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Abstract. This paper discusses a nonlinear robust contragdgsocedure to micro air vehicle
that combines the singular valug) (and u-synthesis technique, which overcomes structured
uncertainty of the control plant and is valid ovke entire flight envelope. The uncertainty
model consists with multiplicative plug-in dynamidsturbances and parametric uncertainty.
The uncertainty is conducted with the aircraft dgramics characteristics and parameters.
These uncertainties are bounded in size based ad tnnel experiments, flight test and
analytical calculations. Furthermore, these ingadibns allow us to obtain the linearized model
of the aircraft called here nominal model.

Keywords: micro air vehicle u-synthesis approach, structured uncertainty, weigHtnctions.
Introduction

Controller design for small air vehicles requiragm@oming many characteristics that are
specific to these flying aircrafts such as operplaostability, very fast dynamics, nonlinear
behaviour and high degree of coupling among diffestate vectors. What is more, dynamics of
micro aircraft has an uncertainty effect that egthe model dynamics is changing during the
flight and parametric uncertainty which means #@iavehicle model is a parameter time-variant
(PTV) [1].

Most initial attempts to achieve stable autonomitight have been based on PID controller
design. Many commercial autopilots such as Proteisstrel [2] or Micropilot's MP2128 [3]
are based on PID controllers. The main advantagelDfcontrol is that controller parameters
may be easily adjusted when the model is not ex&atbwn. This is a cheap and fast technique,
where the PID controller parameters can be tunidgjree during test flight. However, in spite
of such advantages, the PID control method doep@&déctly cancel system dynamics because
of uncertainty in the aircraft dynamics forces amaiments. Furthermore, the PID controllers are
of the SISO type, it is assumed that controlletestare not strongly coupled.

The development of robust control techniques ingligaties has revolutionized flight control
design. In order to overcome difficulties conneactétth the micro air vehicle control system, the
complicated nonlinear robust control methods based the H-infinity and u-synthesis
approaches are commonly used [4-6]. These techmiquenpletely solve the problem of
controlling uncertain systems by uncertainty indefsnt controllers which guarantees the
design requirements due to limitation of actuatalymamics. However, these uncertainties are
bounded in size by some well-defined functionsregéiency domain. Generalized H-infinity
(H.,) control developed by Glover and Doyle [7] is eaydd to minimize the infinity norm of
the error transfer function. In this approach, attited uncertainty, external disturbance, noise
and signals limits are considered. Thesynthesis control is an extension to the H-in§init
optimal control technique. This method measuregdbestness of a system and combines with
the H-infinity control technique in an attempt tousture the uncertainty in the system model.
Therefore, obtained controller is robust to a mesistic class of perturbations, thus being less
conservative and having more flexibility to achiexehigher level of control performances.
However, this method requires a detailed contrahphith structured uncertainly knowledge.
Also, the u-synthesis method generates a high-order contrdilee controller finding process
requires iterative cycles to get the optimum soluti
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This paper discusses a nonlinear robust contragdgsocedure to unmanned aerial vehicle
(UAV) that combines the singular valug:)(and u-synthesis technique, which overcomes
structured uncertainty of the control plant andvadid over the entire flight envelope. The
uncertainty model consists with multiplicative plingdynamics disturbances and parametric
uncertainty. The uncertainty is conducted with ticraft aerodynamics characteristics and
parameters. These uncertainties are bounded inbsiged on wind tunnel experiments, flight
test and analytical calculations. Furthermore, éhasestigations allow to obtain the linearized
model of the aircraft called here nominal model.

BEL L 540 dynamics

The micro air vehicle (MAV) examined in this pagercalled BELL540 [8]. It was built and
equipped with autopilot (Kestrel [2]) electronicy kthe group of Automatic and Robotics
Department. It is a small, 0.84 m wingspan, totaight including all instrumentation “ready to
flight status” equal to 1.2 kg and chord lengtrecual to 0.57 m (NACA 0012 modification
profile), see Fig. 1. The control is accomplishezsing a set of aileron and elevator control
surfaces.

Thus, the airplane control system allows to contnel lateral-directional and longitudinal-
directional dynamics. The full model has three omnhputs: aileron, elevator and throttle. The
measured outputs e.g. in case of lateral-directiomatrol are: roll, roll rate, yaw rate and latera
velocity.
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In order to design control law, the nominal modethe BELL540 flying delta wing airplane
is calculated. First, the dynamics of the BELL540decoupled into lateral dynamics and
longitudinal dynamics. The lateral dynamics are tMh&V's response along the roll and yaw
axes, and it is excited with aileron input. Theditndinal dynamics are the airplane response
along the pitch axis, and are excited with elevatod throttle inputs. For example the state-
space representation for the longitudinal motiogiven by [9]:
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where:
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The coefficients data for Eqn. (1) are providedhie project’s report [10]. The inputs of the
model are following control surfaces: aileron, el@®vy, and throttle. Where, the outputs are the
MAYV states due to body frame’s coordinatés ¥, 4. The longitudinal state vector consists
with [u, w, q,6, h], where:u — velocity alongX [m/s], w — velocity alongZ [m/s], g — pitch rate
[rad/s], @ - pitch angle [rad], and — altitude [m]. The lateral state vector is giv®n[v, p, , d],
where:v — velocity alongY [m/s], p — roll rate [rad/s]y — yaw rate [rad/s], and — roll angle
[rad]. For the further simulations only the longiinal airplane model will be consider.

Weighting functions

Note thatu-synthesis method combines H-infinity algorithmgkséo minimize the largest
closed-loop gain across frequency. To apply thi, tall design tradeoffs and frequency-
depended specification as constraints on the cllmsgud gains must be recast. The weighting
functions are used to capture the limits on therail, elevator and thrust actuators deflection
magnitude and rate. The design goal is to have'tthe" airplane respond effectively to the
autopilot's elevator stick inputs. These perforneaspecifications include weighting functions
putted on the elevator output, noise weighting anti-aliasing filters of measured signals. The
elevator stabilizer actuator has +/- 20 degs and@/degs/sec limits on their deflection and
deflection rate. To capture the limits on the elewvadeflection magnitude and rate, the
weighting function such a&e.aw0riS picked, and used to penalize the actuationtefftie noise
weight such as high-pass filté¥,qse is used to model the frequency content of the ensise
in the all measured channels. All measured sigama@diltered by the second-order anti-aliasing
filters. The three weighting functions are shownha interconnection given in Fig. 4 and given
as:

0.3495 _ 0.012%+ 0012t 6672

T AAAnAa’ Wnoise( S) - 1 Wfilter ( S) = 2 P
s+0.3491 s+100 s°+98.02s+ 6672

W, Ievator( S) = (2)

el

Model uncertainty

The main advantage of using thesynthesis control here is in handling structured
uncertainty. The uncertainty is described by unkmostructured, norm-bounded perturbations,
which act on the nominal control model via a lind@ctional transformation (LFT). In this
work, the uncertainty model consists of the unmedl@MAV'’s dynamics, nonlinear states (e.g.
stall) and parameter perturbations during flightihgéi The uncertainty is introduced as
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multiplicative WA at the nominal plan®, input, where the error dynamigshave gain less
than 1 across frequencies, and the weighting fond,, reflects the frequency ranges in which
the model is more or less accurate. The multiplieatncertainty model is given as [7]:

IP(9- R(3|

SN TE

<W,(9 ®3)

where:A — uncertaintyP, — nominal plantP — real plantW,,, — uncertainty bound function.
The weighting functioW,, is a high pass that the total perturbation is 5%wer frequency
and increases to 100% above the 100 rad/s, seg.Fig.
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Fig. 2. Nominal model and perturbations between elevatput and pitch angle output

10

p-synthesis control design

The p-synthesis control permits to design the multivdgabptimal robust controller for
complex linear systems with any type of the undetitss in their structure. The-synthesis
controller was calculated by using tools of RobGsmtrol ToolboXx" of Matlab [11]. The
commanddksyn allows to perform the synthesis and set the frequerid used fop-synthesis.
The u-synthesis control system structure is given in Big

The p~controlleris calculating during recurrence algorithm whiclekse matrixD, that the
following condition is passed [12]:

|oT,.,D7, <1 @)

where: D(s) = diag( d($ | ... 4($ ] ), andT,,, — closed loop function.
The algorithm consists of 4 steps:
1) The||H||, norm is used to fin@-model that fulfils the condition as follows:

|pT,, DY =min ()

2) Then, the singular valye of the closed loop functiom, , is calculated.

3) Next, theu-controller is carried out by calculating the folliony cost function [12]:
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pu=miny,,, 5(D(jo)T,, (j0)D™(jo)) ®)

4) If the p-controller satisfy the condition (6) the recurreradgorithm is stopped otherwise

goes to step 1.

uncertainty model

Uy Ya
—
w z
—_— P l——--
control plant
——
y u
K
robust <
controller

Fig. 3. Scheme of the~synthesis control model [7},— feedback signal — control signaly,, y, — output
and input of uncertainty model;— referencez — measurements

The p-controller synthesized for the augmented plant ehochust meet the analysis
objectives presented by the maximal singular vafieally, the augmented model of the micro
air vehicle, which consists from the real contradal and weighting functions, was carried out.
The controller design study was performed for thmutation augmented model with the
structure given in the Fig. 4.

Simulation results

The simulation model was a nominal model with utaiaties, weighting functions,
including actuator dynamics and limits, noise, aadtrol disturbances.
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measured filtered signals Anti-aliasing
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Fig. 4. MAV robust control system architecture

i

The nominal linearized airplane model is found rataagle-of-attack of 5 degrees, flying at
an altitude of 50 m with airspeed of 15 m/s.
83

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING MARCH 2012.VOLUME 14,IssUel. ISSN1392-8716



721.AN APPLICATION OF MU-SYNTHESIS FOR CONTROL OF A SMALL AIR VEHICLE AND $1ULATION RESULTS.
ARKADIUSZ MYSTKOWSKI

The main disadvantage of tisesynthesis control is that obtained controller &dsgh order.
Therefore, the order of thecontroller must be reduced before implementatiothenreal-time
digital processor. In this case thecontroller is reduced to"6order by using the Balancing
Truncation Method [13]. The transfer function be#wecontrol signal and error signal of the
controller has the following form:

~U(s) as+as+ 38+ a% as abk a

K(s) = X 7
O = B9 " B+ nE+ h&+ bSr b bs b @
The differential linear representation of the tfangunction (9) is as follows:
d®u d®u du de de de

GF-FQF-F"A_ qa+ Qu= %F+ W+...+ qa+ g« (8)

In order to implement the robust controller in tieal microprocessor, the control algorithm
should be realized as digital representation wied sample period. Therefore, all of the
subsequent differentials (8) should be discretfpedhei-th time step. The formulas of discrete
representations of differentials for continuouschiomsu(t) ande(t) are the same. For example,
the discrete differentials fax(t) are good known and given by:

du_ u)-ui-1)
dt T ©
d°u W)= 6u(i-D+150(i- 2- 20(i- P+ 18(i— ¥ &i— B+ Wi- )6
dt TS '

After substituting discrete differentials (9) to rEq(8) and making some mathematical
calculation the effort signali(i) of the robust controller is calculated from thecurrence
algorithm as follows:

u(i) = Cu(i-1) + C,u(i- 2)+ C,u(i- 3+ C,U i- 4+ GU - §+ G i §+

10
Ce)+ G-+ G+ G e+-3+ G e+ 4+ Ge+9+ G 6, 0

where: C =_5,c =_E, =_E,___, =§, =§, _A
1 Bo 2 Bo C3 Bo C:.I.l B) C:.I.Z B) C:13 %

b b b b b b __6k _5h _4h 3B _2h B
BO_T6+T5+T4+T3+T2+T+Q)'81_ ™ T T T T
6 _b . _B
B e
A8 4 & 3 8 __5a 53 43 33 23 3
i e AR T T e L I T
6
e T}

Then, the digital robust control algorithm Eqgn. X1®as implemented in the Rabbit
RCM3400 microprocessor, 8-bit, 29 Mhz clock, anel ¢bntrol loop frequency equal to 100 Hz.
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Matlab ssmulations

The p-synthesis controller was performed to check if $pecs can be met robustly when
taking into account the uncertainty The besj-controller can keep the closed-loop gain below
bound= 1.31 for the specified model uncertainty, intiicg that the specs can be nearly but not
fully met for the family of aircraft models undeorsideration. Théoundcorresponds to the
value (robust performance), see Fig. 5a. Then, pagormance and robustness of the
controller are compared for the nominal and woestecperformance (peak gain<1).

Recall that the performance specs are achieved wieenlosed loop gain is less than 1 for
every frequency, see Fig. 5b. The Fig. 5b shows tha g-controller has not met the
performance specs but maintains this performanosistently for all perturbed models (worst-
case gain near 1.31), where its performance caplgtdeteriorate (peak gain near 15) for some
perturbed model within error bound.

4 ; ; . 1.45
bound (1.31)
s 1.4¢
2
. 1.35¢
[as] =
z 0 c 13} A
g E S
E 2F g125 \
3 5 L
£ O 1.15¢ \
[ZH— \
1.1 \\
8 1.05 nominal plant model \\\
——— Worst-case /
-10 -2 o) ") " 12 ~ ) . 2
10 10 10 10 10° 10 10 10 10
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Fig. 5a. Sigma plot for closed-loop Fig. 5b. Robust performances plot fatosed-loop
2
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Fig. 6a. Pitch angle response Fig. 6b. Effort control signal

Next, the time-domain validation (robustness testhe y-controller is presented. The “true”
closed-loop airplane model response to elevatdect&dn +20 deg £0.3491 rad) is calculated.
Totally, 10 plots results from the combination bé A are presented in the Fig. 6a. The effort
signal (Eqn. 10) of the discretizegcontroller is compared with continuous one (sag 6b).

Conclusions

This paper presents a detailed longitudinal-diogti control of micro aircraft using-
synthesis control. The designed controller is rtpustable, where robustly means stability for
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any perturbed aircraft model consistent with thedetling error (uncertainty) bound. Since the
u-synthesis control system must then be verified, Matlab simulations are performed and
presented. Refer to Fig. 5a and 5b that show a gaclling performance of the pitch angle to a
series of step commanded deflection. Theontroller maintains robust performances for all
perturbed models.
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