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Abstract—The paper deals with synthesis of robust system assigned for operation on unmanned aerial
vehicles. A feature of the system lies in using nonorthoginal measuring instrument. Synthesis of the
controller was carried out by means of the robust structural synthesis. Such an approach requires
development of the mathematical model of a plant. Therefore models of longitudinal and lateral motion of
an unmanned aerial vehicle® were obtained. These models take into consideration nonorthogonal
redundant measuring system, which includes rate gyroscopes based on microelectromechanical systems
technology. Matrices of state, control, observation in the state space were obtained using AeroSim
Technology. Results of synthesied system simulation are represented. The obtained results can be useful

for moving vehicles of the wide class.

Index Terms: Control system; nonorthogonal configuration; rate gyroscope; redundancy; robust

controller.
I. INTRODUCTION AND PROBLEM STATEMENT

Nowadays development of unmanned aerial
vehicles (UAVs) is one of modern trends in aviation.
The most important applications of UAVs are
photography, aero-surveys and monitoring of
environment parameters in regions difficult of
access. Functioning of UAVs is implemented in
difficult conditions accompanied with parametric
and coordinate disturbances. Usage of robust control
is one of ways to solve this problem. As a rule,
measurement of navigation inertial information on
UAVs is carried out by means of accelerometers and
gyroscopes manufactured on technologies of micro-
electro-mechanical systems (MEMS). Such an
approach provides low cost, small dimensions and
low power consumption of inertial measuring
system. It is known that systems of motion control
must be reliable and accurate. To improve accuracy
of UAV navigation information is possible using
structural redundancy of primary navigation
measuring instruments based on nonorthogonal
orientation of sensitivity axes [1].

There are some approaches to implementation of
structural redundancy of measuring instruments. The
first approach lies in using of redundant inertial
measuring instruments. In this case it is necessary to
use the highly productive processor that complicates
architecture and raises the price of the navigation
systems as a whole. The second approach lies in
using of redundant sensors as components of the

single measuring instrument. In this case
requirements to computational burden and capacity
of data transmission channel are greatly less in
comparison with the first approach. So, the second
approach to using of structural redundancy seems
more preferable [2].

There is variety of configurations of
nonorthogonal redundant measuring instruments
based on MEMS-sensors, for example, represented
in [3]. Choice of configuration is defined by the
concrete conditions of UAV operation.

The generalised structural scheme of UAV
navigation system using structural redundancy is
represented in Fig. 1.
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Fig. 1. The structural scheme of the redundant
inertial measuring system

Respectively, the structural scheme of the system
of UAV motion control can be represented by the
scheme shown in Fig. 2.
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Fig. 2. The structural scheme of the system, which

controls UAV motion: C is the controller; M is the motor;
RMS is redundant measuring instrument
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The problem statement lies in solving some
interrelated tasks. The first task is choice of
nonorthogonal  redundant  configuration and
aggregation algorithm. The main goal of the
aggregation algorithm is transformation of data
entering from MEMS-sensors into projections of the
navigation parameters (accelerations, angular rates)
onto the axes of the navigation reference frame. The
second task is design of the robust controller based
on methods of theory of robust control. The method
of the robust structural synthesis (H..-synthesis) can
be used in this case.

II. CHOICE OF NONORTOGONAL CONFIGURATION
OF INERTIAL SENSORS

Different types of nonorthogonal configurations
based on MEMS-gyroscopes are represented in [3].
To simplify process of robust system design is
convenient to consider nonorthogonal configuration
based on single (uniaxial) sensors. It is known that
one of the most widespread nonortogonal
configurations is based on such geometrical figure as
a cone [4]. In this case sensitivity axes of sensors are
oriented along a cone’s generatrices.

The results of the comparative analysis of
accuracy for different nonorthogonal configurations
of uniaxial sensors are represented in Table I [5].
This table includes data about values of traces of the
correlation matrices of errors for various
nonorthogonal redundant configurations in different
situations of sensor failures.

TABLE I RESULTS OF COMPARATIVE ANALYSIS OF NONORTHOGONAL CONFIGURATIONS OF INERTIAL SENSORS
N IT f confi i Trace of correlation matrix of errors
ype of configuration Without faults 2 faults 3 faults
1 | 5 sensors along the cone’s generatrices 2.21 3.20 3.92
2 | 6 sensors along the cone’s generatrices 1.79 2.13 4.50
3 | 4 sensors along the cone’s generatrices 193 315 5.00
and 1 along the symmetry axis
4 | 5 sensors along the cone’s generatrices 1.70 218 335
and 1 along the symmetry axis
In accordance with the data given in Table I, the
best variant is the fourth one. i ls
The mutual location of axes of the reference 2.
frame Oxyz that defines location of the UAV in the
inertial space is represented in Fig. 3. 0 y
20, | 2a
I
Is Y L
VY X

Fig. 3. Oxyz is the body-axis reference frame: Oz is
the vertical down-directed axis; Ox is the longitudinal
axis; Oy is the lateral axis

Orientation of redundant measuring instrument
consisting of 5 sensitive elements (SE) located on a
cone’s generatrices and 1 sensitive element located
along the symmetry axis is shown in Fig. 4.

The following notations are used in Fig. 4: xyz is
the navigation reference frame; [/,/,/,/l, is the

measuring reference frame; angles 0, o are defined
in the following way: 6=54°44', a=36°.

Fig. 4. Orientation of 5 SE on a cone’s generatrices
and 1 SE along the symmetry axis

Matrix of directional cosines for the above
presented nonorthogonal configuration becomes

sin0 —cos0 0
cos2osin® —cos® sin2o0sin®
—cosasin® —cos®  sinasin®
H= . . (1)
—cosasin® —cos® —sinasin®
cos20sin® —cos® —sin2asin®
| 0 -1 0 |
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The connection between the primary information
measured by sensors and navigation information
about angular rate can be represented in the
following form [4]

1=-Ho, )

where [/ 1,...1,]" is the vector of projections of the
angular rate, measured in the measuring reference

T . . .
frame; [@x o, oaj is the vector of projections of the

angular rate in the navigation reference frame; »n is
quantity of sensors in the measuring instrument. The
matrix H is called the matrix of transformation
between navigation reference frame and redundant
measuring frame.

Taking into consideration (2), the formula for
angular rate determination can be represented in the
following form [4]

o=H'l. (3)

The expression for the pseudoinverse matrix
based on the Moore-Penrose algorithm can be
represented in the following form

H'=(H'H)'H =[H, H H]. @)
Expressions (1) — (4) describe the aggregation
algorithm for the system of the considered type.
III. MATHEMATICAL MODEL OF UAV

The above stated problem can be solved on the
example of Aerosonde, which is a small UAV
assigned for observation of weather conditions
including temperature, atmosphere pressure,

0=H,'q;
/1=9+va+wa;
Q=h+Ty+Tw+T,5,.

Taking into consideration the expression (6),
matrices A and B of the state space model (5) can
be represented in the following form

Y, Y, Y, Y, Y, Y
zZ, Z, Z, Z, Z, Zq
ac|My M. M, My My M) o o
o 0o H!' 0o 0 of
H, H, 10 0
T, T, 0 1 0

humidity and wind above the ocean and remote
terrains [6]. The linearized model of Aerosonde as a
plant can be represented by the set of equations in
the state space

X =Ax + Bu
{ (5)

y=Cx+Du’

Dynamic of the longitudinal motion of Aerosonde
can be described by the state vector [6], [7]

x=[v,w,q,0,hA, Q]T,

where v, w are horizontal and vertical components
of the true airspeed; ¢ is the pitch angular rate; 0 is
an angle of the pitch; /4 is the flight altitude; Q is an
angular rate of the motor (in revolutions per minute).
Control of the longitudinal motion is implemented by
means of elevator deviations and control of engine
thrust. So, the control vector looks like

u =[63,6th]T,

where §,,9,, are deviations of elevator and steering

wheel for traction control, respectively.
The output vector can be represented in the
following form

y=0V,» . 4,0, h],

where V, is the true airspeed, o is an angle of the
attack.

The linearized equations of the longitudinal
motion can b described in the following way

v=Yv+Y w+Y g+Y0+Y,h+Y,Q+Y 5, +Y; J,;
W=Zyv+Z w+Z,q+Z0+Z,h+Z,Q+Z;5,+Z; §,;
g=M’v+ M’ w+M qg+M 6+ M h+M Q+M’5,+M’5,;

(6)

y a @®)

Téth |

Elements of the matrix (7) are components
depending on UAV aerodynamics and motor
construction. The matrix (8) in the expression (5) is
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represented for the generalized case of two controls
[8]. The above given matrices (7) and (8) are
matrices of states and observations.

Nowadays synthesis of robust control in many
cases is based on the state space models (5). For the
above mentioned UAV such matrices can be
obtained using AeroSim package of MatLab system
[9]. So, matrices of state, control and observation in
the numerical form look like

—0.1956 0.7253 —-1.9446
—0.6170-3.675719.4157
0.5233 -3.7373 -3.8346
0 0 1.000
0.0989 -0.99510
26.2099 2.6058 0

—9.7757-0.0001 0.0099
-0.97190.001 0

0 0 —0.0068

0 0 0 ’
19.9998 0 0

0 —0.0118-2.0073

©)

0.2901
—1.6556
-20.9145
0
0
0

0

0
_ 0
B- o | (10)
0

299.711

0.9951 0.09890000
—0.00490.04980000
0 0 1000
0 0 0100
0 0 0010

C= (11)

For the model of the lateral motion the vector of
states becomes x=[v, p,r, ¢, y]", where B is the
angle of slide; p,r are angular rates of roll and
yaw, @,y are angles of roll and yaw [10]. Vector of
control is defined as u=[3,,3.]",
angles of deviations of ailerons and rudder. The vector
of output looks like y =[P, p, 7, o, y]" [6], [7].

where 6 ,0 are

a’>r

[-0.5702  1.9786 —19.9017 9.7757 0]

—-3.3984 -16.7803  8.0757 0 0
A=| 0.5434 -2.1680 —0.8281 0 o] B=

0 1 1 0.0994 0

0 0 0 1.0049 0|

It should be noted that matrix D is zero matrix
for both longitudinal and lateral motions.

IV. ROBUST STRUCTURAL SYNTHESIS

H_ -synthesis is a powerful instrument for design of
the feedback control systems based on determination

The linearized equations of the lateral motion can
be written in the following form

v=Xyv+ X, p+ X r+ X 0+X;8,+X;8,
pzij+M;p+Mfr+Mg(p+Mg16” +Mgr5,,
F=Mv+M p+Mir+ M o+M;38,+M;3,
¢=H, p,

\j/zHu::r.

(12)
Matrices of the aerodynamic coefficients A and
B look like

Y, v, Y Y, 7,
L, L, L L, L,
A=|N, N, N, N, N,| (13)
0 H, 0 0 0
0 0 H) 0 0
X5, Yy
Ms, L,
B= MSZa MSZ, (14)
0 0
L 0 0 .

The matrix (14) is represented for the generalized
case, namely, for two controls [8].

The expressions (6) — (14) are written taking into
consideration the reference frame represented in Fig.
1. Such reference frames and notations correspond
to foreign technical literature [7], [11]. Here Y
means the first derivative of the lateral force by the
appropriate parameters; L and N are moments by
the roll and yaw.

The numerical matrices of state, control and
observation obtained by means of AeroSim Package
look like

[-0.9669  2.4680 | 0.05 0 0 0 0
~77.6673  1.3287 0 1000
~3.0995 -14.1149|, C=| 0 0 1 0 0.

0 0 0 0010
0 0 10 00 0 1]

of the bounded frequency responses as functions of
the singular numbers. There is an approach for
robust systems design, when the sufficient condition
of the robust stability is formulated in the form of
norms, bounded by the weighting transfer functions.
This approach is accepted in such automated
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computer-aided facilities for the robust systems
optimal design as the Robust Control Toolbox [12].
The synthesized system consists of the plant and
controller described by the matrix transfer functions
G(s), K(s) respectively. These transfer functions
must be fractionally-rational and proper. The
generalized control object represents a system with
two inputs and two outputs. The vector w represents
the external output, which, in the general case,
consists of disturbances, measurement noise and
command signals. The input vector u represents the
control signals. The output vector z determines the
quality of the control processes. For example, it can
be characterized by the command signal tracking
error, which must be equal to zero in the ideal case.
The output vector y represents the vector of the
observed signals, which are used for feedback
organization. The transfer function from input w to

output z is denoted W;,. Respectively, the main
task of the H, - synthesis is the choice of such a

controller K(s), which can minimize the ||W;, ||,
norm.

Implementation of the /  -synthesis problem is
based on solutions of the Riccati equations. For this it
is necessary to satisfy the following conditions [12].

1) The pair of the matrices A,B; must be
stabilizable and the pair of the matrices A, C; must
be detectable.

2) The pair of the matrices A,B, must be
stabilizable and the pair of the matrices A, C, must
be detectable.

3) The following equality must take place
Dsz[Cl D12]=[0 I]-

4) The following expression must be

sl

The conditions 1 and 2 guarantee the absence of
imaginary eigenvalues of the Hamilton matrices,
which correspond to the Riccati equations. The
condition [13] means orthogonality of the signals
Cx(t) and Dju(f). For the H,-problem this
condition means that the weighting control matrix in
the norm of the vector z(r)=C;x(¢)+Dju(?) is
unitary and the components z(¢) of the state vector
x(¢#) and control vectoru(¢) do not influence on this
norm. The condition 4 shows the orthogonality of
the signals B,w(#) and D,,w(?). So, the conditions

true

3, 4 are usual for the H, -problem and spread on the
case of the H, -optimization [13].

It should be noted that in such statements of
problems the plant is believed to be the set of some
devices and units. This set of devices and units
consists of the plant, motor, measuring system and
some additional units.

There are the different statements of the tasks,
which can be solved by the method of mixed
sensitivity. One of these problems can be described
by the generalized system and the optimization
criterion in the following form [12]

W,(I+GK)™
W,K(I+GK)™
W,GK(I + GK)™

J(G,K)=

9

0

here W,, W,, W, are weighting transfer functions of
the sensitivity functions [12].

K, =arg inf

onr€K Jon

J(G,K). (15)
In the problem (15) the necessity to limit an error
of the command signal tracking, the control signal
and the output signal respectively are taking into
account. The structural chart, which explains the
statement of this problem, is represented in Fig. 5.

» W,

» W,

> W,
3

d

i»(?e K "] G ;é,L

Fig.5. The structural chart for the method of mixed
sensitivity with bounding of the error of the command
signal tracking, the control signal and the output signal

Y

A 4

The singular numbers of the closed transfer
matrix functions from the command signal r to the
signals of an error, input signals and output signal
e,u, y [12] can be used for the quantitive

estimation of the stability margins and frequency
responses of the system.

Results of the synthesized system with the robust
controller are represented in Figs 6 and 7.

Simulation results prove robust stability of the
system in conditions of parametrical disturbances.
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Step response
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Fig. 6. Results of robust controller synthesis of the system
for the longitudinal motion and step response

Impulse response
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Fig. 7. Results of robust controller synthesis of the system
for the lonitudinal motion and impulse response

V. CONCLUSIONS

The aggregation algorithm for determination of
navigation information entering from the redundant
measuring instrument was obtained.

The mathematical model of UAV longitudinal
and lateral motions taking into consideration
redundant measuring instrument based on inertial
sensors has been done.

The robust control system based on the robust
structural synthesis, namely, H, synthesis, was

carried.
Combination  of  navigation  information
redundancy and robust controller provides

improvement of a system’s functioning in difficult
condition of UAV real operation.
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0. A. Cymenko, H. JI. HoBuubka, FO. M. be3kopoBaiinuii, B. O. I'ominun. PodacTHa cuctema ynpaBJliHHS
BILIJIA 3 nagMipHuM BUMipIOBadYeM

VY cTaTTi po3MIISIHYTO CUHTE3 po0acTHOI CUCTEeMH, ITpu3HaueHol ast excruryaTanii Ha BITJIA. OcobnuBicTio cucTeMu €
BUKOPHCTaHHS HEOPTOrOHAJbHOIO BHMiptoBaya. CHHTE3 perynsropa OyJ0 BHKOHAaHO Ha OCHOBI p00acTHOro
CTPYKTYPHOTO CHHTe3y. TaKuii miIXiJl 3aCHOBaHO Ha CTBOPEHHI MaTeMaTHYHOI MOAeNi 00’ €kTa yrpapiiHHs. Tomy Oyio
OTPUMAaHO MOJIEJI MO3/I0BXHBOI'0 Ta OIYHOr0 PyXY JITAJBHOrO anaparta. B mux Momensx BpaxOBaHO HEOPTOTOHAJIbHY
BUMIpPIOBAIEHY CHUCTEMY, 10 BKJIIOYA€ MIBHAKICHI TipOCKOIHM, 3aCHOBaHI Ha TEXHOJOTISX MIKPOEIEKTPOMEXaHIYHUX
cucTteM. MarTpulli CTaHy, YIPaBIiHHA Ta CIOCTEPEXKEHHS Oylno OTpHUMaHO 3a JONOMOrOK TeXHoyorii Aerosim.
[IpencraBneHo pe3yabTaTH MOACTIOBAHHS CHUHTE30BaHOI cucTeMHu. OTpuMaHi pe3yabTaTH MOXYTb OYTH KOPHCHHMH
JUISL PyXOMHX 00’ €KTIB IUPOKOTO KiIacy.

Kawu4oBi cioBa: cucrema ynpaBiliHHS; HEOPTOrOHalbHA KOH(Irypaiis; HIBUAKICHMNA TipOCKOI; HaaMIpHICTB;
pobacTHuil peryasaTop.
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B craTthe paccMoTpeH cuHTE3 poOacTHOMI crcTeMbl, perHa3HadyeHHoH st dKkciutyarauu Ha BITJIA. OcobeHHOCTBIO
CHCTEMBI SIBJISIETCSl MCIIONB30BaHUE HEOPTOrOHAIbHOrO M3Meputelns. CHHTE3 peryistopa ObUT BBINOJIHEH Ha OCHOBE
pOOacTHOrO0 CTPYKTYPHOTO CHHTe3a. TakoW MOAXOA OCHOBaH Ha CO3JaHMM MaTeMaTW4ecKoil Mopenun oObekTa
yrpasienus. [103ToMy ObLIH TOMTYyYeHBl MOJIETH IPOAOJIFHOTO M OOKOBOTO ABHKEHUsI JIETATEIBLHOrO armapara. B atux
MOJIETISIX YUTeHa HEOPTOrOHaIbHAs U3MEPUTENbHAs CUCTEMa, KOTOpast BKIIOYAET CKOPOCTHBIE THPOCKOITBI, OCHOBAHHbBIE
Ha TEXHOJIOTHSX MHUKPOIJIEKTPOMEXaHHUECKHX CHCTeM. MaTpHIbl COCTOSHUS, YHpaBJIE€HHs W HaOJIOJeHUs ObUH
MOJyYeHbl TpU ToMOIM TexHonoruu Aerosim. [lpencraBieHbl pe3yabTaThl MOJEIHPOBAHHS CHHTE3UPOBAHHOMN
cucreMsbl. [TonmydeHHBIE pe3yIbTaThl MOT'YT OBITH TIOJIE3HBIMH JIJIS TIOJIBMKHBIX OOBEKTOB IIMPOKOTO KIJIacca.
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