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The problem of feedforward compensation of consydtem with static output feedback for
exogenous disturbance suppression of the rotortra$ed unmanned aerial vehicle in hover is
considered. Results of the introduced algorithmewaluated both analytically and with the help of
simulation.

Poszenanymo 3a0auy npucniuenHs 306HiWHIX 30YpeHb, Wo O0iloMb HA Oe3NLIOMHUL 8epMOLim )
pedicumi BUCIHHA, 3a OONOMO20I0 CMAMUYHO20 380POMHO20 36 A3KY 3d BUXO00OM CUCeMU mda
Kepy6amHa 3a 30ypeHHAM. Pezynemamu peanizayii 3anpononosanoco ancopummy OYiHeHO
AHANIMUYHO, A MAKOHC 3d OONOMO2010 MOOENIOB8ANHSL.

Paccmompena 3a0aua nooasnenuss HewHux 603MyweHUll, Oetcmeyiowux Ha OecnuiomHblll
8epmoiem 8 pexcume GUCEHUsl, C NOMOWbIO CIMAMUYEeCKOU 0OPAMHOU C853U NO 8bIXOOY CUCEMbl U
ynpasnenus no owubke. Pezynemamul peanuzayuu npeonodceHHO20 AncOpumMma  OYeHeHbvl
AHATUMUYECKU, A MAKIHCe C NOMOUBIO MOOETUPOBAHUSL.

Statement of purpose acting the RUAV in hover via feedforward

Rotorcraft-based unmanned aerial vehiclg@ntroller application both with the feedback
(RUAV) development is one of the aircraf®ne: The lldeg of the gorrectlve feedforwa_rd
building priorites nowadays. Due to thei,control_actlon is to start dlsturpance suppression
versatile maneuverability such as verticdpefore it affects the output variable [9-12].
takeoff and landing, sideslip, hovering they can To implement feedforward compensation
be widely used for numerous practical tasksf the static output feedback for atmospheric
realization without any risks for the crew indisturbance suppression their indirect estimates
extreme and dangerous conditions  &btained with the special disturbance estimator
comparatively law costs for their maintenancgpg) can be taken into account.
and exploitation.

Suppression of atmospheric disturbance Statement of the problem

acting the RUAV (stochastic turbulent wind, |, this paper combined feedforward-feedback
discrete wind gusts, etc.) is extremely importa Sntrol (fig. 1) is applied to the Berkeley

to perform given tasks ordered by the groun RUAV [13] stabilization in the hovering

based command station via  wirelesg. . .
communication with high quality and ight taking into account the actuators

efficiency. In modern rotorcrafts this problem iglynamics and accelerometers incorporation into
usually solved with the help of stability andhe measurement unit of the flight control

controllability augmentation system (SCASpystem.

design [1-5]. One of the effective methods of The algorithm of the problem solution

robust control theory of SCAS synthesis bjncludes the following stages.

static output feedback (SOF) is the linear matrix |. LMI-based synthesis of the stabilizing

inequality (LMI) method [1-4; 6-8]. “minimal controller” K, including the procedure

However results of the research demonstratu?th feedback matri ral ictiod
more efficient suppression of bounded-inpu? € feedback matrix Spectral horm restrictioa an

bounded-output (BIBO) exogenous disturbanced:/ H. -optimization of the SOF [1-4; 6].
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Fig. 1. Block diagram of the combined feedforwaegdback control system:
Plant — control object;

DE - disturbance estimator;

Con2 — feedforward controller;

Conl — SOF controller;

w — vector of exogenous disturbance;

W — disturbance estimate;

u — control vector;

Z — output vector which is used to evaluate theaidloop system performance;
y — output vector which is used for SOF loop shgpin

e — error;

r — reference signal

Il. Indirect estimate of exogenous actions via A 6-degrees-of-freedom linear rigid body
DE design on the basis of accelerometers outpétorcraft model is augmented with the first-
signals both with the control signals and thgger approximation of servorotor or Bell-Hiller
state vectoix restoration. __ Stabilizer (BHS) system dynamics [15] which

lll. Feedforward controllerK, design in - R

_ o modifies the RUAV dynamics significantly and
agreement with the resriction has a pair of paddle-shaped blades that are

[HS (s KK <y, (1) connected to the main blades by a series of
mechanical linkages. The BHS improves

: - . . _stability characteristi f the helicopter. Th
functions (TF) which describes the relationship ab Yy characteristics ‘ot the helicopte €
between the input exogenous disturbange ost important role of the servorotor is to a

and output vectoe of the closed-loop system; Slow down the roll and pitch response so that
||[n — H_-norm; human pilot on the ground can control the small

y— scalar which represents the degree EUAV with the remote controller [13; 15].
exogenous disturbance suppression. The peculiarity of the LTI MIMO model of

Feedback and feedforward controllersin€ RUAV is the absence of its separation on the
spectral norms restriction allows to restricinodel of longitudinal and lateral motion which
coefficients of K, and K, that is very is especially justified for hover.
important to avoid or at less to diminish The set of differential equations describing
probability of the actuator saturation [14]. dynamics of the system in time-domain can be
represented by:

where HS, (s,K;,K,)— matrix of transfer

System description

In this paper linear time-invariant (LTI) X=Ax+B,u+B,w,
multi-input multi-output (MIMO) model of y=C,x+D, u+Dw, (2)
Berkeley RUAV which is valid for hovering is

i z=C x+D_ u+D,,w,
considered [13]. z 2u zw
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1 _ : v w -
wherexOR state vector; where angj;ay:d—;azzd— _ longitudinal,
uOR** — control vector; dt dt dt
y OR'™ — output vector; lateral and vertical acceleration respectively.

wOR?** — vector of atmospheric disturbance LMI-based Synthesis of the Stabilizing
which affects the RUAV in horizontal and “Minimal Controller”
vertical plane (by three axes); and SOF Loop Shaping

31 N
zOR™ — output vector which is used 0 op this stage control law for the system (2)
evaluate the closed-loop system performance; -5 pe represented with the equation:

ADORYY B, DR, B, OR™, =Ky 4
Cy D Rllxll’ Dyu D RllX4, DyW D Rll><3’ CZ D R3X11, 17
: . Where K, OR*! — matrix of gain coefficients
D,,0R**, D,,0R* — matrices which 1 9

of the controller Con1l .
Taking into account accelerometers data
a,, a,, a, the output vector is:

describe the RUAYV state-space model.
Numerical values of the statA OR'™"'and
control B, OR*™ matrices of the RUAV
MIMO model (2) are given in [13]. Another y=[aX a, pqgéd 0 a b a r rfb]T (5)
state-space matrices which describe the RUAV _ _ _ _
state-space model (2) are given in the example Controller Conl design and its gain matrix

below. K, determination is implemented by LMI
State vector of the RUAV includes themethod and includes three main stages [1; 3]:
following components [13]: 1. Linear-quadratic (LQ) problem solution

and “minimal controller” K, synthesis which
satisfies the control law (4) and guarantees the
» constraint ‘wa(S’Kl)Hm <y [1-4; 6-7]. In
general this problem is reduced to the standard
LMI Eigenvalue problem [6] and a set of
inequalities solution [1; 3; 6]. To solve this
problem in MATLAB environment the
proceduregevpis used at a given value gf(1).
2. Inverse LQ problem solution fdk, and
Control vector uOR™ consists of four getermination of weighting matrices, R, N of
components [13]: the quadratic functional [1-4].
U:[Uas U Uy U [T, 3. Optimization of the system by the SOF
loop shaping. Output vector is (5). On this stage
where U, U,c— main rotor and flybar cyclic it is necessary to introduce some scalawvhich
inputs; provides stability of the system:
Ug— main rotor collective input; A, =A+ul, Re(A,)) <O,

X:[u VvV p q q) e aS bS W r I’fb T,

where u,v,w — body-fixed linear longitudinal

lateral and vertical velocity respectively;
0,¢ — pitch and roll angle respectively;
g,p,r— pitch, roll and yaw rate
respectively;
a,,b,— BHS flapping angles;
r,— feedback gyro sensor state.

U, — tail rotor collective input. ) )
o whereA — eigenvalues of the state matax .
Output vector which is used to evaluate the

closed-loop system performance is: Scalar p is also used as an additional

. optimization parameter together with the matrix
Zz[ax a, aZ] ' 3) K,[1; 3].
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Disturbance Estimator Design Feedforward Controller Design

On this stage it is necessary to estimate On the last stage it is necessary to design

indirectly exogenous disturbance acting the feedforward controller [9-12; 17] by means of
RUAV in hover on the basis of outputits gain coefficients matriX, determination on

accelerations with the help of DE. the basis of disturbance estimate&  (8) '
In this case DE includes Luenberger filteevaluated on the previous stage. These gain
(LF) [16]. coefficients have to provide the constraint (1) at

Matrices A, B, and C,, are used as initial & SPectral nornjK,|, restriction.

data for LF synthesis. Control law for the SCAS represented on fig. 1 is:

Vector of available measurements in this u=Ky +K w . (9)

research includes the next components: ) ) o
As far as the matrix of gain coefficients of

vi=lp a ¢ 8 a by r oryl. SOF K, was determined before the

The model of LF in time domain can beoroblem of H_, -optimization of the combined
represented by the set of equations: feedforward-feedback control system at the

spectral norm |K,| restriction can be

Xost = A gsXost T BesUests L . .
{ est o esrest st (6) represented as determination d¢€, which
Yest = CestX est + Destu est? .
provides:
3x1 * . C
wherex, TR, K; =argmin {|HS,6.K 1) +n| K]} o)
Uew =y, ] OR™, where|K ,|.— spectral norm oK
v IR n — weighting coefficient.
est !
Case Study
A ORS, Efficiency of the introduced algorithm of
iz feedforward compensation of the control system
Best HR™, with SOF for BIBO exogenous disturbance
o suppression is demonstrated for the Berkeley
Cest IR™, RUAV [13] stabilization in the hovering flight
o taking into account the actuators dynamics and
Do UR™. accelerometers incorporation into  the

: . Ig;neasurement unit of the flight control system.
To evaluate exogenous disturbance acting the . .
Numerical values of the state matrix

RUAYV the next relation is used:
AOR™ and control matrixB, 0R**" of the

B,U, (7) RUAV MIMO model (2) are given in [13].
Matrices which describe the RUAV state-

X, =[>'<(l:) X(2,0) x(g,;)]T :[ax a, aZ]T, space model (2) are:

B,W=X; —A X

estest

A@))

X =[0 V W' —restored state variables. A2)
Thus the output of the designed DE is ¢, =|0,,leq O |:

exogenous disturbance estimate: A(9,)

W=B,w. (8) L Ozl
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B, =[-AGD) -AG2 -AG9); and output vectorzOR?** (3) in the combined
_ N N _ N . feedforward-feedback control system indicates
Dy =[Bu Q)i By (@) Ossi Bu O Opl; higher robustness of the system and more
C, :[A(l,:); A(z,;);A(g,;)]; efficient disturbance suppression in comparison
with the system where only SOF controller

D, =[B. @) B,@): B, @], K, OR*"is implemented.

where X(m,:) — row of a matrixX;

. Simulation of the Designed SCAS
m — ordinal number of the row;

X(:,n) — column of a matrix: Simulation of thg designed feeollforwa.rd-
. ] feedback SCAS (fig. 1) was fulfilled in

n — ordinal number of the colu_mn, . . Simulink  environment at atmospheric

Oixj+ 11— z€r0s and eye matrix of dimensionyisyrhances which affect control system in real

ix ] andr xr respectively. conditions. Standard Discrete Wind Gust Model

Scalar y (1) which shows the degree of(Aerospace Blockset, Simulink) was used to

atmospheric disturbance suppression is Sé{mulate d|§crete vymd gusts actlng the RUAV
y=15 in hover in horizontal an vertical plane

: _accordingly to the USA standard MIL-F-8785C.
As the result of the first problem solution \ymerical values which  characterize

H,-optimal stabilizing SOF controller isgjmulated wind gusts and degree of their

designed. Its gain matriX, JR*!* provides Suppression are the next:
1) along the longitudinal axist, ;, = 047 m/<;

relation between the maximal values of input
norm which equalgK | =0,0221. and output acceleratiom(a, ) = 6,5321;

As the result of the DE design via LF (6) 2) along the lateral axisa, , =047 m/s;
synthesis and equation (7) solution estimate adlation between the maximal values of input
exogenous disturbance (8) is obtained. and output acceleratiomi(a, ) = 5,7163;

Optimal gain coefficients of the feedforward  3) ziong the vertical axisa, ., =02 m/&:
controller K, which satisfies the control law (g)relation between the maximal values of input
and optimization problem (10) is determined and output acceleratiom(a,) =15236

Hng(S’Kl)Hw =13550<y and has a spectral

Zz_in

n=1. Simulation results of the designed
Spectral norm of the feedforward controllefeedforward-feedback SCAS are introduced on
IK,(9)]. = 0.1907. fig. 2. They demonstrate efficient suppression of

f1h i of tor f .___external disturbances of the RUAV in the hovering
H.,-norm of the matrix of transter Junctionsg;qn yia combined control implementation.

between the exogenous disturbanee] R**

and output vectorDR™ (3) of the combined Results of the combined feedforward

fee.dforfNard-feedback control syster?xn(flg. 1?ee dback SCAS design and  simulation
which includes SOF controlleK; DR™ " and demonstrate more efficient suppression of BIBO
feedforward controllek , 0 R*®: exogenous disturbances of the RUAV in hover

c i via feedforward controller application both with
‘sz(s, Ky KZ)HW =0,2699. the feedback one.

It should be noted that 5-times decrement of Small values of spectral norms of the
H_-norm of the matrix of transfer functionsfeedforward K, and feedbackK, controllers

unavailable the actuators saturation.

Conclusion

between the exogenous disturbanael R**
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Fig. 2. Simulation results of the designed SCA®atdiscrete wind gust action:

a —longitudinal acceleration;
b —lateral acceleration;

c —vertical acceleration;

d —flapping angle;

e —roll rate;

f —pitch angle
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