodica Polytechnica-Electrical Engineering and Computer Science, Vol.63 : 2 pp. 122-
132. , 11 p., 2019 [J2].
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Fig. 1. Concept of the quadrotor helicopter

Thesis 1.1. I developed a complex nonlinear dynamic model assuming known mass, diagonal
inertia matrix and ΣFext = F + Fa + Fg resulting force and ΣText = T + Ta + Tg resulting
torque where, respectively, F = (0, 0, f)T and T are the actuator force and torque, Fa and Ta
are the aerodynamic friction, Fg is the gravity and Tg is the gyroscopic effect in the helicopter
body coordinate system. The initial NED0 Flat Earth coordinate system is a quasi inertial
system. The relative orientation is described by the navigation Euler angles. The simplified
dynamic model approximates the relation between the derivatives of the Euler angles Φ̇, Θ̇, Ψ̇
and the angular velocity by the unite matrix and neglect the friction effects. For constant x
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and y and if only hovering and attitude variables are controlled by τ = (T T , f)T then the
subsystem has the form H(q)q̈ + h(q, q̇) = τ which is similar to a fully actuated robot with
q = (Φ,Θ,Ψ, z)T that can be linearized without zero dynamics.

Thesis 1.2. I developed a standard integral backstepping (IBSC) method for the sample
system ẋ1 = x2, ẋ2 = a + bu (a and b may be nonlinear) based on the principle of virtual
control at low level. High level control u guarantees Lyapunov stability with positive definite
V and negative semidefinite dV

dt
≤ 0 from which by LaSalle’s stability theorem follows global

asymptotical stability (GAS). I have shown that the closed loop characteristic equation is

s3 + (c1 + c2)s2 + (1 + c1c2 + λ)s+ λc2 = 0

with c1, c2, λ > 0, and presented a method how to find the parameters of the characteristic
equation if the roots s1, s2, s3 are prescribed.

Thesis 1.3. By using the state variables ξ = (x, y, z)T , η = (Φ,Θ,Ψ)T and Ωk, k = 1, 2, 3, 4
the dynamic model of the system to be controlled can be brought to the form

ξ̈ = fξ + gξuξ, η̈ = fη + gηuη, Ω̇k = fΩ,k + gΩ,kuΩ,k, k = 1, 2, 3, 4.

I developed a hierarchical structure for the controller consisting of Position Control, Attitude
Control and Rotor Control parts. I generalized the standard IBSC for the design of these
controller parts.

ξd -
ξm -
ξ̇m -
η̇m q-

Position

Control

-Φd,Θd

Ψd

-

ηm

-
-

Ωm q

-

-

Attitude

Control

T -f

- Rotor

Control
-u

Fig. 2. The hierarchical structure of the controller

1. Denote qξ1 = ξd − ξ the tracking error and qξ2 = ξ̇ − ξ̇d − Aξ1qξ1 the virtual tracking
error, respectively, then for the position control the control law

uξ = g−1
ξ [ξ̈d − fξ + (I3 + Aξ2Aξ1)qξ1 + (Aξ2 + Aξ1)q̇ξ1]

stabilizes the system if Aξ1, Aξ2 > 0 and diagonal. Since uξ = (f, f, f)T hence f can
be determined and from it also the reference signals Φd and Θd can be computed by
direct formulas.
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2. Denote qη1 = ηd − η the attitude (orientation) tracking error and qη2 = η̇ − η̇d −
Aη1qη1 the virtual attitude tracking error, respectively, then for the attitude control
the control law

uη = g−1
η [η̈d − fη + (I3 + Aη2Aη1)qη1 + (Aη2 + Aη1)q̇η1]

stabilizes the system if Aη1, Aη2 > 0 and diagonal. The output of the attitude controller
is the driving torque T .

3. For the simplified dynamic model in the control laws the simplified fξ, · · · , gη functions
have to be used.

4. For rotor control in the dynamic model only the first derivative of Ωk appears and
hence there is no need to the virtual error qm2. From T and f the reference signal
squares Ω2

id can be determined by a linear formula. Then qm1, fm and um can be
computed and the latter is used as motor input voltage in the servos of the propellers.

Thesis 1.4. The control laws need the reference signal (desired value, path, guidance etc.).
Since quadrotor UAVs perform usually paths in Cartesian space with continuous/smooth
linear and angular accelerations, it can be assumed, that the prescribed path information
can be reduced to sequences {ξ}n1 and {Ψ}n1 which is equivalent to a sequence in a fictitious
joint vector q = (x, y, z,Ψ)T or its subset, then it can be solved by repeating path design in a
single scalar variable with bounded and continuous acceleration. For these purposes I have
developed a path design algorithm in q(t) with continuous acceleration and a second one with
continuous jerk (smooth acceleration). The remaining Euler angles Φd(t) and Θd(t) are the
result of real time computations. For robust real time filtering and differentiation I developed
a fictitious control system (integrator plant 1/s, first order serial compensator F1/(s + F2)
and outer unity feedback). The obtained term can be cascaded if necessary.

Thesis 1.5. The standard IBSC can be extended in the direction of parameter and dis-
turbance force identification. First I developed a model of the parameter changes. Denote
θ = θ̂ + θ̃ the unknown parameter then, prescribing ė2 := −c2e2 − e1, c2 > 0 because of
stability reason,

a+ bu = â+ b̂u+
∑
i

∂a

∂θi
|θ̂i θ̃i +

∑
i

∂b

∂θi
|θ̂i θ̃iu︸ ︷︷ ︸

ã+b̃u

u :=
1

b
[(1− c2

1 + λ1)e1 + (c1 + c2)e2 − c1λ1p1 + ẍ1d − â]

ė2 = −c2e2 − e1 −
∑
i

∂a

∂θi
|θ̂i θ̃i −

∑
i

∂b

∂θi
|θ̂i θ̃iu

From application point of view, a typical reason of parameter change is the change of the
mass. Such situation arises if some load will be dropped (parcel, food etc.) in civil application
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or some missile will be fired in military application. It is assumed that change of the COG
can be neglected or can be considered as a vertical disturbance force, and the controller is
able to reprogram itself in real time. For the unknown new mass m and the unknown vertical
disturbance force Dz it is assumed that m = m̂ + m̃ ⇒ ṁ = 0 ⇒ ˙̃m = − ˙̂m, and similarly,

Dz = D̂z + D̃z ⇒ Ḋz = 0 ⇒ ˙̃Dz = − ˙̂
Dz. Using the general results I have derived explicit

formulas for the parameter changes and ėz2:

z̈ = −g +
Dz

m︸ ︷︷ ︸
a

+
CΦCΘ

m
u︸ ︷︷ ︸

b

,
∂a

∂m
m̃ = −D̂z

m̂2
m̃,

∂a

∂Dz

D̃z =
1

m̂
D̃z

∂b

∂m
m̃u = −CΦCΘ

m̂2
m̃u = −CΦCΘ

m̂2

m̂

CΦCΘ

[. . .+ z̈d − (−g +
D̂z

m̂
)︸ ︷︷ ︸

â

]m̃

ėz2 = −cz2ez2 − ez1 −
D̃

m̂
+ [. . .+ z̈d + g]

Using the Lyapunov function V penalizing the errors and the parameter changes in the
model, I have shown that

V =
1

2
λzp

2
z +

1

2
e2
z1 +

1

2
e2
z2

+
1

2γz1

1

m̂
m̃2 +

1

2γz2

1

m̂
D̃2
z

dV

dt
= −c2

z1e
2
z1 − c2

z2e
2
z2 +

m̃

m̂
{ez2[(1− c2

z1 + λz1)ez1 + · · ·+ z̈d + g]− 1

γz1
˙̂m}

+
D̃z

m̂
{−ez2 −

1

γz2

˙̂
Dz}

Making the braces zero, it follows the stability of the closed loop with parameter tuning and
The Adaptation Laws:

˙̂m = γz1ez2[(1− c2
z1 + λz1)ez1 + (cz1 + cz2)ez2 − cz1λz1pz1 + z̈d + g]

˙̂
Dz = −γz2ez2

I have experimentally proved the efficiency of the adaptation laws. I have shown by using
simulation that the unknown initial mass can be determined after a short transient. Simi-
larly, I have shown that if the mass has changed and a vertical disturbance force is present
then their new values can also be determined after short transients. However, since iden-
tification needs error in the system, and the integral of the error can be large during the
transients causing saturation in the actuator, hence for large transient errors it is useful to
switch off the integration.
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Fig. 3. The position and attitude of the helicopter using IBC control for known helicopter
mass
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Fig. 4. Estimation of the initial helicopter mass and the order of errors
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Fig. 5. Estimation of the mass and the vertical disturbance force
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3.2 Attitude Control of Fixed Wing UAVs

This field dealt with the control of autonomous (unmanned) fixed wing aircraft having
maneuvering ability. The speed was in the order of 30m/s which means that a distance of
100m can be performed within nearly 3s. In this respect the motion is relatively high speed
for UAVs. Because of the unmanned character the acceleration is not limited, it may be as
well 2-3g. Maneuvers can be put together from elementary sections and can frequently vary
in time, the transition between the sections must be smooth and short.

Model based nonlinear control gives real chance to have satisfactory solution of the
complex problem, but a reliable nonlinear dynamic model of the aircraft is needed for
control design, furthermore the model is underactuated and the actuators δe, δa, δr, δth have
also dynamics. The control of the aircraft under such conditions is a big challenge for control
design. The main results are as follows.

Thesis Group 2. I applied a complex nonlinear dynamic model for fixed wing UAVs and
elaborated four type control algorithms for the autonomous (unmanned) control, three for the
attitude (orientation) control and a common one for position control. The path design can
be performed in position and Euler angles of the body frame, and the orientation (attitude)
can be converted to unit quaternion (if necessary). Outside the singularity of Euler angles,
I developed a model based IBSC attitude control satisfying nonlinear Lyapunov stability.
For the general case of maneuvers, I developed two quaternion based nonlinear attitude
control methods, one control law without the use of the quaternion logarithm and a second
using log(q). Both methods assure Lyapunov stability of the closed loop. The position control
algorithm assures small errors in height, velocity and lateral motion during maneuvers. The
path design method can select maneuvers from a palette and put them together smoothly at
their boundaries.

The results were published in: [C5], [C4], [C6]
IEEE International Symposium on Applied Computational Intelligence and Informatics
(SACI 2019), Timisoara, Romania, May, 2019. [C5],
IEEE International Symposium on Applied Computational Intelligence and Informatics
(SACI 2020), Timisoara, Romania, May, 2020. [C4],
International Symposium on Measurement and Control in Robotics (ISMCR 2020), Piscat-
away (NJ), United States of America, October, 2020. [C6].
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Fig. 6. Interpretation of angle of attack and slideslip angle with respect to relative wind

Thesis 2.1. Using Flat Earth approximation, NED0 = Kn is a quasi inertial frame. Further
important frames are the body frame Kb fixed to the COG, the stability axis frame KS

obtained rotating Kb by Rot(y,−α) =: S−1
0 , and the wind axis frame KW obtained rotating

Kb by Rot(y,−α)Rot(z, β) =: S−1, where α is the angle of attack and β is the sideslip angle.
With these notations the own results are as follows.

1. I have extended the Newton-Euler equations of rigid body with the aerial (A) and
thrust (T) effects that are simpler in the stability axis frame than in the wind axis
one. Using the geometrical parameters b, c̄, Swa and the dynamic pressure q̄ = 1

2
ρv2

T ,
the dimensionless aerial force and torque effects can be transformed to the body frame
and scaled:

FBA = q̄SwaRot(y,−α)(−CD, CY ,−CL)T

TBA = q̄Swadiag(b, c̄, b)Rot(y,−α)(Cl, Cm, Cn)T

where CD is the drag force, CL is the lift force and CY is the sideforce in the stability
axis frame. It was assumed that the thrust force FBT acts in xb directions through the
COG and has no effect on the torque.

2. Using literature studies, I have developed a dynamic model for a sample UAV for
testing the efficiency of the control algorithms. The model considers the aspect ratio
Asr, the Oswald efficiency eOsw and models the dimensionless forces and torques in
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the stability axis frame as follows:

CL = CL0 + CLαα

CD = CD0 +
C2
L

πAsreOsw

CY = CY δαδα + CY δrδr + CY p
bps
2Va

+ CY r
brs
2Va

+ CY ββ
Cl

Cm

Cn

 =


0 CLδα CLδr

Cmδe 0 0

0 Cnδa Cnδe




δe

δa

δr

+

+


Clp 0 Clr

0 Cmq 0

Cnp 0 Cnr




psb
2Va
qsc̄
2Va

rsb
2Va

+


0 Clβ

Cmα 0

0 Cnβ


(
α

β

)

= L1(δe, δa, δr)
T + L2(

psb

2Va
,
qsc̄

2Va
,
rsb

2Va
)T + L3(α, β)T

where (ps, qs, rs)
T = S−1

0 (P,Q,R)T is the angular velocity of the stability axis frame.
The elements of the matrices are given in tables for the Sekwa UAV used to check
the efficiency of the control algorithms. The torque equation is linear in the actuator
signals (δe, δa, δr)

T hence the attitude control reduces to torque vector design. The
second term belonging to L2 is usually an angular velocity dependent damping therm
linear in ωb and has stabilizing character.

3. I have shown that the main structure of the motion equations has the following form
(J = Ic):

mv̇ = −ω × (mv) + fv + gv1uv + gv2uω

Jω̇ = −ω × (Jω) + fω −Dωω +Gωuω

As can be seen, the position equation is coupled with the attitude equation since it
depends on both uv = FT and uω = (δe, δa, δr)

T , hence the nonlinear position control
is a complex problem. Fortunately, the orientation equation is not coupled thus the
attitude control is less complex. From engineering point of view, a good conception
may be to find first a good solution of the attitude control problem, and secondly,
to find the appropriate thrust force δth needed to move the UAV in the stabilized
direction.

Thesis 2.2. For weakly maneuvering UAVs the singularity point Θ = ±π/2 can be avoided.
In this case the system has the form

x1 = g0x2, x2 = f1 + g1u
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where x1 = (Φ,Θ,Ψ)T and x2 = (P,Q,R)T , g0 is the matrix in the kinematic equations,
f1 + g1u = −(Ic)

−1(ωB × (Icω)) + I−1
c TB where u = TB is the total torque and both g0

and g1 are invertible matrices. I have developed IBSC for the control, with z1 = xd1 − x1,
ξ1(t) =

∫ t
0
z1(τ)dτ the error integral, v1 := g−1

0 (ẋd1+Λ1ξ1+A1z1) virtual control, z2 := v1−x2

and control signal

u = g−1
1 (v̇1 − f1 + A2z2 + gT0 z1)

satisfying closed loop global asymptotic stability (GAS) if A1,Λ1, A2 > 0 (positive definite).

I developed formulas for v̇1 and
dg−1

0

dt
needed in u.

The result of the IBSC is the driving torque u = TB in the basis of the body frame:

u = TB = q̄Swadiag(b, c̄, b)︸ ︷︷ ︸
D

(l,m, n)T

(l,m, n)T = L1δ + L2(p̂, q̂, r̂, α, β, . . .)

L1δ = D−1u− L2(p̂, q̂, r̂, α, β, . . .)

which is a linear equation for δ that can be solved easily. Here p̂ = psb
2Va

etc. If the force/torque

effects are parametrized in the wind axis frame then u = TB = S−1D(l,m, n)W ⇒ (l,m, n)W =
D−1Su = L1W δ + L2W from which δ can be determined.

Thesis 2.3. For highly maneuvering fixed wing UAVs I have developed a quaternion based
nonlinear attitude control law satisfying nonlinear Lyapunov stability. Special is that the
path is designed for the origin of the body axis (COG) frame in the form of the desired value
of the velocity vd,b and the desired value of the angular velocity ωd,b. The method exploits
that the path orientation can always be developed in Euler angles and then can easily be
converted to the desired quaternion. Since also the derivatives of the desired Euler angles
are designed hence also the derivatives of the desired quaternion can be computed from them.
A new frame Kd was introduced which is the desired frame for the body COG.

The goal is to match Kb and Kd after the control transients satisfying Kb = Kd. Since
Rb
n = Rd

nR
b
d hence

Rb
d = (Rd

n)−1Rb
n ⇔ qd,b = q−1

n,d ⊗ qn,b = qd,n ⊗ qn,b

Rb
d = I3 (goal)⇔ q∞d,b = (±1, 0̄)

which means that (±1, 0̄) should be equilibrium state. Notice that two solutions are possible
and the shortest rotation angle shuld be chosen during the transients. The quaternion error
and the angular velocity error are defined as

qe := q∞d,b − qd,b = (1, 0̄)− (sd,b,−w̄d,b) = (1− sd,b, w̄d,b)

ωbd,b = ωbn,b −Rb
dω

d
n,d
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Fig. 7. The scalar and vector components of the quaternion under log(q) based control

Fig. 8. Sekwa UAV 3D path and motion under log(q) based control
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Here qe is the difference of two quaternions hence ||qe|| 6= 1 while ||qd,b|| = 1 thus qd,b satisfies
the quaternion differential equations. The system to be controlled consits of two parts:

q̇e := (−ṡd,b, ˙̄wd,b) = T (−sd,b, w̄d,b)ωbd,b =: Teω
b
d,b

Jω̇b = −[ωb×]Jωb + f(x)−D(x)ωb +G(x)u

Notice that the original BSC control cannot be applied because Te is of type 4 × 3 and not
invertible. Therefore some modifications are needed.
I have shown that

Jω̇bd,b = −[ωbn,b×]Jωbn,b + f(x)−D(x)(ωbd,b +Rb
dω

d
n,d)

− JRb
dω̇

d
n,d +G(x)u+ J [ωbn,b×]Rb

dω
d
n,d

Since ωbn,b − Rb
dω

b
n,d is the angular velocity error between the vehicle and the path hence

the virtual error may be chosen z = ωbn,b − Rb
dω

b
n,d + kqT

T
e qe where k1 > 0 scalar and

ż = ω̇bd,b + kq
d
dt

(T Te qe)⇒ Jż = Jω̇bd,b + kqJ
d
dt

(T Te qe).

I have proved that by choosing the Lyapunov functions V1 = 1
2
qTe qe and V2 = V1 + 1

2
zTJz

together with the virtual control T Te qe := 1
2
w̄d,b and kω > 0 scalar, the BSC attitude control

law

u = G−1[JRb
dω̇

d
n,d − f(x) +D(x)(Rb

dω
d
n,d − kqT Te qe)

+ [ωbn,b×]Jωbn,b − J [ωbn,b×]Rb
dω

d
n,d − T Te qe −

kq
2
J ˙̄wd,b − kωz]

satisfies the stability conditions V̇2 = −kqqTe TeT Te qe − zT (D(x) + kωI3)z ≤ 0.

Thesis 2.4. I developed a log(q) based attitude (orientation) control algorithm for highly
maneuvering fixed wing UAVs. I gave an own derivation of the known formulas for the
exponent and logarithm of quaternions having form q = (s, w̄) ∈ R1 ×R3:

exp(q) = ese(0,w̄) = es(cos(|w̄|), sin(|w̄|) w̄
|w̄|

)

log(q) = (ln ||q||, arccos(s/||q||) w̄
|w̄|

)

q = (Cθ/2, Sθ/2t̄)⇒ log(q) = (0, arccos(s)
w̄

|w̄|
) = (0,

1

2
θt̄)

d log(q)

dt
= (0,

1

2
θ′t̄)

Novelty is, that the last formula is only valid if the unit axis t̄ can be considered constant.
In reality t̄, t̄′ × t̄, t̄′ is an orthogonal basis (prime denote here derivative) in which ω =
θ′t̄+ (1− Cθ)t̄′ × t̄+ Sθ t̄

′. Hence the log(q) based attitude control is only an approximating
method, useful only if t̄ is slowly varying along the desired path.
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Based on these formulas I developed a log(q) based attitude control algorithm. The goals of
the attitude control are to make qd,b → (1, 0̄) and ωbd,b → 0̄. Using the above (approximating)

result yields d
dt

log(qd,b) = (0, 1
2
θ′t̄) = (0, 1

2
ωbd,b). With the Lyapunov functions V1 and its

derivative and the earlier form of Jω̇bd,b:

V1 = kq(log(qd,b))
T log(qd,b) +

1

2
(ωTd,bJω

b
d,b

V̇1 = kq(log(qd,b))
T (0, ωbd,b) + (ωbd,b)

TJω̇bd,b

Using the following log(q) based attitude control law:

u = G−1{[ωbn,b×]Jωbn,b − f(x) +D(x)ωbn,b + JRb
dω̇

d
n,d

− J [ωbn,b×]Rb
dω

d
n,d −

kq
2
t̄d,bθd,b − kωωbd,b − λ1

∫ t

0

ωbd,bdτ}

where kq, kω, λ1 > 0 scalars, a lot of terms are canceled in V̇1 and (for λ1 = 0) with the
remaining terms yields V̇1 = −kω|ωbd,b|2 which is negative semidefinite hence the closed loop
is uniformly stable.

Thesis 2.5. I developed a position control algorithm for maneuvering fixed wing UAVs. The
goal is to assure small errors in height (H = −zD), velocity absolute value and lateral (y)
direction. It is assumed that the attitude control has already stabilized the motion direction
and it is enough to assure precisely the prescribed velocity of the underactuated system in
the reached orientation. I have shown that the responsible dynamic subsystem in wind-axes
is:

v̇T = − q̄Swa
m

CDW +
FT
m
CαCβ + gW1 =: f0 + g0FT

α̇ = − q̄Swa
mvTCβ

CL +Q− Tβ(CαP + SαR)− FT
mvTCβ

Sα +
1

vTCβ
gW3

β̇ =
q̄Swa
mvT

CYW + SαP − CαR +
FT
mvT

CαSβ +
1

vT
gW2

Let the desired path signals for Kb relative to Kn be xd, yd, zD,d, ẋd, ẏd, żD,d, ẍd, ÿd, z̈D,d, then
the following control law does assure small velocity error in the reached orientation:

FT := 1/g0{v̇T,d − f0 + α1v(vT,d − vT ) + λ1v

∫ t

0

(vT,d − vT )dτ}

ëv + α1vėv + λ1vev = 0↔ s2 + α1vs+ λ1v = 0

Parameters for stability can be easily chosen. The desired velocity and its derivative are
needed for position control. Since the magnitude is a scalar hence the desired velocity and
its derivative is in every frame the following:

vT,d =
√
ẋ2
b + ẏ2

d + ż2
D,d ⇒ v̇T,d =

ẋdẍd + ẏdÿd + żD,dz̈D,d
vT,d
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The second derivatives needed can be computed by using fictitious closed loop systems for
differentiations. The new values of α and β can be computed from the remaining part of the
wind-axes differential equations for use in FT .

Thesis 2.6. The mission design (path design, guidance) is an important part of the control
systems. Since the 6D position and orientation can be influenced by only the 4 actuators
δe, δa, δr, δth hence not every prescribed reference path can be exactly realized. The goodness
of the control can be measured by the errors and the obtained magnitude of the angle of
attack and the sideslip angle in the closed loop control. In this respect the own results are
the following.

1. I developed a path design method for maneuvering aerial vehicles, where elemen-
tary maneuvers can be selected from a palette and put together smoothly at their
boundary. The palette consists of straight line motion, circle motion, spiral motion
and screw motion (linear motion with constant velocity and rotation around it with
constant angular velocity). All these motions are general in space (the directions and
circle planes are general). The velocities and accelerations (linear or angular) and the
variable change (position or arc) can be prescribed and from them the time needed
for the motion can be computed.

2. The path design is running for the origin of the Kb frame (novelty) hence easier as
it would run for the origin of the KW frame (typical in practice). The elementary
maneuvers satisfy that during the motion the rotation axis t̄ is constant. I developed
a path design method for maneuvering aerial vehicles, where elementary maneuvers
can be selected from a palette and put together smoothly at their boundaries.

3. I developed a simulation system for testing the control algorithms. The simulations
experimentally proved the efficiency of the control laws.

3.3 Ground Vehicle Control

A popular approach in the industrial control of ground vehicles (cars etc.) is to develop
kinematic control (without the use of mass, inertia etc. in the model) and apply the control
outputs as reference signals for the low level internal industrial control system. The main
goal of this chapter was to test what is the order of the resulting error in the closed loop
system, and how can the error be decreased.

For the design of the kinematic controller a robust method is the use of the two wheel
bicycle model together with the cornering stiffness approximation of the force and torque
and assuming bounded disturbance in H∞ sense for the nonmodeled effects. The method is
well prepared in the literature in the original chain form kinematic modeling. The kinematic
control is state feedback computed by LMI technique.

In new chain form kinematic model x, y, ψ, δw are the position, orientation and steering
angle, respectively, w is the derivative of the steering angle, αF , αR are the side slip angles
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of front and rear wheels, and the transversal forces are approximated by FyF = cFαF and
FyR = cRαR where cL and cR are the cornering stiffness.

For checking the error boundaries in closed loop, a dynamic control is also necessary
which may be dynamic model based and can use modern techniques like differential geom-
etry or flatness based nonlinear control. The results are as follows.

Thesis Group 3. I elaborated and analyzed a modified chain form model that can take
into consideration the sliding effects in kinematic control design. The goal is to follow a
desired reference path yd = f(x), the errors are the vehicle lateral error e1, orientation
(heading) error e2 and the derivative of the third error component e3 depends immediately
on the kinematic control u. The kinematic controller can be designed using LMI technique.
At the low level three types of controllers were considered: i) nominal control saving the
steering angle of the kinematic control as reference signal, ii) nonlinear I/O linearization
(DGA) method, iii) flatness control. It was demonstrated by simulation that the high level
kinematic control based approaches can have lateral errors in the order of 1m in maneuvers
that may cause problems for UGVs without visual information.
The results were published in: [J1], [C2]
Acta Polytechnica Hungarica, Vol.16 : 1 pp. 97-117. , 21 p., 2019 [J1].
IEEE International Symposium on Applied Computational Intelligence and Informatics
(SACI 2018), Timisoara, Romania, May 2018 [C2]

Thesis 3.1. For the modified chain form model the body frame is Kk with the origin at the
middle point of the rear axle (instead of Kc with origin in the COG). The kinematic model
is

ẋ = (cos(ψ)− tan(αR) sin(ψ))v, ẏ = (sin(ψ)− tan(αR) cos(ψ))v

ψ̇ =
tan(δW − αF ) + tan(αR)

L
v, δ̇w = w

where v = |vR| cos(αR) is the magnitude of the velocity of Kk. The reference signals are ψr =
arctan(f ′(x)) and δwr = arctan(Lf ′′(x) cos3(ψr)). The positions, orientation and steering
errors are e1, e2 and e3, respectively .
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Fig. 9. The two wheel (bicycle) structure

I have shown that the errors consist of two components:
ė1

ė2

ė3

 =


e2v

e3v

u

+


g1(ψ, f ′, αR)

g2(ψ, δw, f
′, f ′′, αR, αF )

g3(ψ, δw, f
′, f ′′, f ′′′, αR, αF )

 v
The functions gi and ḡij are listed in a paper of Arogeti and Berman (2012) without deriva-
tion. Because of the central role of these functions their validity was also checked. Some
detected errors of the above paper are also corrected, especially the correct order of the
terms to find upper bounds for B1(t)BT

1 (t) < B̄1B̄
T
1 , ∀t. The second term can be linearized

in small neighborhood of the desired path and the zero slip angles, resulting in

ė =


0 1 0

0 0 1

0 0 0


︸ ︷︷ ︸

A

ve+


0

0

1


︸ ︷︷ ︸
B2

u+


ḡ11(ψr) 0

ḡ21(ψr, δwr) ḡ22(ψr, δwr)

ḡ31(ψr, δwr, f
′′′) ḡ32(ψr, δwr)


︸ ︷︷ ︸

B1(t)=B1(ψr,δwr,f ′′′)

v

[
αR

αF

]
︸ ︷︷ ︸

d(t)

Assuming 0 < η1 < v(t) < η2 < ∞, first I analyzed the 3 × 3 type matrix B1(t)B1(t)T

along the path and determined a constant matrix B̄1(η1, η2) satisfying B1(t)BT
1 (t) < B̄1B̄

T
1

for ∀t. The form of the kinematic system is a linear time-varying system ė(t) = Av(t)e(t) +
B2u(t) + B1v(t)d(t), z(t) = Ce(t) +Du(t) with the input u ∈ R, d ∈ R2 and the controlled
output z ∈ Rp, for which the results of Arogeti and Berman (2012) can be applied:

18



Let γ, λ > 0 scalars, 0 < Q ∈ Rn×n and Y ∈ Rp×n such that the two LMIs are satisfied, i.e.[
(QAT + AQ+ Y TBT

2 +B2Y )η1 + λnQ B̄1η2

B̄T
1 η2 −γIm

]
< 0

[
λQ QCT + Y TDT

CQ+DY γIp

]
> 0

Then, for control gains given by K = Y Q−1, the closed loop system norm satisfies ||Lcl||∞ <
γ, and the system is internally asymptotically stable.
The transformation to the chain form is completed by computing input signal w =: δ̇w.

w =
[(
f ′′′(x) cos3(ψ)− 3

f ′′(x) cos(ψ) sin(ψ) tan(δw)

L

− f ′(x) cos(ψ) tan2(δw)

L2
+

sin(ψ) tan2(δw)

L2

)
v − u

]
× L cos2(δw)

f ′(x) sin(ψ) + cos(ψ)

where u is the stabilizing state feedback. Notice that w is the control signal for the high
level kinematic control while the integral of δw serves as nominal control for the low level
nonlinear system. The two loops are running parallel in the experiments.

Thesis 3.2. I developed a differential geometry based low level control algorithm (DGA) for
test purposes. Using the Sh = FyR and Sv = SyF side forces and the steering angle δw =
1
cF
Sv + β + lF ψ̇/vG together with the state x = (β, ψ, ψ̇, vG, X, Y )T , input u = (Sv, FxR) and

output y = (X, Y )T then the UGV can described by the input affine model ẋ = A(x)+B(x)u,
y = C(x) having relative degrees r1 = r2 = 2. The observable subsystem is[

ÿ1

ÿ2

]
= q(x) + S(x)u

and the resulting system with u := S−1(x)(v − q(x)) consists of two double integrators with
stable zero dynamics. Choosing a sufficiently quick error dynamics (ÿdi− ÿi)+α1i(ẏdi− ẏi)+
λi(ydi − yi) = 0 and parameters λ1 = λ2 := λ, α11 = α12 = 2

√
λ, a stable system appears

having closed loop characteristic equation s2 + 2
√
λs + λ = 0 ⇒ s1,2 = −

√
λ. Based on it

an (8-step) DGA Control Algorithm was elaborated for the low level control system.

An alternative technique for low level control may be flatness control (FCA) if the
nonlinear system satisfies the differentially flat property.

A nonlinear system ẋ = f(x, u), x ∈ Rn, u ∈ Rm is said to be differentially flat if
there exists a vector y = (y1, . . . , ym)T ∈ Rm called the flat output and vector valued
functions and integers r, rx and ru such that y = h(x, u, u̇, . . . , u(r)), x = A(y, ẏ, . . . , y(rx)),
and u = B(y, ẏ, . . . , y(ru)).

19



Thesis 3.3. I have shown that the two wheel (bicycle) vehicle dynamic model with the
velocity components Vx and Vy of the COG and small angles and lateral forces can be brought
to the form

ẋ = f(x) + g(x)u+ g1γ(u1)u2 + g2u
2
2

where x = (Vx, Vy, ψ̇)T ), u = (u1, u2)T , u2 = δw is the steering angle, γ(u1) = Tm − Tb
for rear wheel driven car and γ(u1) = −Tb for front wheel driven car, Tm is the driving
force, Tb is the braking force, Tbr = rTbf , r ∈ [0, 1] is the braking force distribution, and
Tb = (1 + r)Tbf is the total braking force. If u1 = Tm − Tb is already known then for
u1 > 0⇒ Tm = u1, Tb = 0 while for u1 ≤ 0⇒ Tm = 0, Tb = −u1 can be chosen and Tbf , Tbr
can be computed using the selected value of r.
I have shown for both type of drives the flatness output can be chosen as y1 = Vx and
y2 = lFmVx − Ixψ̇, and from them ẏ2 and y1ẏ2 and ÿ2 can be determined and it yields[

ẏ1

ÿ2

]
= ∆(y1, y2, ẏ2)

[
u1

u2

]
+ Φ(y1, y2, ẏ2)

where the functions ∆ and Φ can be computed from the available variables together with
det(∆). Then taking into consideration that for typical cars RcF/Iω is around 104 and if
Iz > lFm then cR(lR + lF )(Iz − lFm) + l2Fm

2y2
1 6= 0 ⇒ det(∆) 6= 0, hence neglecting the

non-dominant terms γ(u1)u2 and u2
2 in Φ the control u can be determined from the flatness

variables and their derivatives:

u = B(y1, y2, ẏ1, ẏ2, ÿ2) = ∆−1

([
ẏ1

ÿ2

]
− Φ

)
, ru = 2 (1)

Based on this initial value the control can be further improved by considering the nonlinear
terms in Φ and finding the fix point in iterations.
I have shown that for the different flatness variables linear reference systems can be pre-
scribed: [

ẏ1

ÿ2

]
=

[
ẏref1 + k1pey1 + k1I

∫
ey1dt

ÿref2 + k2pey2 + k2I

∫
ey2dt+ k2Dėy2

]

where ey1 = yref1 − y1 = V ref
x − Vx and ey2 = erefy2 − y2 and yref2 = lFmV

ref
y − Izψ̇ref . The

reference signals can be obtained from the high level path design, or in our case from the
kinematic control. The angular velocities of the axes can be measured by odometers. All the
signals are typically superposed with noises hence reliable filtering and differentiation are
needed.
Based on the results I presented a (four step) Flatness Control Algorithm (FCA) as an
alternative method for low level UGV control.
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Thesis 3.4. I elaborated a simulation system to perform experiments for evaluating the er-
rors using high level kinematic based control while the physical environment is a realistic low
level dynamic model based control (precise tire-road model etc.). The cycle of the simulation
were formulated as an 11-steps algorithm. The experiments demonstrate:
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Fig. 10. Steering and slipping angles with nominal control

i) The high level modified kinematic control method can well tolerate the sliding angles in
the realistic domain of less than 15 degree and the path errors remain small at kinematic
level.

ii) Using the nominal control it was experimentally proven the fact that if the steering angle
of the kinematic control is used as the reference signal for the low level (e.g. industrial)
steering control then this approach may cause problems for UGVs because the lateral
error is in the order of 1m. This may be critical in the lack of visual information since
no driver is present to make corrections.

iii) Simple methods, like nonlinear input–output linearization in the form of the DGA dy-
namic control with own reference signals (i.e. the path), can stabilize the vehicle but
cannot considerably decrease the lateral error.

3.4 Nonlinear State Estimation with Sensor Fusion

In this topic of the research an improved EKF method was presented based on MEMS sen-
sors containing IMU (3D acceleration and 3D angular velocity sensors), 3D magnetometer
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Fig. 11. Kinematic and DGA control results

sensors and GPS sensors according to the WGS-84 standard. The goal was the fusion of
these sensors to tolerate the large difference between IMU and GPS frequencies and esti-
mate the system states for the different type of control algorithms in large distance and
short distance navigation of vehicles.

Thesis Group 4. I have developed an EKF based technique for sensor fusion that can well
tolerate the different measurement frequencies and can be applied for any type of vehicles both
in long distance and short distance missions, large and small height, and height dependent
gravity acceleration. Three EKFs participate in the state estimation. The efficiency of the
state estimation was demonstrated for a fixed wing UAV based on real flight data.
The results were published in: [C3]
IEEE International Symposium on Intelligent Systems and Informatics (SISY 2017), Sub-
otica, Serbia, September 2017. [C3].

Thesis 4.1. I have elaborated the kinetic differential equations in which the orientation
can be described by quaternion (converted to Euler angles for the user), the gravity can be
described by the Roger model (or the Schwartz-Wei model for large height), and the GPS
position and velocity equations take into consideration that the acceleration sensor (acc)
measures the real acc plus the negative gravity acc, the IMU has unknown biases and the
geomertical and magnetic North directions differ. EKF1 solves the quaternion estimation,

22



EKF2 improves the orientation if GPS is present, and EKF3 determines the remaining state
variables including the biases in an external loop if GPS measurements are available.

Thesis 4.2. I developed a set of output mappings and another set for output measurements
to formulate the INS navigation conceptions and distributed them among the EKFs. Because
TGPS >> TIMU thus EKF3 would be inaccurate, hence a subdivision and LTV approach was
introduced to improve the state (S) and noise (Q) covariance matrices. It was experimentally
demonstrated by using real flight data that the elaborated state estimation method can well
satisfy the practical concepts formulated in the output mappings and measurements.
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Fig. 12. IMU acceleration and angular velocity
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Fig. 13. Magnetic Field and GPS Position
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Fig. 14. Estimated psi and quaternion
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Fig. 15. Estimated velocity and height
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Fig. 16. Measured/computed acceleration and computed velocity

28



Publications

International journals
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