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The investigation of thermo-mechanical processes in materials and elements
with shape memory effect (SME) and the simulation of dynamics of elements
and drives based on alloys with shape memory and taking into account the
adaptation properties of material are carried out in order to develop adap-
tive-controlled thermomechanical drives or actuators, heat regulator and
automation tools of technological processes. The effect of the thermal cycling
modes and the magnitude of deformation, which induces the shape memory
effect, on the level of reversibility of the deformation, the implementation of
the effect of reversible shape memory, the magnitude of the excited force,
and the recoverable deformation are investigated. A generalized dynamic
model of a technical mechanism based on the elements with SME is developed.
The model formally describes adaptive control of mechanism, based on which,
the adaptation algorithms can be synthesized. The developed models can be
used in the calculation and design of various thermomechanical drives and
actuators, heat regulators, thermal compensators and damping devices based
on elements from shape memory alloys, as well as in a synthesis of adaptive
control algorithms of continuous and discrete classes in the terminal control,
homing guidance and stabilization modes.
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rax 3 epexrom mam’saTi popmu (EIIDP) i mogenroBaHHA IUHAMIKY eJIeMeHTIB i
MIPUBOJIiB HA OCHOBI CTOIIiB 3 mam’ATTIO (JOPMHU 3 ypaxyBaHHAM afalTaIliiHuX
BJIACTUBOCTEI 3 METOIO CTBOPEHHA aJalTHUBHO-KEPOBAHUX TEPMOMEXaHiuHUX
IBUTYHIB UM IIPUBOJiB, TEPMOPETYJIATOPiB i 3ac06iB aBTOMAaTH3AaIil TEXHOJIO-
riunux npoiecis. [locainskeHOo BIIUB PEeKUMiB TePMOIIUKJIYBAHHS i BeJIMUNHU
nedopmairii HaBegernuAa EII® Ha cTynmins o60poTHOCTI Aedopmaliii, peaisariro
edekTy 000poTHOI mam’aTi (popMU, BEINUUHMN 3YCUJJIS, IO 30YIKYETHCH, i
BimHoBaOBaHOI medopwmarliii. [loOymoBaHo ysarajabHeHYy AWHAMIUHY MOZAEJb
TeXHIiUHOT0o 3ac00y Ha OCHOBi TepMocuIoBUX ejemMeHnTiB 3 EII®, 1o ¢popmairi-
30BaHO OMUCYE MOT0 afalTUBHE YIPABIiHHS, Ha OCHOBI AKOI MOXKYTb OyTH CH-
HTe30BaHi aaroputmu agamnTaiii. Pospobaeni Moaesri MOKYyTh OyTH BUKOPUC-
TaHi IPU PO3PAXyHKY i HPOEKTYBaHHI Pi3HUX TepMOMEXAaHIUHUX ABUTYHIB i
IPUBOMAIiB, TEPMOPETYJISATOPiB, TEPMOKOMIIEHCATOPIB 1 AeMI(YIOUNX IIPUCTPO-
iB Ha ocHOBI esilemeHTiB 3i cToniB 3 EII® i mpu cuHTE3i aaropuT™MiB aganTuBHO-
T'0 YIPAaBJIiHHSA HEIIEPEPBHOTO i AMCKPETHOTO KJIACy B PeKUMaX TEPMiHAJIBLHOTO
yIpaBJIiHHA, CAMOHABEeNeHH i crabimrizarrii.

KarouoBi cimoBa: edpextT mam’aTi ¢popMu, MapTeHCUTHE MEePEeTBOPEHHS, MOJE-
JIOBaHHA, AedopMAaIlifiHO-CHUJIOBI XapaKTEePUCTUKMN, TEPMOMEXaHiUHUN IIPHU-
BiZ, amanTUBHE YIIPABJIiHHSI.

IIpoBeneHo mccaemoOBaHNE TEPMOMEXAaHMUECKUX IIPOIECCOB B MaTepuajiax u
aseMeHTax ¢ apdexToMm mamaTu ¢opmsel (IIID) nu MmomermpoBanme TUHAMUKYT
9JIEMEHTOB U IIPUBOJOB HA OCHOBE CIIJIABOB C IMaMATbIO0 (POPMBI C YUETOM ajarl-
TAIMOHHBIX CBOMCTB C II€JIbI0 CO3NAHUS AJAITHBHO-YIPABISEMbIX TEepPMOMe-
XaHUYECKUX JBUTATeJeN UJIU IIPUBOJOB, TEPMODPETYISITOPOB U CPEACTB aBTO-
MaTU3aINU TEeXHOJIOTUYECKUX IIPOIleccoB. VcciiefoBaHO BIUAHUE DPEXKUMOB
TEePMOIMKJINPOBAHUSA U BeJIUUUHbI fedopmanuu HaBegenua IIID Ha cTeneHb
obpartumocTu AedopManum, peanusdanuio spdeKTa oopaTumMoil mamMmATu Gop-
MBI, BEJIMUNHBI BO30OYKIAeMOro yCUJINS U BOCCTAHABJINBAaeMOU aedopmanuu.
ITocTpoena 0000IIEHHAS AMHAMHUYECKAs MOJENb TEXHUUYECKOTOo CpPeAcTBa Ha
OCHOBE TEePMOCHUJIOBBIX 3JieMeHTOB ¢ JII®P, hopMain30BaHO OIUCHIBAIOIIAS €T0
aJanTUBHOE yIIPaBJIeHNE, HA OCHOBE KOTOPOI MOTYT OBITh CHHTE3UPOBAHBI aJI-
TOPUTMEI afanTanuu. PazpaboTaHHbBIE MOEIN MOTYT OBITH MCIIOJIb30BaHEI IIPU
pacuére U TPOEKTHUPOBAHUY PA3JIMUHBIX TEPMOMEXAaHWYECKUX ABUTATEJEN u
MIPUBOJOB, TEPMOPEryJATOPOB, TEPMOKOMIIEHCATOPOB U OeMI(MUPYIOIIAX
YCTPOICTB HA OCHOBE 9JIEMEHTOB 13 CIJIaBOB ¢ 1P u 1mpu cuHTEe3e aJIrOPUTMOB
aJaITUBHOTO YIPaBJIEeHUS HEIIPEPBIBHOIO 1 AMCKPETHOTO KJacca B pPesKumMax
TEePMUHAJIHLHOTO YIIPABJIEHN, CAMOHABEIEHUA U CTA0OUIN3AIINH.

Karouesslie caoBa: apderT mamaTy GopMbI, MAPTEHCUTHOE IIPeBpaIenne, Mo-
IenupoBaHue, Ne)OpPMaIIOHHO-CUJIOBbIe XapaKTePUCTUKY, TepMOMeXaHuue-
CKUU IPUBO/J, aJalITUBHOE YIIPABJIEHUE.

(Received October 15, 2019; in final version, May 5, 2020 )

1.INTRODUCTION

The use of new functional materials with shape memory effect (SME)
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as thermo-mechanical drives (TMD), actuators as well as heat regula-
tors, temperature compensators and damping elements, has signifi-
cant advantages compared with traditional mechanisms and also pro-
vides various opportunities for creating adjustable and adaptive sys-
tems [1-5].

Based on the empirical evidence of worldwide research in using ma-
terials with SME, technological methods of their processing in con-
junction with the operational capabilities has supported the hypothesis
of the need for thermal-force cycling in the pre-deformation state to be
developed [6—8].

An experimental test using the example of titanium nickelide of
VSP-1 grade, confirms the correctness of the hypothesis. As a result of
research, a method for the manufacture of products made from shape
memory alloys (SMA) has been proposed. This method is based on a
special thermal cycling and annealing mode, which provides a reversi-
ble shape memory effect and stabilization of thermomechanical char-
acteristics (details can be found in [9]). At the same time, a certain
combination of the magnitudes of deformations of guidance and phase
plasticity, temperature ranges of annealing and structural transfor-
mations of the crystal lattice allows improving operational properties
and expanding technological capabilities (enhancing the SME, provid-
ing reversible SME, increasing the generated stresses and magnitudes
of the reinstate deformation, reducing the stress of guidance) of ele-
ments made from SMA.

Analysis of previous research publications shows that modelling of
the dynamics of adaptively controlled elements was developed only in
general form [10-15], without taking into consideration the specifics
and characteristics of elements with SME, as well as the thermome-
chanical and especially thermoelectric characteristics [16, 17] of mate-
rials with SME are insufficiently investigated. There is practically no
analysis of ways to increase the efficiency of TMD. The algorithms and
modes of adaptive control of technological elements from materials
with SME are not analysed and unfounded. This article deals with the
solution of these important issues.

2. MAIN PART

Obtained calculating methods [17] allow us to determine geometrical
and deformative-force parameters of thermosensitive elements (TSE),
which are used immediately after the final thermal-treatment in a single
acting mechanism of the technological systems. Subsequent TSE ther-
mal cycling over the range of the phase transformation is accompanied
at the initial stage by the gradual deformation accumulation in the di-
rection of the applied stress (because of no closuring thermomechanical
hysteresis). It can be explained by the fact that other channels of defor-
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mation are simultaneously initiated with the conversion of the material
ductility when the stress is higher than yield of strength of the phase.
These deformation channels are determined by the development of ac-
commodative shifts, non-isothermal creep and dislocation plasticity.

Besides, it’s possible to observe that a phase and material strain
hardening increase dislocation yield strength and the degree of defor-
mation reversibility. Non-isothermal creep rate decreases and stabiliz-
es. Texturing martensite occurs. It means emergence and growth of
the crystallographic options that provide the greatest TSE forming in
the direction of the applied load. Forming of the naturally inherited
defect structures (such as dislocation) leads to the specific transfor-
mation of metal lattice when the direct and inverse transformation is
implemented as to the ‘exactly back and forth’ principle. As a rule de-
fect structure arising due to thermo-force cycling (TFC) is sharply ani-
sotropic and fields of microstressing locally oriented in space are
formed and their effect on the martensitic transformation is similar to
the external load. As a result TSE get the ability to accumulate defor-
mation intensively at the half-cycle cooling period even in the absence
of external load.

In the case of application of TSE in the thermopower drives schemes
of cyclic and nonstop motion the final thermomechanical treatment in
the form of stabilizing TFC should be implemented. On the basis of ex-
perimental data approximating dependences allowing to estimate the
changes in the deformation-force characteristics of spring TSE made
from TiNi were obtain in the process of thermo-cycling dependence on
the number of cycles and guidance deformation.

Changing the maximum guidance stress during deformation in mar-
tensitic state described by the dependence of the following form:

T, = Uy (y,) + Uy (7, )N,

where E - , Ty and Ty_o—maxima of guidance stresses after N cy-
Tn=o

cles and without TFC, correspondingly, uy(yn), ©:(Ya), Us(ym)—linear

functions of the guidance deformation yy

) Ay, +B when y, <y,
u, =
1 Cy,+D, when y, 2v,,

A,, B;, C,, D,—constants characterizing the cyclic properties of the al-
loy and determined from the experimental data (the values of the con-
stants A;, B;, C;, D, for spring VSP-1 alloy TSE are listed in Table 1),
ya—ultimate full shape recovery deformation, N—number of thermal-
cycles (see Fig. 1, a).
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TABLE 1. The material parameters of the spring TSE (alloy VSP-1).

ui(yn) ‘ Uo Uy | Us

A, 3.404 -3.404 -0.649

— B, 2.336-10™ 1.003 -0.222
T C, -5.003 5.084 3.524
D, 0.586 0.411 -0.512

— A, -1.859 2.794 -0.481
E B, 0.659 0.255 0.021
- A, 0.124 -0.128 -0.031
» B, 0.965 0.036 -0.028
A, 0.226 -0.226 0.049

Vres B, 5.466.107 -5.314-10°® -0.035
A, 0.43 -0,446 -0.302

Trev B, -2.188-10°® 2.588.107° -0.016

Standard deviation of the experimental data from calculated data,
defined by the equation for t_, does not exceed 2.4% .

Changing the maximum guidance stress during the deformation in
the range of martensitic transformation (when implementing the
transformation plasticity effect (TPE)) is approximated by an expo-
nential dependence of the form:

T = uy(y,) + u, (v,) exp [u, (v, )N],

where 1/, = v, u(y,) =4y, +B.
Tn=0
Standard deviation of the experimental data from calculated data,
defined by the equation for 1/, does not exceed 2.5% (see Fig. 1, b).
Changing the maximum reactive stress (implementation of SME)

also occurs on an exponential function (see Fig. 1, ¢):

T, = u(v,) + u (v,) exp[u,(v,)N],

T
where 1, = P

, T, and 1,y-o—maxima of reactive stresses after N cy-
T
pN=0

cles and without TFC, respectively, u,(y,) = 4,7, + B,.

Standard deviation of the experimental data from calculated data,
defined by the equation T, = ¢(N,7,), less than 1.5%.

Effect of TFC and the guidance strain on total residual deformation
Yres and reversible deformation v,., (accumulates in the implementation
of reversible SME) can be described by the same exponential depend-
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ences. Corresponding surfaces vy =o(N,y,) and vy, =¢'(N,y,) are
presented in Fig. 2, a, b and have standard deviation from the experi-
mental data less than 2% .

The study results of thermoelectric processes in the TSE can be
found in[16].

To solve the tasks assigned to the mechanisms and devices, it is nec-
essary to provide targeted movements, speeds and accelerations dic-
tated by the process being implemented. In other words, to ensure the
process is correctly undertaken, it is necessary to build program ac-
tions (PA) and processes, and then ensure that the PA is controlled so
that the transient processes satisfies the specified requirements for
accuracy, speed, etc. Adaptive control is based on the principles of
feedback and self-regulation of the control law PA.

For a formal description of adaptive control, the authors consider a
generalized dynamic model of a technical device, which includes a sys-
tem of dynamic equations describing controlled motions and parame-
ters of elements and devices included in its composition, as well as a
system of structural constraints and external conditions. In the gen-
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Fig. 1. Changing the maximum strain guidance stresses and reactive stresses
when TFC of the TSE: a—deformation guidance in the martensitic state, b—
deformation guidance in the implementation of the TPE, c—reactive stresses.
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Fig. 2. Changing total TSE deformations during TFC: a—the residual defor-
mation, b—reversible deformation.

eral case, this is a system of dynamic equations in the form of a vector
differential equation [18]:

& = F(x,u,&) + n(t), t €[ty t;], 1)

where x = x(t) is the n-dimensional state vector of the object, u = u(t)—
m-dimensional vector of controls supplied to the drives and executive
bodies, & = & (t)—p-dimensional vector parameters of actuators and
drives, n(t)—n-dimensional vector of external disturbances, ¢ is time,
Fis a given n-dimensional vector-function depending on the structural
features of the object.

The variables x, u, 7 and parameters & have the meaning of real
physical variables and parameters describing the functioning of the
object. In the case of electromechanical actuators and elements with
the SME, the number of components of the state vector x includes con-
trolled coordinates of the actuators and elements, currents in the
thermomechanical elements, as well as their first derivatives with re-
spect to time; the number of components of the control vector u are the
control voltages produced by the control system and supplied to the ac-
tuators; the number of components of the parameter vector & is the
mass-inertial characteristics of the elements of the actuators and ele-
ments, the coefficients of friction and elasticity in the transmission
mechanisms, the parameters of the executive-power elements.

To accept the system of equations as illustrated in (1) as a general-
ized dynamic model of a drive with elements based on the SME, let us
characterize the range of the function F and specify the class of con-
stantly acting external disturbances n. The range of definition of the
function F, which defines the structure and properties of the equations
of dynamics (1), is the set of possible values of the variables x and v and
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parameters &. The boundaries of this range are determined by the
structural constraints of the form for all ¢ € [¢,,t,]:

x(t) € Q,, ut) €Q,, () € Q,, (2)

where Q,, Q,, Q: are given sets in the spectrum of states, controls and
parameters, respectively.

External permanent disturbances n are always limited in practice.
Formally, this means that

(t) €@, forall t e [to,tT], 3)

where @, is the range of possible values of external disturbances.

An admissible control is any law of variation of control effects u(¢)
that satisfies the constraint (2). The controlled movements of the ob-
ject are the solution of the system of differential equation of dynamics
(1) for a given admissible control. From a formal point of view, the real
movement of an object is described by a vector function:

.’X,'(t) = X(ta t()’ xoa u, aa TE),

where x, is the state of the object at the initial time #,.

If this motion satisfies the constraint on the state (2), then it is ad-
missible.

For a given PA, the goal of controlling an object is usually reduced
to the actual implementation of a PA due to the synthesis of the corre-
sponding admissible control law. The system of equations for the dy-
namics of an object is solvable with respect to control on some subset

P.(&) = {(x. F(x,u,8)) : x € Q,,u € Q,},

which is subspace controllability. Based on this, equations (1) can be
re-written in a more convenient form, in terms of analytical design of
control laws:

u=U(x,x-mE), (x,x —n) e P,, t>t,. 4)

Here, U is the control operator defined on the sets P, and @: with mag-
nitudes in @, and satisfying the ratio z = F (x,U(x, 2,£), &) for all (x, 2)
of Prand all € of Q.

The constraint system (2) creates constraints on the rate of change
of the state vector

x(t) € Q, forall t e[t,,t,], (5)



IMPROVING THE MODELS OF DYNAMICS OF ADAPTIVELY CONTROLLED ELEMENTS 893

where @, is a set defined by given sets @, Q,, @:, Q.. Therefore, in the
system of constraints (2) the second can be replaced by (5).

The new system of constraints (2), (5), (3) in combination with the
equation of object dynamics (1) in the form allowed by control (4) is a
generalized dynamic model of the object based on the elements with
SME and can be used to synthesize the laws of adaptive control taking
into consideration the dynamic characteristics of the object. It follows
from the properties of the model that the PA x,(t) should satisfy the
constraints (2) and (5).

The task of the programmed control is to synthesize such a control
law that ensures the exact implementation or stabilization of a given
PA x,(t). Knowing x,(t), it is easy to find a programmable control as a
function of time. For this, in the equation (1), we need to put n(¢) = 0
and make the substitution x = x (¢), x = x,(¢). As a result, we obtain
an equation for the definition of a programmable control u,(t).

To find an expression for it in an analytical form, we use the proper-
ty of solvability of the equation of dynamics (1) with respect to the con-
trol on a subspace. Then, taking into consideration (4), we obtain the
following explicit formula for calculating the programmed control di-
rectly from the PA:

wx,,8) = U(x,, £,,8). (6)

The coincidence of real movement x(¢) and PA x,(t) is possible only if
very harsh conditions are met. The first is the absence of uncontrolla-
ble disturbances n(t). The second is the coincidence of x,(t,) with the
initial state x, of the object, i.e.

x,(t,) = x(t)) = %y,

and, finally, the third—the availability of complete information on the
drift of parameters §(¢).

In practice, strict compliance with these conditions is very difficult,
and sometimes simply impossible. A priori information about the pa-
rameters & (and even more so about their drift) is incomplete and inac-
curate. In addition, there are always initial disturbances
e(t,) = x, —x,(t) and uncontrolled permanent disturbances n(?). All
this leads to the deviation of the real movement under the action of
harsh programmed control (6) from the PA x,(t).

It is necessary to take into consideration the current information
about the state of the object in order to improve the quality of control.
Due to this, the control law becomes self-regulating, and the PA is sta-
ble with respect to the initial and constantly acting disturbances.

The law of PA control with feedback on the object state vector has
the form:
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u(x, x,,8) = u(x, x,,8),

which, unlike (6), ensures the stability of the PA x ) (t) on a finite time
interval |t,,¢,|. A more efficient control law ensures the asymptotic
stability of PA and has the form:

u(x’ xp’g) =U[x, 3.51, +I'(x — xp),g],

where I is some stable nxn matrix of gains in the feedback channels. By
special selection of the structure and elements of the matrix I, it is
possible to ensure the specified nature of the decay of transients
W) = x(t) — x,(t) [19].

In practice, the parameters § of an object can drift in an unpredicta-
ble manner in a wide range determined by the restriction (2). External
n(t) permanent disturbances significantly affecting the accuracy of PA
testing are also unknown and cannot be measured by the sensors of the
information system of the object. Restrictions on disturbances are giv-
en by expression (3).

A specific feature of adaptive control systems is that the lack of in-
formation and uncontrolled drift of parameters are compensated by
proper processing of sensory information, which are processed by ad-
aptation algorithms that perform self-regulating of control law pa-
rameters, as well as by improvement of PA.

The synthesis of the adaptation algorithm with the required proper-
ties is closely related to the quality control, which is especially im-
portant for the dynamic control of the elements with the SME. Since
the adaptation is carried out mainly not only by the parameters of the
state x = x(¢), but by the quality parameters of the controlled process.

Therefore, we consider the quality function of the form of
o(t,t) = O[u(t), x(t), t], where a magnitude @ can be measured or calcu-
lated at any time ¢, where 1 is some plausible (or real) estimates of un-
known parameters &, a priori information about which is given by the
third expression of system (2). This requirement is necessary for the im-
plementation of adaptation algorithms. The purpose of adaptation is giv-
en in the form of inequalities connecting the controls u, the state x and
the estimate t, which can be given by a system of inequalities of the form:

o(t,t)>0,t=t,. (7

The algorithm for solving these inequalities acts as an adaptation
algorithm, the meaning of which is to form acceptable estimates of t
unknown parameters &. If inequalities (7) are violated for some 1 = t(¢),
then this indicates the unsatisfactoriness of the current estimate t(#)
and the need for its correction. If inequalities (7) are satisfied, this in-
dicates the acceptability of both the estimates themselves and the
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adaptive control law synthesized on their basis.

3. RESULTS

As a result of the study of the thermomechanical and thermoelectric
characteristics of titanium nickelide, the possibility of using elements
with an SME as thermo-sensitive deformation-force in adaptive-
controlled mechanisms and devices has been revealed. At the same
time, not only the characteristics of such devices (discrete factors such
as temperature, magnitudes of displacements and efforts) has been ex-
plored, but also the electrical resistance element itself can be used to
define sensor-controlled parameters of adaptation (the specific nature
of the change in the electrical resistance of the alloy with the SME at
intervals of the forward and reverse martensitic transformations was
detected and examined). The nature of changes is also stabilized after
the proposed modes of thermal cycling. This greatly simplifies the sen-
sory hardware base of the adaptive control system by combining in one
element a sensitive and working body, as well as a control, operating
and an informational electrical system.

The simulation of thermo-mechanical and thermo-electric processes
of materials and elements with SME, the dynamics of elements and
drives based on alloys with shape memory and taking into account the
adaptive properties has allowed for the creation of adaptive-controlled
drives or actuators, heat regulators and the automation of technologi-
cal processes.

Analysis of theoretical and experimental studies allows us to outline
the following ways to increase the efficiency of TMD:

— The selection of such SMA in which the temperature A, of the onset
of the reverse martensitic transformation differs little from the oper-
ating temperature. At the same time, the energy consumption for heat-
ing within the dead stroke is reduced to almost zero. According to the
results of theoretical calculations, with T, = A, the coefficient of effi-
ciency of TMD may be increased in twice.

— Restriction of deformation of the shape memory. This is due to the
fact that at the end of the working stroke the mechanical work pro-
duced by the TMD is small, and the proportion of energy consumed for
heating increases.

— Conducting preliminary thermomechanical processing of TMD
power elements by thermal force cycling. This allows, in addition to
stabilizing the characteristics of the drive, to significantly reduce the
negative operation of the cycle by reducing the required voltage guid-
ance and initiating a reversible SME.

— Reduction of heat leakage by isolating TMD from the environ-
ment. With an increase in the heating rate due to an increase in the
power of the supplied energy, the fraction of the dissipated energy also
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decreases.

— Search for materials that have a lower heat capacity than nickel
alloys with titanium, in which more than 2/3 of the energy supplied is
spent on heating.

Since the most probable areas of application of elements with the
SME are to use them as TMD or actuators, heat regulators, thermal
compensators and damping devices, their operating conditions vary
considerably in nature and dynamics it is advisable to specify the class
of algorithms and typical adaptive control solutions for each area.

— When using elements with SME as TMD, the adaptation algo-
rithms of the continuous class in the terminal control mode are neces-
sary, and the algorithms of the discrete class are applicable only for
linear drives.

— Heat regulators based on elements with an SME can be adaptively
controlled based on continuous-class control algorithms, which is due
to the presence of temperature hysteresis of mechanical characteristics
and only regulators (or more precisely, switches) of unidirectional ac-
tion (e.g. emergency) allow the use of discrete algorithms in stabiliza-
tion mode.

— Adaptive damping devices, due to the high speed of the processes,
can be controlled only by continuous algorithms in the homing mode
and during this time of guidance should be minimized. In contrast,
thermo-compensators due to the low speed of the process do not require
adaptive control at all and allow for calculations with sufficient accu-
racy at the design stage.

4. DISCUSSION

Most adaptation algorithms can be divided into two classes:

— continuous methods, when estimation t(¢) is defined as solving a
differential equation of adaptation;

— discrete algorithms, when the estimate t(¢) = 1(¢,) is determined at
discrete moments, k=0, 1, 2, ..., by recurrent formulas.

The general scheme of continuous algorithms is as follows: the esti-
mate t(¢) is defined as the solution of a differential equation of adapta-
tion of the form

(t) = A[(t), S(8)], (ko) = To, t > o, (8)

where S(t¢) is current information, t,—arbitrary initial estimate from
Q: set, A—adaptation operator (it is such that the estimates t(¢) con-
verge to the ideal solution & or to some of its surroundings). Discrete
adaptation algorithms are described by the following system of rela-
tions:
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T(t) = T te [tk’tk+1]’ tk+1 = tl; + 6’
T =T, +A[S@E)], k=0,1,2..., 9)

where 1, is an arbitrary estimate, t,; —the first moment of violation of
inequalities (7) with t =1, t = ¢,, 0 is the time required to calculate the
new estimate t,.; in accordance with algorithm (9) from the infor-
mation S(¢,') available at the time ¢,’, A is an adaptation operator.

Thus, the solution of the adaptation problem is reduced to the con-
struction of continuous or discrete adaptation algorithms of the form
(8) or (9), generating a trajectory t(¢), t > t,, or a sequence of estimates
1, £=0,1, 2, ..., which reduces to some solution of inequalities (7).

The analysis of the technological problem from the standpoint of
control theory allows us to distinguish the following typical modes of
adaptive control: stabilization of PA, terminal control and homing.

The goal of control in the stabilization mode is to track the PA with a
given accuracy ¢ immediately or after a certain time interval of the
transition process Tp =t, —t,, i.e.

‘x(t) _ xp(t)‘ <e forall t > t,(t, x,,& n).

The purpose of the terminal control is to transfer the object from the
initial state x, to the desired final state x, in a given time T =¢, —¢,,
ie.

|x(tt)—x1| <e. (10)

Finally, the goal of homing has the form (10) with the only differ-
ence that the trajectory and time of guidance here is not fixed in ad-
vance.

To fulfil the formulated target conditions, it is necessary to synthe-
size the control law u = u(¢, x,t) with feedback on the state vector x or
the quality function ¢(t, t) and with self-regulation of the parameters
t. Naturally, this law should not depend on unknown parameters
€ € @, and disturbances n e @,. When synthesizing and calculating
adaptive control laws, their structures and parameters should be cho-
sen in such a way as to guarantee the fulfilment of structural con-
straints on states and controls over the entire range of motion consid-
ered.

4. CONCLUSION

1. A model of the dynamics of adaptively controlled elements and actu-
ators has been developed based on materials with the SME, whose equa-
tion solving algorithm acts as adaptation algorithms, on the basis of
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which the laws of adaptive control of such elements and actuators can
be synthesized.

2. The thermomechanical characteristics of titanium nickelide have
been studied and the possibility of using elements with SME as heat-
sensitive deformation-force elements in adaptively controlled mecha-
nisms and devices has been substantiated. Ways to increase the effi-
ciency of TMD have been identified.

3. Using of established for TFC relationships gives the possibility to
estimate the effect of thermomechanical treatment in a new way and
confirm the assumption that obtained experimental results are deter-
mined by the methods of research, since single change of the parame-
ters (characterizing effects of memory) are thermomechanical training
cycle. The obtained dependences define rational guidance strain values
and the required number of thermal cycles N, providing stabilized
characteristics of TSE and the optimized parameters formation for
memory effects for given TSE geometric characteristics.

4. For elements with SME the use of adaptive control algorithms of
continuous class in homing and terminal modes is justified and rec-
ommended.
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