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Abstract—The paper deals with the L, -optimization concept advanced in the modern control theory with

an application to the design of the L, -optimal lateral autopilot. The control aim is to maintain the de-

sired roll orientation of an UAV in the presence of external unmeasurable disturbances, in particular, of
a gust. To achieve a high performance index, the two separate control algorithms are proposed. The first
algorithm is designed in order to implement the L, -optimal PI control for the stabilization of a given roll

velocity. The second algorithm ensures the L, -optimal P control necessary to stabilize the roll of the air-

craft. Results of a simulation example are given to illustrate the properties of the control method.

Index Terms—Feedback control system; lateral autopilot; optimization; PI controller; UAV

I. INTRODUCTION

The problem of efficiently controlling the motion
of an unmanned aerial vehicle (UAV) in a non-
stationary environment is important enough from the
practical point of view [1], [2]. On the other hand,
the problem of synthesizing the perfect feedback
control system which decouples its output with re-
spect to an unmeasured disturbance is a relevant one
in control theory. Different methods in this area
based on the achievement of the modern control
theory have been reported by many scientists. See,
for example, [3]-[6]. Recently, new results in this
direction have been presented, in particular, by the
Canadian and Brazilian researches [7]. Nevertheless,
most of available works dealt with an ideal case
when there are no disturbances.

One of the efficient methods devised in the mod-
ern control theory for rejecting any unmeasured dis-
turbance is based on the /, -optimization concept [§]

applicable to discrete-time control systems. This con-
cept has been utilized in [9] to design the digital later-
al autopilot for UAV capable to cope with a gust.

This paper extends the approach of [9] to synthe-
sizing a lateral autopilot system. Namely, the L, -
optimization method whose discrete-time counter-
part is the / -optimization method, is proposed to
reject an external disturbance. But, in contrast with
[9], the lateral autopilot is here designed as a two-
circuit continuous-time control system containing
the L, -optimal PI controller in the inner loop and the

L, -optimal controller in the external loop.

The remainder of this paper is organized as fol-
lows. In Section II, the assumptions are made and
the control problem is stated. The main theoretical
results including the choice of the control strategy,
the background on the L, -optimization concept and

the synthesis of L, -optimal PI and P controll[] 1
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where K, and 7, are its gain and time constant, re-
spectively.

Let d be an external signal (in particular, a gust)
disturbing the angular velocity y. Using the fact that

the transfer function from & to y is sW.(s), we
suppose that the equation
L, () = sW.(9)E(s) + W, (s)D(s)
V(s)

)

holds to describe the lateral motion completely. In
this equation, I'(s):=L{y(¢)},Z2(s):=L{E(r)} and
D(s):=L{d(t)} define the Laplace transforms of
v}, E&(t)and d(¢), respectively (¢ denotes the
continuous time). W, (s) plays the role of a transfer

function of some shaping filter for the additive dis-
turbance v(t) whose Laplace transform, V(s), is

here emphasized. As in (9), the main assumption
with respect to d(¢) is that

1d(t)|<C, <. 4)

B. Control Objective

Denote by y°(¢) a desired roll orientation at the
time ¢. Now, define the output error, e(z), as

e()=y" ()= v(). )

Further, introduce the performance index of the

———— e e —— o
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e(r)

(] I
(@ Control

Algorithm 1

Control
Algorithm 2

control system to be designed in the form

J=limsup |y ()) =y (1) (6)

The problem to be stated is formulated as follows.
Devise the controller which is able to minimize J
assuming that the variables y(¢) and y(¢) can be
measured and the constraint of the form (4) takes
place. Hence, the aim of the controller design may be
written as the requirement

(7

}im sup |e(t)| —inf,

where the expressions (5) and (6) were utilized.

III. LATERAL AUTOPILOT DESIGN

A. Control Strategy

To implement the controller design concept pro-
posed in this paper, two feedback loops similar to
that in [9] are incorporated in the autopilot system, as
shown in Fig. 1. The aim of the inner feedback loop
containing the controller 1 is to stabilize the angular
velocity, y(¢), around a given value, y°(¢), formed
by the controller 2. The external feedback loop which
contains this controller 2 is used to stabilize the roll
angle, y(?), around the desired value, v°(¢).

In order to choose the parameters of the
controllers 1 and 2, the so-called L, -optimization

approach is employed.

Disturbance

SEIVo

Fig. 1.

B. Background on L;-Optimization Concept
The L, -optimization of linear continuous-time

control systems deals with the minimization of the
value of the Hi-norm of certain closed-loop transfer
functions H(s) defined as

| H ll= [ k(o) L, 8)

where k(t) =L"'{H(s)} denotes its impulse response

determined by the inverse Laplace transform of
H(s). (The lower index “1” in (8) was taken from the

Structure of lateral autopilot system

notation L, of the space of all absolutely integrable
functions f(¢) of a continue ¢ for which the 1-norm

given by || f \\]=I:| f(@)|dt is upper bounded)

To clarity the L, -optimization approach, consider
the typical feedback system depicted in Fig. 2. A
plant has some transfer function P(s)=P'(s)P"(s)

and the controller has a transfer function C(s). The
signal v(t) represents an external unmeasurable dis-
turbance acting on this plant and y(¢) is the control
system output. Then from the signal balance equation
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Y(s)=P'(s)V (s) = C(s)P'(s)P"(5)Y(s)

written for the Laplace transforms Y(s)=L{y(¢)}
and V(s) = L{w(¢)}, it follows that

Y(s)=H(s)V(s) )]

with the closed-loop transfer function

H(s)=—2 )
1+ C(s)P'(s)P"(s)

(10)

<f—>—>}

Fig. 2. Basic feedback loop configuration

Now, suppose that the controller is the Pl-type
controller. This gives that C(s)=C(s)/s. Then, the
expression (10) leads to

H(s)=H(s)s, (11)
where
- _ P"(S) 12
) = P ()P ) (12
Substituting (11) into (9) finally yields
limsup | y(¢) |<[| ||, sup | v(2)] (13)

t—0 0<t<oo

in which || A ||, is the L;-norm of H(s) specified by

| 0= Tk e, (14)
where k(t)=L"{H(s)} is the impulse response
from v to y.

From the Theorem 10 given in [11, sect. 6.7] we
can concluded that the asymptotic stability of H (s)
is the necessary and sufficient condition to guarantee
1A < oo.

Denote (as in [12]) the space of the all asymptotic
stable H(s)s by RH_. Then, assuming that ve L,
in which L_ denotes the space of all upper bounded
in modulus functions, from (13) we further get

limsup | y(6) [<]| A |}V ]],,< o,

t—©

(15)

if  and H(s)eRH_,

| V]|,,:=sup,.,.., | V() |< oo is the co-norm of v.

only if where

Let k£ be a vector of controller parameters mean-
ing C(s)=C(k, s). Then, due to (12), the expression
(15) can be rewritten as

limsup | y(2)|<|| H(K) ||,V |,

t—©

(16)

where || H(k)|, is the L-norm of H(k,s)e RH,
depending on & according to

Ak, 5)=— L)

s+ C(k, 5)P(s)’ {1n

(Recall that P(s):= P'(s)P"(s).)
The inequality (16) shows that the minimization
of the upper bound on J:=lim, , sup|y(¢)| implies

| H (k) [, —>inf .

The L;-optimization problem can now be formu-
lated in the following form: find

k* =arginf || H (k)| (18)

provided that H(k,s) belongs to RH .
It turns out that there is the explicit expression for
the L, -norm of A (k,s) as a function of k if only

degQ(k,s)<2, degP"(s)=0, where Q(k,s)=
=s+C(k,s)P(s) represents the denominator of
H(k,s) in (17). In general case, numerical tech-
niques are required to estimate || H(k))l|,.To ex-

ploit one of these techniques, we first note that the
expression (14) produces

W H = k= by |+ =l |+.o= Y By =L (19)
v=0

where EO =0 and }7,, };2,...
treme values of the step response

are the sequential ex-

() = Iotl;(r) dt (20)

corresponding to H (s) at time instants ¢,¢,,...,
respectively. Note that if H(s)eRH, then
| A ||, > H(0). Due to (20), the expression (14)
yields || A ||, = H(0) if k(¢) has no extreme values.

To gain a better understanding of how the ex-
pressions similar to (14) and (19) may be used for
estimating the norm || H ||, of any H(s)e RH , the

plots of |k(t)| and h(¢) are depicted in Fig. 3.
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C. Design of Control Algorithm 1

The synthesis of the lateral autopilot system starts
with the design of the control algorithm 1. This algo-
rithm is chosen to implement the continuous-time PI
control law

uo) = ke ) +k{" [ e @z, @1)
where e (1) :=7"(t)—7(t) denotes the deflection of
the true angular velocity, y(¢), from a given angular
velocity, 7°(¢). k" and k" are the parameters of
PI controller to be optimized. Then, the transfer func-
tion from e, to u produced by (21) will be described
as

I:I](S):

(Iis +D)(Tzs +1)

ks + k("

C,(s)= (22)

To find the transfer function H(s) from v to
v, we first inspect Fig. 1 to establish the signal bal-
ance equation

KK, (ks + k") .
- L'(s)+V(s),
s(Tis +1)(T,s +1)

I'(s)=

utilizing (1), (2) and (22) together with (3). This equ-
ation gives
H\(s)=H,(5)s (23)

with

k(|

TTs* +(T,+T,)s’ + (1+ K K.k )s + K K k"

24)

(0]

Fig. 3. Variables | k(¢)| and h(¢) used to estimate || H ||,: (a) h(¢) has extreme values &, h,,... at ¢,,t,,...;
(b) there is no extreme values of /(r)

Due to (4), v will be upper bounded if and only if
W,(s)e RH . In this case, from (23) it follows that

the asymptotic stability of the denominator of (24)
given by

0,(5) =TTs’ + (L +T,)s’
+(1+ KK k")s + K K k"

guarantees the boundedness of 7.

Applying the well-known Routh—Hurwitz stabili-
ty criterion [13, subsect. 8.3] to the polynomial
0, (s), we derive the necessary and sufficient condi-

tions

kr(,”>——1

KK,
KD >0, 25)
KO < LT, +Tl+Tik<1>
CCTTKK A

to achieve H,(s)e RH .

Within the restrictions on k" and k" given by
(25), the optimal vector k' =[k;", k"1 is deter-
mined according to (18) as

ki =argmin || 4,(5". M) [, (26)
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where the notation A, (k{", k") has been introduced
to indicate that H,(s)=H,(k{", k", s) depends on
k" and k.

To compute k', we propose to employ the sim-

plest version of the Powell’s optimization method
[14] to (26) after calculating the norm

| H,(k, k™M)l via the formula (19).

D. Design of Control Algorithm 2

The control algorithm 2 is chosen to implement
the simple P control law

7'(0) = ke() (27)
in which e(¢) is given by (5). Its transfer function is

C,(s)=k. (28)

G(s)

KK, (ks +k")

Inspecting Fig. 1 and taking into account the ex-
pressions (22) for k" =k, and k" =k together
with (28) we derive the transfer function from v to
y as H,(s)=H,(s)s in which

H,(s)=B(s)/ 0,(s), (29)

where B(s)=(T;s +1)(Tps +1), (30)

0,(s)= T,Qs“ +(T, + Q)f +( +K]Kik;“))s2

(KK kKD + K Kk )s + K Kk Ok
@31
It can be established that the transfer function of
inner circuit from 7° to y with no external feedback
loop will be described by

assuming the parameters k;(” and &/ of the con-
trol algorithm 1 are already optimal.

To find the upper bound E;” on kff) in the con-
trol algorithm (27) under which the external closed-
loop circuit will be stable, we utilize the well-known
Nyquist stability criterion [13, p. 4-10]. More cer-

tainty, we use the Theorem 4.1 of [12] according to
which

k= 1 (33)
m
with
m=min {Re G(jo): Im G(jo)=0}, (34)

where G(jw) is the frequency response obtained by
substituting s = jo into (32). This implies that if
k) satisfies 0 < k> <k? then H,(s)eRH,.

The optimal value k' =k in (27) is now de-
termined as follows:

KO =arg _min || A,

K2 e(0, k)

(35)

Based on the representation (35), where (29) to
(31) have to be used, we propose to exploit the golden
section technique [15] to compute k;* numerically.

IV. NUMERICAL EXAMPLE AND SIMULATIONS

To illustrate the features of the L, -optimal control
algorithms developed in this paper, two simulation

[T + (T +T)s™ + (KK kD +1)s + K K kil

(32)

experiments were done. In both experiments, the pa-
rameters of W (s) and W,(s) were given as in [10,

p. 135]: K, =1, T, =0.1s, K, =10.84, T, =0.493s.

With these parameters, the stability region of the
inner closed-loop circuit defined by (25) is depicted
in Fig. 4.

0]
kI

Fo-1 |-
1

Stability
Region

w—
0 =55 kO
P

Fig. 4. Set of PI controller parameters for K, =1,
T,=0.1s, K, = 10.84, 7, =0.493 s under which
the inner circuit is stable

In this numerical example, according to (26), the
optimal parameters become k" =55,
k'™ =1s", see Fig.4, in which & =[55,1]" is
pointed out.

Fig. 5 demonstrates the shape of the surface
| H | (k]()”, kMY |, to clarify of how this variable de-

control

pends on the parameters k]g” and k. We observe

that || PNI] (k]()”, kMY |, as a surface is not convex.
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Fig. 5. Surface | H, (k" k") |,

In order to calculate l;p(z) by the formulas (33),
(34), the Nyquist plot G(jo) presented in Fig. 6 was
designed. This gave l;p(z) ~12. Thus, FIZ(S)ERHOO
if 0<k? <12; see Fig. 7.

Nyquist Diagram
T

© tends to infinityd

Imaginary Axis
o
T

©goesto 0
| |

-0.12 -0.1 -0.08 -0.06 -0.04 -0.2 0 0.2 0.04
Real Axis

Fig. 6. The Nyquist plot of G(jw) derived from (32)

]?( 2)
»
0 3 6 9 12 &
Fig. 7. Stability domain of external closed-loop circuit

The optimal value of k](f) corresponding to (35) is
*(2) _
k,” =118.

With the system variables, pointed out above, it
was taken: y°(f)=0. d(¢f) was simulated as a ran-
dom variable via the Simulink Software.

Results of two simulation experiments are pre-
sented in Figs. 8 and 9. We can observe that the per-
formance of the control system is successful enough.
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Fig. 8. Stabilization of angular velocity (simulation
results 1)
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Fig. 9. Stabilization of roll angle (simulation results 2)

V. CONCLUSION

This paper addressed the L, -optimization ap-

proach applied for synthesizing the continuous-time
lateral autopilot system of UAV. It was established
that the two-circuit L, -optimal PI and P control laws

can cope with the wind gust and ensure the desired
roll orientation. This makes it possible to achieve the
control objective given in (7).

A distinguishing feature of the control algorithms
is that they are sufficiently simple. This is ther im-
portant advantage from the practical point of view.



L.S. Zhiteckii, A.Yu. Pilchevsky, A.O. Kravchenko, B.V. Bykov Design of L;-Optimal Lateral Autopilot for UAV 81

REFERENCES

[1] D. McRuer, 1. Ashkenas, and D. Graham, Aircraft
Dynamics and Automatic Control, Princeton: Prince-
ton University Press, 1990.

[2] B.L. Stevens and F.L. Lewis, Aircraft Control and
Simulation, 2nd ed., New York: John Willey & Sons,
2003.

[3] D.E. William, B. Friedland, and A.N. Madiwale,
“Modern conrtol theory for design of autopilots for
bank-to-turn missiles,” J. Guidance Control, vol. 10,
pp. 378-386, 1987.

[4] E.K. Teoh, D.P. Mital, and K.S. Ang, “A BTT CLOS
autopilot design,” The EEE Journal, vol. 4, pp. 1-7,
1992.

[5] K.S. Ang, Development of a Flight Control System
Using Modern Control Techniques, M. Eng. Thesis,
School of Electrical and Electronics Engineering,
Nanyang Technological University, Singapore, 1993.

[6] A.A. Tunik, O.P. Basanets, and M.M. Komnatska,
“LMI-based static output feedback design for rotating
solid body,” in Proc. Ist Int. Conf. “Methods and
Systems of Navigation and Motion Control,” Oct. 13-
16, 2010, Kiev, Ukraine, pp. 88-90.

[7] S.R.B. Santos, S.N.G. Junior, C.L.N. Junior, A. Bit-
tar, and N.M.F. Oliveira, “Modeling of hardware-in-
the-loop simulator for UAV autopilot controllers,” in

Zhiteckii Leonid. Candidate of Engineering. Professor.

Proc. 21st Brazilian Congress of Mechanical Engi-
neering, Oct. 24-28, Natal, RN, Brazil, 2011.

[8] M.A. Dahleh and J.B. Pearson, “/'-optimal feedback
controllers for discrete-time systems,” in Proc. Amer-
ican Control Conference, Seattle, WA, pp. 1964—
1968, 1986.

[9] K.V. Melnyk, L.S. Zhiteckii, A.M. Bogatyrov, and
A.Yu. Pilchevsky, “Digital control of lateral autopilot
system applied to an UAV: optimal control strategy,”
in Proc. 2013 2nd IEEE Int. Conf. “Actual Problems
of Unmanned Air Vehicles Developments,” Oct., 15-
17, Kiev, Ukraine, pp. 189—192, 2013.

[10]J.H. Blakelock, Automatic Control of Aircraft and
Missiles, second edition, New York: John Wiley &
Sons, Inc., 1991.

[11]S.W. Director and R.A. Rohrer, Introduction to Sys-
tems Theory, New York: McGraw-Hill, 1972.

[12]B.T. Polyak and P.S. Shcherbakov, Robust Stability
and Control, Moscow: Nauka, 2002 (in Russian).

[13]W.S. Levine, The Control Handbook, System Fun-
damental, 2nd ed., New York: CRC Press, 2011.

[14]M.L.D. Powell, Nonlinear Optimization, New Y ork:
Academic Press, 1981.

[15]1. Kiefer, “Optimum sequential search and approxi-

mation methods under minimum regularity assump-
tions,” J. SIAM, vol. 5(3), pp. 105-136, 1956.

Received July 27, 2015

Aerospace Control Systems Department, National Aviation University, Kyiv, Ukraine.
Education: Odessa Polytechnic Institute, Odessa, Ukraine (1962).

Research area: control theory and its application.
Publication: 4 monographs.
E-mail: leonid zhiteckii@i.ua

Pilchevsky Andriy. Postgraduate student.

Aerospace Control Systems Department, Institute of Air Navigation, National Aviation University, Kyiv, Ukraine.
Education: National Aviation University, Kyiv, Ukraine (2015).

Research area: aircraft control systems.
Publication: 4.
E-mail: terosjj@gmail.com

Bykov Bohdan. Student. Bachelor.

Aecrospace Control Systems Department, Institute of Air Navigation, National Aviation University, Kyiv, Ukraine.
Education: National Aviation University, Kyiv, Ukraine (2014).

Research area: aircraft control systems.
Publication: 4.
E-mail: bykovbohdan@gmail.com

Kravchenko Andriy. Student. Bachelor.

Aerospace Control Systems Department, Institute of Air Navigation, National Aviation University, Kyiv, Ukraine.
Education: National Aviation University, Kyiv, Ukraine (2014).

Research area: aircraft control systems.
Publication: 4.
E-mail: andriykravchenko@ukr.net



82 ISSN 1990-5548 Electronics and Control Systems 2015. N 3(45): 75-83

JI. C. Kureubknii, A. 10. IlinbueBcbknii, A. O. KpaBuenko, b. B. buxos. IIpoexkTtyBaHHsi L -ONTHMaJbHOIO

aBToniyioty 0iunoro pyxy BIIJIA
CrarTa cTocyeThesl L, -onTHMi3aliiHOi KOHIENIi, BUCYHYTOI B CydacHilf Teopii KepyBaHHS, 3 3aCTOCYBaHHAM I 10

1o0yJ0BH L, ~-ONTUMAJIBHOTO aBTONIJIOTY Oi4HOro pyxy. MeTa KepyBaHHA HOJIATAE y MiATpUMAaHHI OakaHOi opieHTamii

o kpeny nesikoro BITJIA 3a HasiBHOCTI 30BHIIIHBOI'O HEBHMIPIOBAaHOTO 30ypeHHs, 30KpeMa, BiTpy. s mocsrHeHHs
BHCOKOT'O ITOKAa3HMKA SIKOCTI (DYHKIIIOHYBaHHsI 3allPOITOHOBAHO J[BA OKPEMHX AJTOPUTMHU KepyBaHHs. [lepmmii airo-
puTM OymyeThest Uis 3ailicHeHHs L, -onTumainbHoro [11-3akoHy kepyBaHH:, abu cTtabinizyBaTu 3alaHy LIBUAKICTH Kpe-
Hy. Jlpyruii anroput™ 3abesneuye L, -onTUMalbHe KepyBaHHS, HEOOXiAHE A7 CTadlIi3alii KpeHy JiTalbHOro anapary.
Jlna imocTtpanii BIacTUBOCTEH 3aIpONIOHOBAaHOIO METOly KepYBaHHS HAaBEICHO PE3YAbTaTU OZHOT'O MOJIETIBHOIO IIPUK-
namy.

Karu4osi ciioBa: cucrema kepyBaHHS 3i 3BOPOTHUM 3B’SI3KOM; aBTOIJIOT OiYHOrO pyxy; ontumizauis; [1I-perymsrop;
BITJIA.

Kurenpkmii Jleonin CepriitoBuy. Kanauaar texuiuaux Hayk. IIpodecop.

Kadenpa cucrem ynpasiiHHs JiTaIbHUX anapariB, HarionaneHuii aBiamiiiauii yaiBepcuteT, Kui, Ykpaina.
Ocgita: Onmecbkuii ONMITEXHIYHMM IHCTUTYT, Oneca, Ykpaina (1962).

HamnpsiMm HayKoOBOi JisUTBHOCTI: TEOpis yIpaBIiHHS Ta i MPUKIaACHHS.

Kinbkicts myOumikariii: 4 MoHorpadii.

E-mail: leonid_zhiteckii@i.ua

MMinsueBchkuii Auapiii FOpilioBu4. AcmipaHr.

Kadenpa cucrem ynpaBiiHHS JiTalbHUX amnapatiB, [HCTUTYT aepoHaBirauii, HanioHanpHuil aBianiiHuil yHIBEpCHTET,
Kuis, Ykpaina.

Ocgita: HanioHanpHul aBiamiiHuil yHiBepcureT, Kuis, Ykpaina (2015).

HampsiMm HayKOBOi JisTIBHOCTI: CUCTEMH YNPABITiHHS JITATGHIMU anapaTaMu.

Kinpkicts myomikarii: 4.

E-mail: terosjj@gmail.com

buxoB bornan BauecnaBoBuu. Ctynent. bakanasp.

Kadenpa cucrem ynpasiiHHs JiTaIbHUX amnapartiB, [HCTUTYT aepoHaBirauii, HanioHanpHuil aBianiiHuil yHiBEpCHTET,
Kuis, Ykpaina.

Ocgita: HanioHanpHul aBiamiiHuil yHiBepcureT, Kuis, Ykpaina (2014).

HamnpsiMm HayKOBOi AisTIBHOCTI: CUCTEMH YHPABITiHHS JITATGHIMU anapaTamu.

Kinpkicts myomikarii: 4.

E-mail: bykovbohdan@gmail.com

Kpasuenko Angpiii Oserosny. Ctynent. bakanasp.

Kadenpa cucrem ynpasiiHHS JiTaIbHUX amnapariB, [HCTUTYT aepoHaBirauii, HarioHanpHuil aBianiiHuil yHIBEpCHUTET,
Kuis, Ykpaina.

Ocgita: HanioHanpHul aBiamiiHuil yHiBepcureT, Kuis, Ykpaina (2014).

HamnpsiMm HayKOBOi AisTIBHOCTI: CUCTEMH YHPABITiHHS JITATGHIMU anapaTamu.

Kinpkicts myomikarii: 4.

E-mail: andriykravchenko@ukr.net

JI. C. Kurenxnii, A. 1O. IInnpuecknii, A. O. KpaBuenko, b. B. Boikos. IIpoexTtnpoBanue L, -oNTHMAJIBHOI O
aBTONWIOTA O0oKkoBOro Amxkenusi BIIJIA

CraTbs Kacaercs L, -ONTUMU3aI[MOHHON KOHLENIUH, BEIIBUHYTON B COBPEMEHHON TEOPHH YNPABIIEHUS, C IPUMEHECHHU-
€M €€ K IOCTPOCHUIO L, ~-ONTUMAJIbHOTO aBTOIMIOTa OOKOBOTO IBIKEHHMS. Llenb ynpaBiaeHus: COCTOUT B IOANEPKAHUU
3a/laHHOM opHeHTauuu 1o kpeHy Hekotoporo BITJIA nmpu HaaMYuM BHEIIHETO HEU3MEpIeMOro BO3MYIIEHHUS, B YACTHO-
cTH, BeTpa. Jis TOCTHKEHHsT BRICOKOTO MOKa3aTellsl KauecTBa (PYHKIIMOHUPOBAHHUS MPEJIOKEHO J[Ba OT/AENBHBIX ajro-
putMa ynpasieHus. I1epBblii anroput™ cTpoutcs g odecrnedeHus L, -ontuMansHoro ITM-3akoHa ynpasieHHs, YTOObI
CTaOMIIN3UPOBATh 3aJaHHYIO CKOPOCTh KpeHa. Bropoii axroputm obecniednBaer L, -ONTHMalbHOE YIpaBieHUE, HE0O0-

XOIUMOE ISl CTaOMIIM3alMy KpeHa JIeTaTeNbHOro ammapara. /s WUIocTpaly CBOMCTB TPEIOKEHHOTO MeTona
YIIpaBJICHUS MPUBEEHBI PE3YJIBTATHI OAHOI'0 MOJIEIBEHOTO IPHMEpA.
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