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Abstract. The paper considers new intelligent regulators dnimg accuracy and speed without overshoot as agl|
controls providing adaptability at guaranteed ditglbdf controlled system in non-stationary conalits. The developed
regulators connect target and actual values ofubutariables of the controlled system and critegizgbling variation
of properties of the criteria in an accessible fofithe proposed adaptive regulators are capablemptement control
near the capability limits and consequently provstutions of known and new control tasks at a itptalely new
level.

Introduction solutions for MS at a qualitatively new level,
providing perfect accuracy and fast action. Thbs, t

Currently progress in increasing dynamical andproblem of design of regulators that combine aaoyura

ecological qualities of the machines is directhsasated and speed without overshoot at guaranteed stability

with developments in mechatronics. Dynamic qualditghe the controlled system is obvious. To solve this

mechanical systems is defined by built-in contgaitem and  problem, a new concept, a control synthesis

materials. Mechatronics - a branch of science andechnology and adaptive control algorithms were

technology devoted to creation and application ethines developed.

and systems with computer-aided control of motiwhich

are based on knowledge in the fields of mechanicatyiteria

engineering, electronics and embedded systemsniatmon

technology and control of the machines and aggesgat

Typical examples of mechatronic systems (MS) inelud

mobile machines, equipped with active safety system

automatic gearbox, engine with computer control athers.

In design of machines a problem of vibration antseds of

high importance. The fundamentals of these problanes criteria of quality allow evaluating accuracy, spee

considered in works [1-6] and many others. d th " f lity b b
The primary goal of MS is maintenance of a??rlg]some ofther properties of quality by one number

m!n@mgm_of its criteria._ Maximizatiqn.ta.sks. are ueet_d to Suppose that the order of the system
minimization. The. re.qw-rement of r_nlnlmlzanon ofteria is equals. Let the state of the controlled system be
reduced to minimization of mismatches between the . . .
desirable and the actual values of the output bltaat Characterized by an output variable(t) and its
each moment in time. For the realization of minigtian in
non-stationary conditions, an adaptive regulataniziaing
speed and accuracy of control without overshomdgsiired.
Available classical regulators, such as PID reguat . ) ) - (1) -
cannot provide perfect quality while solving thesks of ~ t=fo: X(to) =Xo X(to) = Xo, ... X" o)=% ">

adaptive control. Adaptive regulators, which aresdusn 1)

specific controlled systems, are not universal l13, There t—o: x(t) =X, xXt)>0, v=12..,n-1 (2)
is a need for novel intelligent regulators, whi@ngrovide

The control criteria are the cornerstone for
any system, including MS. Such criteria are
completely defined by the end-user of the systam. |
most cases the requirement to the control system is
defined by the quality of the transient. The in&dgr

derivative:x(t),...xX"Y ¢). The boundary conditions
are given as:
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The condition (1) reflects an initial state, anéth , <y (t)<u
condition (2) - the requirement of asymptotic sigbbf the o

system according to the Lyapunov Second law.

Let's for an output variablex (t) consider the

criteria:

Yoo 5.0 2 (n
‘]n = J.¢7(5k ’Tlgk""’rngk( ))jlt. (3)
fo

Here ¢(.) is a given functionalg, (t) = X, (t) — X (t) is an

error; X (t) is the target (command) value (x,(t);

=% -%®; e t)=x"1)-x"(t); for tasks

such as stabilizatior g, (t) = X, (t) - % (1) ; &.(t) =-% (1) ;

eM(t)y=—x"(t); for tasks of vibration protection:

a0=%0:  a®=x0:  &O0=-%0:

M (t)=—x"(t) .

The requirement of minimization of the criteria (3)
can be reduced to the definition of the desirabdperties of
the output variablex, (t) with the help of the differential

equation of the orden:
XO=f (Br X", - Bk Bk P KPP B ) (4)

with the initial conditions (1). The coefficients,, ..., 5, ,

are defined through constants, ...,z

criteria (3). In other words, the requirement ohimiization
of criteria in the integral form (3) can be presehin the

differential form (4) and vice versa.

Finding the operatorf (.) for any functiong(.) is
not a simple task. However, the solution of thisktés not

required. It is possible to initially set the projes of the
output variables of target transient in the form tbke

desirable nonlinear differential equations (4).
Task formulation

Given:

- desirable motion properties of the output vaeabbf

mechatronic systems as:

x=f(X,X), (%)

with initial conditions (1), wheref (.) is the given operator,

generally nonlinear;

- limitation on the output variables of the appiafe power

drives:
Uy <du(xut)<qg,, ,i=1..m, (6)

whereq,_, d,, are given values;
- limitation on control functions:

308

and included in

i=1..,m, )

i+?

whereu,_,u,, are the acceptable values;

- preference functions for the fuzzy set paramedérs
the mechatronic systems and the quality criterion:

1y (z), i=11.

Here u,(z) is a preference function of parameter

4:0<u,(z)<1; Alisthe set.

It is required to construct a regulator
u(x %, X, f,f), k=1..m, such that the
conditions of the optimality of motion (5) at each
moment of time are provided fulfilling the limitatis
(6)-(7), and also the initial and boundary conditio
(1), (2). The condition (2) ensures an asymptotic
stability of the controlled system. It is assumédtt
the functional f(.) is such that the existence and

uniqueness of solution of the formulated task is
provided. The obtained formulation of the task
corresponds to the inverse tasks of controlledesyst
dynamics [7-9].

Theoretical premises

Let's consider integral square-law criteria [i[kg

b
Iy = tj (glf + rlzéli ot Tnng(Zw Nt - (8)
0

Using the Euler-Poisson’s equation and requirireg th
at t > the function X, (t) approaches specified

value X, and its derivatives approach to zero, it is

possible to show that the minimum of the integral
square-law criteria (8) is reduced to the requineme
that the output variable of the controlled system
corresponds to the solution of the linear diffeiant
equation of the orden:

n n-1 . —
xlﬁ ) 4 n—1XIE )4 + BiX + Bk = BoXes 9)

with the initial conditions (1). Constants,,, ..

P
can be calculated through constanis...,z,,, which

are included in criteria (8). Further on, the et
(9) can be considered as an input equation of the
desired motion.

The requirement of a minimum of the
integral criteria is reduced to the differentialation
of reference motion for an output variable. This
principle is basic in the represented theory, asd i
validity will be shown further on.

Let's consider the criterion:
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t Let the radicals are such that:
Jn:fl(x2+r12>'(2+...+rn2x(m))dt. (20)
o Retp, )< 0, Refp,,, » Ov= 1.n

So, we will discover such a functionx(t), which
corresponds to the boundary conditions (1) and af&)
supplies a minimum to the integral (10). It is assiical task because according to (2) at the»> « function x(t)

of calculus of variations. N N and its derivatives tend to zero.
The necessary condition of a minimum of the Thus the expression for the extremal should
integral J, according to the known theory of calculus of pe:

variations looks as follows:

Gp_d(de _qgpdn(_dp | _
2% dt(o”)’()+"+( 1) dt”(ﬂx(”))_o’ (11)

In this case the value§,, should be equal to zero,

x(t) =ce ™ +..+ce . (12)

However it is known thatx(t), defined the formula
(12), is solution of the equation of the order

where ¢(.) = X% + le).(z + ...t rnzx @),
. The differential equation (11) is the Euler-Poisson x(M +ﬂn71X(n_l) 4ot X+ fox= 0. (13)
equation.
Let's insert into (11) the function mentioned the initial conditions for the equation (13) aree th
(X, X, ..., XV ): conditions (1).
The constant £, ...,5,_; of this equation are
%=2x; uniquely expressed through the radicalp, under
the Vieta’'s formulas. Thus, the Euler-Poisson
O equations are necessary conditions of a minimure. Th

2.(s .
ox(9 =2TSX( )’ s=12,.n; sufficient conditions are provided in further by
X sufficing boundary conditions (1) and (2) for the

extremes obtained according to these conditions.

dN(_p \_5.226) g_1 N Let's consider the equations (13) in the view

gtn (n) s ’ 1 &y . . .

X of the boundary conditions (1) and (2) for criteoia

the first and second orders. We convert to an rateg

Therefore, the equation (11) will look like: square-law criterion of the first order:

2. 2,,(4) n-1_2 ., 20-1)_ t

X—TX X et (-1 X =0. i
o S CUNERY O) fa 8 3= [+ Jo. (14)
fo

Thus, the extremalx(t), at which the integral obtains its

minimum, is the solution of th2(n—1)— order differential Here value 7, is assigned according to desirable

equation (11), wherex(t) should obey to the boundary properties of the transient of the output variafilee
conditions (1) and (2). square-law integral criterion (14) allows to obtain
The characteristic equation corresponding (11) is: rapidly damping process, but sufficiently smoothly
varying transient.
X_le p2+r§‘p4+ ) -1Tn%1p 20-)_ For an integrand:
2, 2,2
It has the property, that its radicals are mutuajlynmetric P() = X" +17X
about an origin of coordinates of the complex ¢ p3d.e. to

the radicals p,..,p, correspond the radicals the Euler-Poisson’s equation looks like:

pn__lz—pl,...,_p2n =-p,. Based on this, it is possible to do_d[d 0

write the solution (11) as: ox dtlox)

x(t) = i (cve’pvt +Cn+vepn+vt), Putting the expression fop(.) in this equation and
v=0

fulfilling the necessary conversions, we receive th
differential equation:
where the constants,, c¢,,, should be such that the given

boundary conditions (1) and (2) are fulfilled. x(t) - rfi((t) =0,
309
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which solution is extremes, supplying a minimum ao
integral J, .

Characteristic equation:
1—112p2 =0, (15)

responding to the requirement of a minimum (11y tre
radicals:

p,=-1/7y, py=1/7,

Therefore, according to the (15) the required smhutwill
look like:

x(t) =C,e ' +C '™, (16)
1 2

Substitution of initial conditions (1) into expréss (16)
yields the constants:

. Xo

17 eoln’ 727 1 2ol

As the extremal should fulfill the boundary conolits (1)

and (2), it is necessary to accept =0. The expression

(16) will look as follows:

xt)=Ce '™, C, = X, (17)

The extremes (17) is a solution of the differenéglation
of the first order:

71X+ x=0,
(18)

Thus, at tendency to minimize the value of theecat J,
the transient curve comes closer to the exponehtwith a

desirable time constanz,. The equation of reference

motion is the linear differential equation of thest order
(18).

The equation of reference motion (18) can b
obtained without usage of the Euler's equation. 'sLet

perform the following conversions:

2
Jy = tJl[XZ () + r253() Jot = i [X(t)+z.X(t)] dt + [ 20 et =
to to to
t 2
[[X(@) +2%()] dt+7,%.
to

(19)

The least valuel, will be under condition of:

X+ X=0.

310

(20)

e

The solution of the equation (20) is:

t/zy

X(t) = x,e

and it represents that exponential curve, to wiieh
extremes curve approaches at tendency to minimize

value J, .

At nonzero target valu&(t) instead of the
equation (20) we obtain:

X+ X=X,

t>1t): X(ty) = Xq-

Let's consider the square-law criteria of the sdcon
order:

]

3, = [P+ i3 W) + 23370 ot (21)
to

Let's designate the integrand:

p() =X + 5%+ %% (22)

Following the presented technology for minimization
of criteriaJ,, we shall substitute the functicp(.) in

the Euler-Poisson equation and perform necessary
conversions. Necessary conditions of a minimum will
be obtained as the equation of the fourth ordekirifa
into account boundary conditions (2), a linear
differential equation of the second order will
correspond to the reference motion as shown:
X+ 2y X+ wox = O. (23)
The definition of motion properties of the conteall
system by the equation (23) is equivalent to the
requirement of a minimum of the integral square-law
criteria (21).

Instead of the equation (23), the following
equation is considered for the given command
valueXx(t) :

X+ 2@ X + a)(z)x = coé)‘( . (24)

It is necessary to pay attention to the
important circumstance: the equations (23) or (24),
considered further as initial equations of refeeenc
motion for a controlled variable, are obtained with
respect to boundary conditions (1) and (2). It nsean
that the conditions of an asymptotic stability bEt
system are fulfilled, if the controlled variable
corresponds to these equations. An important
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conclusion follows: if we manage to synthesize aticd,
which provides the course of the output processesrding

where:

to the given reference equations, the stabilityhef system ®,() =D, (f,, fi, i),

is ensured.

Let the desirable motion properties of the systemr
for the controlled coordinatex = (x, ..., X, )T be given as a

diversity:
Q w,(xt)=C,, p=1..m, (25)

wherew, (.) are given operatorc, are constantsC, >0;
andt is time.

@2(,) = q)z()_(k' X Xk'xk 'x"k ’X1£4) )’

B3() = D57, %, 2).

Here ®;(.) are known functions, which variation

enables to obtain a wide spectrum of adaptive
regulators; k, is a constant describing the efficiency

The type of representation of the desirable motion

properties of the system (25) is not a uniquelysjis. The
motion properties, as it was already mentioned,beagiven
differentially by equations of the reference motion

x= f (X, X) (26)
with  boundary conditons (1) and (2).
f=(f....T, Y f, ()—are given operators,

nonlinear, defined by fuzzy seix= (xl,...,xm)T is a vector

of negative feedback on an output varialale of the
actuator, k, > 0. The functions f,, describing the

desirable motion properties of the output variabtgs
are, as a rule, defined analytically. In such c#se
derivatives f, and f, can also be obtained

Here analytically. The parameters of regulator (29) ban
generally calculated precisely without application of numatic

methods. As it is visible from expression (29),
regulators consist of several components, each of

of phase coordinate:x = (%,....%,) is a vector of phase Which fulfils their specific functions. The role dfie

velocities; X=(x,...x, ) is a vector of target (command)

values.

functional @, in the regulator (29) consists in giving
desirable motion properties to the controlled syste

of motion of the controlled system can be consedict

However, in widely used statements of the tasksawttrol
the equation of the system are assumed to be knuattn

accuracy to a control vec u=(u,, ..., u, )\ :
x=F(x u), (27)
t>t,: X(t,) = X,,

Here F =(F,....F, ) is a vector of the right-hand parts.

of the system, functionadb, - status of an operating
mechanism. The role of the function@, is only to
limit the control signal, if required. The compohen
k,z, compensates the weakening of the control signal

when adding a priori negative feedback of an output
variable of an operating mechanism. If the feedback
mentioned is not used thdg = 0.

Due to the harmonious cooperation of all the
components (“team members”), included into the

Generally, the desirable motion properties of theregulator (29), at each instant of time, a fasibacand
controlled system are set by the nonlinear difféaén accuracy without overshoot are combined, when using

equations for the controlled variables:
n - —
xf( ) _ f O, X K ) k=1,.m (28)

with boundary conditions (1) and (2). He f (.) are

nonlinear operator:x, are given target values.

5. Intelligent regulators

nonlinear assigned motion propertigs) .

The regulator (29) is adequate to hardware
possibilities of modern digital engineering andoals
guarantees an asymptotic stability of the contdblle
system. Thus it is not required to fulfill a pardare
optimization to define the parameters of regulator:
their values are calculated precisely without using
numerical methods.

The regulator (29) still has a number of
advantages. Using nonlinear built-in desirable oroti
properties, outstanding accuracy and speed without

The basic control algorithms, corresponding to theyyershoot are combined. Besides, at a guaranteed

shown statement of the task, look like [13, 14]:

_ o o (4 —
uk(xk’xk’xk’xk’xk’xlg ), fiofo bz 20 4 ):(29)
= 0ok + Z0; (), j=1..3

stability, the adaptive control and quality of ogtérn
close to the capabilities of the used drives, vijged.
Thus, we can improve known existing controlled
systems and create new systems, ensuring:

. precise control,

311
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. fast response time,
. transients with desirable properties without 6. Applications
overshoot,
. adaptive control, Despite exclusive achievements in the theory and
. unification of all modules of the minimization of Practice of active traffic safety of vehicles, methods,
mismatches, algorithms, software and hardware of a traffic control
. the possibility of the linear and nonlinear quality (ABS, ASR, ESP, etc.) are continuously improved.
criteria, when it is easy to vary parameters oftadn  1he use of the described intelligent regulators
criteria of each module of system. represents an important direction of improvement of
In simple cases, the following regulator can beduse the quality of operation of the mentioned systems.
Other example of mechatronic systems are an active
- - B oo o vibration  protection/stabilization  systems and
uex, %, %, X, f)_k[f . X, X) X]' (30) Intelligent  Vehicle Safety Systems [17-30].

Application of the considered concept allows
Here f(.) is a given function, generally nonlinek;is the  realization of the following functions:

amplification factor. o an adaptive vibration protection of the chassis
Integrating (30) and considering feedback of anpout (cabins, armchairs of the person-operator,
variable of the actuating mechanism, it is posdiblerite: special cargo transporters) at continuous

motion sprockets/skating rinks;
stabilization in space of the set position of the
body of the vehicle;
) minimization of effects on a road cloth etc.
Let's consider the task of active vibration protection
with electro-hydraulic drives. The generalized scheme

U(x, %, X, Z, f)=koz+ K[ f (X, %, X)Xt -k (k— %),  (31)

where k, is a priori selected feedback fact(x, is the

initial value of the output variable. of the system is shown in Fig. 1. The system includes
like: regulator and actuator with a drive mechanism, which

can function based on different physical principles.
U(x, %, X, Z, T )=koztk[ f (x, %, X )tk (32) The signals from sensors are transmitted into the

controller. The reference signal is sent to the input
from the electro-hydraulic amplifier.

Thus, for implementation of the regulator (32) tetput

variable x(t) , speed of chang&(t) , the target valu& and N e ey
also output variable are required. .
In the linear case it is possible to accept: H - f

f(.) = g (X—X) - 2papX. (33)

Here i is the desirable coefficient of an aperiodicitythie
transient of the output variable at realizationao€onstant
target signal X; «, is the desirable frequency in the

transient of the output variables, =3/t , 1/s; t, is the

transition time of the output variable realizatimf a
constant target signa .
Using (33) regulator (32) will be accepted:

u(x, x, X, z)=

=Koz+ ke j(i—x)dt—2kz//a)0(x—x0)—k(>'(—)'(0).(34)

In the tasks, where the initial valueg and %, are equal to 2oL =
zero, the regulator (34) will be as follows: 7
u(x, X, X, 2) = kyz+ ke | (X - x)dt - Zpopx—kk.  (35) Fig 1. The scheme of the electro-hydraulic vibration

protection system

312
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Let's consider a controlled object with the Apparently, moving of the actuating mechanism

following motion equations: piston g, adjusts the deformatiom, of an elastic
. element.
9 =02, In system (36) the first two equations
] describe the movement of the amortized weigit
O = _z 1/ m, the third and fourth equations — movement of the non-
) amortized weightm, ; the fifth — converter-amplifier;
A3 = Ga the sixth — executive mechanism (hydraulic cylinder);
the seventh and eighth — measuring device (the gauge
O, = (z l_z L)/ m,, (36) of acceleration). Apparently, from the eighth equation

of the system, the second derivative of a controlled
system is observable. Other variables used in the

ds = (=05 + K, (U=K,Qe)) / T, regulator can be identified.
For passive and active vibration protection
de = (—0s +k, 05—k k.g,) /T, systems in Fig. 2 and Fig. 3, the spectral density of the

accelerations of the amortized weight at movement on
. soil road 300 m long with a speed of 36 km/h (Fig. 2)
U7 = Ug: and 54 km/h (Fig. 3) is obtained. The accepted step of
numerical integration by Runge-Kutta method of the
equations (36) is equal to 0.0005 s and the amount of
points at calculation of the spectral density of
accelerations equals 32768.
t 2 to : Qi (to) = qi 0’ I = 11 LR} 8 MOBEIWPOBEHIE 1 SHENHS PEATMSSLIAN BO 5 pEMEH

BosnyEue: Cyvafeli MpOHHTE RSP

G = Fs(dg, G, ks, Tg),

Here k,, T, accordingly are a factor of amplification and a
time constant of the electro-hydraulic convertey,; T, are a
factor of amplification and a time constant of the power
executive mechanisik,, T, are a factor of amplification : -
and a time constant of the measuring device (the ] \
acceleration of the amortized weighk, is the parameter : |1
describing the leakage of a working body in a hydraulic : M ‘ I i
engine; Kk, is a factor of a feedback by plunger position the : i gl B, m

actuating mechanismy > ,— "sheaf' of the forces Hoerors,

B BepTiKansHoe yCKOREHNE NOAECCTRENHON MACCE! WALt (BC2 To e Bes yrpasnerna )|
@ BepTiKansHoe yCKOREHNE NOPECCTRENHON MACCH! waunHb| (BCe Towe; L=h2-3 )

influencing weight:m, and m, accordingly:

Fig. 2. Spectral density of accelerations of the amortized

2= PR+ Py+ Py weight. Speed is 36 km/h
Z 2= Pl2 + P22+ P32| Mn;\%ﬂmpusaﬂmemar«anmf peaseu B0 apemeHs
OSMYWLEHHE: CAYHEAHBIA oAb Aopant
A D A " At (R e [ T e e (T
Ri=Pu(A), Py =Py(A), By =PysgnAy A DR T

Ro=Pa(6)), Py =Ppy(d,), Py =Py,sgns,
Ay =03—0;+0g: Ay =Gy -0y
8, =Q(t)—ay; 6, =Q(t) —q,,

M2 i3

where Pji(.) are known functions, generally nonlinear;

Py, Ps, are dry friction in a static condition in an elastic WE
element and the trunk accordinglQ(t) is a kinematic R R R I A A A
perturbation Q(t) = dQ(t) / dt. It e Sl

The control, entering into the fifth equation of

system (36), is calculated according to algorithm (29). Fig. 3. Spectral density of accelerations of the amortized

weight. Speed is 54 km/h
313
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