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CONTROL OF A SECOND-ORDER ELECTROMECHANICAL SYSTEM UNDER
MIXED CONSTRAINTS
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For a system simulating the dynamics of a single-link electromechanical manipulator, the problem of
constructing a control voltage and determining the areas of final states is solved, the transition to any point of
which from the initial state of rest using the constructed control occurs in a finite time without violating the
specified restrictions on the voltage and heat release power in the winding of the rotor of the electric motor.
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KOHEYHOE BpeMsi 0e3 HapyIIeHHs 3aJaHHBIX OTPAaHWYCHUH Ha HANpsHKCHHE M MOIHOCTH TEIUIOBBIICICHHS B
0OMOTKE POTOpA 3IEKTPOABUIATEIIs.
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Introduction

An electromechanical system of the second order is considered, which approximately
describes the dynamics of a separate arm link of a multilink manipulator, if each link is
controlled by a voltage supplied by an independent drive electric motor, and the dynamic
mutual influence of various degrees of freedom is sufficiently small [1]. The system under
consideration is distinguished by the feature that in the class of bounded controls it is
controllable to a state of rest, but is not controllable with respect to an arbitrary state other
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than rest. For the considered model, in [1-8], the problems of constructing an optimal
control that ensures the movement of the system from an arbitrary initial state to a given
final state of rest, including under additional restrictions, were studied. For some higher-
order systems, in particular, for fourth-order systems with mixed constraints, which are
models of mechanical and electromechanical systems containing an electric motor, in [9-
11] the problems of constructing a bounded control that bring the system from an arbitrary
initial state to terminal state of rest in a finite time. In this paper, we solve the problem of
constructing a control for the movement of an electromechanical system with one degree of
freedom from the initial state of rest to a given final state with restrictions on the control
voltage and on the power of heat generation in the winding of the rotor of the electric
motor. The presence of a restriction on the heat release power is the main difference
between this problem and the problem considered in [12]. Conditions are obtained that on
the phase plane of the system form areas of final states, a controlled transition to any point
of which occurs in a finite time without violating the specified restrictions.

1. Calculation model of an electromechanical system and problem statement

Consider an electromechanical system consisting of a electric motor with independent
excitation, a gearbox and an absolutely rigid body (inertial load) on its output shaft. Such a
system can be interpreted as a model of the simplest manipulator with one degree of
freedom. In this case, the inertial load is the arm of the manipulator together with the load
fixed in its gripper. The movement of the described electromechanical system is determined
by the equations [1]

(1+In*)$p=nu, Rj+knp=u, p=Kkj. (1.2)
In (1.1) @ is the angle of rotation of the arm; | is the moment of inertia together with

the driven gear of the reducer; J is the moment of inertia of the rotor of the electric motor
together with the driven gear of the gearbox; n is the gear ratio of the drive gearbox; R is
the electrical resistance of the rotor winding of the electric motor; L is the moment of

electromagnetic forces generated by the engine; | is the current in the motor rotor circuit;

K is a constant (electric motor parameter); U is the input (control) voltage of the electric
motor. We will assume that the maximum voltage allowed during engine operation is
limited

u<U. (1.2)

The first equation in (1.1) describes the dynamics of the mechanical part of the system,
the second equation describes the voltage balance in the motor rotor circuit, if we neglect
the phenomenon of self-induction in the rotor winding, the third equation in (1.1) reflects
the proportionality of the motor torque and current in its rotor circuit. Neglecting the
phenomenon of self-induction when describing the dynamics of the manipulator is possible
if the electromagnetic time constant T=L/R (L is the inductance of the rotor winding)
is much less than the operating time of the manipulator. In practice, this condition is met in
most cases. Note that the system of equations (1.1) approximately describes the dynamics
of an individual arm link of a multilink manipulator if each link is controlled by an
independent drive and the dynamic mutual influence of different degrees of freedom is
sufficiently small (see, for example, [1]).
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Eliminating the variable [t from (1.1) and in the resulting system with constraint (1.2)
passing to dimensionless units (with subsequent omitting primes)

T 5
Low=l k=l rR=A = [MOT 13)
T U uT knUT A

= nk
where A=1+Jn*and T :U is the unit of time, we get the following system

p=kj. Rj+ﬁ<p=%, (L4)

lu[<1. (1.5)

In this paper, along with the constraint (1.5), we consider the constraint on the heat
release power in the rotor winding of the drive motor. The amount of heat ( released in
the rotor winding of the electric motor per unit of time (heat dissipation power) is
q= j2R . Substituting j from the second equation (1.1) into the last equality, we obtain
(in the initial dimensional variables) the following expression for the amount of heat

. \2
(u—kng)
R
loaded, the heat generated in the rotor winding heats up the electric motor. In order to avoid
severe overheating and burnout of the motor winding, the heat dissipation power is limited

from above ( < q°:

. \2
u—kng 0
R
Passing to dimensionless variables (1.3), the value ( is transformed according to

, T : : L
formula q :Kq , and the constraint (1.6) (with the strokes omitted) is reduced to the
limitation on the angular velocity of the manipulator and on the allowable value of the
input voltage:

lu—k¢| </kRg® =n. (1.7

Consider the control problem for system (1.4).
Problem. Find the law of change of the control voltage u(t), which provides bringing

the manipulator from the initial state of rest

released in the motor rotor winding ( = . When the drive is continuously

¢(0)=0, $(0)=0 (18)
to a given final state
oM =0, ¢(T)=¢' (1.9)

at some point in time t =T under restrictions on the control voltage (1.5) and the heat
release power in the motor rotor winding (1.7).
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Eliminating the variable j from system (1.4), we obtain the equation

Rp+kp=u (1.10)
and passing to new variables in (1.5), (1.7)-(1.10)

v=u-ko, z,=Re, z,=R¢, (1.11)
equation (1.10) with initial (1.8) and final (1.9) conditions can be written as

2,=2,, 2,=V, (1.12)
z(0)=0, z,(0)=0, (1.13)
z(T)=2 =R¢", 7,(T)=2=R¢" (L14)

In this case, constraints (1.5) and (1.7) take, respectively, the form
k

v+E z,| <1, (1.15)
V[<n. (1.16)

Thus, the problem formulated above passes to the equivalent problem with mixed
constraints (1.12)-(1.16).

2. Construction of the law of change of the control voltage, taking into account the
restrictions

The law of change of the control voltage Vv(t), which ensures the transition of the
system (1.12) from the initial state of rest (1.13) to the final state (1.14) at time T without

taking into account the restrictions (1.15), (1.16) is constructed using the Kalman method
described in [9] and has the following view [12]:

12 6 6 2
Integrating equations (1.12) with initial conditions (1.13) under control (2.1), we find
6 6 3 2
zZ, :(—th—i—_l_—zthi-l-(T—ztz—?th;. (2.2)

Taking into account (2.1), (2.2), constraints (1.15), (1.16) can be written in the form
.t T)z +h, (6 T)z5| <1,

te[0,T], (2.3)
.ET)Z+ Tz <,
Where
6k 6k 12 6
h(tT)=- RTStz—{RTZ _FJHT_”
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t,T)=
n(tT) RT2 T?> RT T

12 6 2
fl(t,T):—Ft'FF, f (t T) t—?

(6 2k) 2
——— |t-=, (2.4)

Let us turn to the analysis of constraints (2.3). To satisfy these restrictions, it suffices to
require that the following inequalities hold:

1 1
&[]+, T2 <1 0 T] 5
£, T[22 +| £ @ T)|[z3] <m.

Inequalities (2.5) must hold for all t €[0,T]. First, let us estimate from above the
maximum (with respect to t €[0,T]) values of the quantities |hi (t,T)|, |fi (t,T)|,
i =1,2, appearing in (2.5). From (2.4) it follows that the quadratic function h,(t,T) with

. T R
respect to { reaches its maximum value at the point t, = E _E . There are the following

T R 2R
two cases. If ti___I<0 ie. 0<T ST, then the function h(t,T)
monotonically decreases on [0,T], taking the maximum and minimum values of
h, (O, T)— , h (T, T)——_I_E at the ends of this interval, respectively. Hence,
2R
<—
tng(%m(t T)| . 0<T<~ (2.6)

If 0<t’ :%—E <0, ie. ZTR <T <0, then on interval [0,T] the maximum value

of function N (t,T) is h(t],T) —ﬁ+ I?TR3 and the minimum is h, (T, T) :—T—62.

quh@Jﬂﬂan»Wmmn{%iwjmjmGﬂﬂ:maJ»Wmn

T=T :%. Hence,

3k 6R 2R
tT)=—t—, —<T 2,
5?%“1( ) 2RT+kT3 k = @1

In accordance with the cases considered, we have
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_ T_62 0<T£27R=T’,
max|h AT =hM=1"y o L (2.8)

_+_3’
2RT kT
Further, from (2.4) it follows that the quadratic function h,(t,T) with respect to t
R T R

* T *
reaches its maximum value at the point  =——— . If i =———<0, ie.
2 2
3 k 3

k

3R
0<T< o then the function h,(t,T) monotonically increases on [0,T], taking the

minimum and maximum values of h,(0,T) =—$, h,(T,T) =E+$ at the ends of

this interval, respectively. Therefore

k 4 3R

If 0<t :%—E, i.e. 3?R=T”ST <oo, then the function h,(t,T)

monotonically decreases on the interval [0,t;] and monotonically increases on the interval
2 3Rk

t5,T]. At the same time h (0,T)=—=, t,T)=——-—<0
iy LOT)=—2, G T) =

hz(T,T)=%+$>O. Inequality ‘hz(t;,T)‘2|h2(T,T)| performed ~ when

m m mR 3 H " "
Te[0T"], T :3T, 0<m=\/;—l<l. But, since [0, T"]N[T", 0] =, the
last inequality is not satisfied on the interval [7",00]. The reverse inequality holds for

T e[—SrER ,0),ieatTe [—STR ,00) m[BrRloo) :[3?R’°O) - Hence,

k 4 y
trer[1g;‘1xT]|h2(t,T)| :|h2(T,T)|=E+?, T"<T <. (2.10)
Taking into account (2.9) and (2.10), we obtain
k 4
trl[]%|h2(t’T)|:§+?’ 0<T <. (2.12)

Functions f,(t,T), f,(t, T) (2.4) with respect to t are linear and increasing,
therefore, on the interval [0,T]
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12, 6| 6
Q}%“KLT)F{ET[‘% EAEIREET (2.12)

6, 2| 4
tn?cg;g(]| f,(t,T)| =max| 7 t-—| == (2.13)

Substituting estimates (2.8), (2.11)-(2.13) into (2.5) we obtain
— k 4
|W¢TMﬁHWAV”WHSWaﬂﬁhf—+—méﬁl
ROT (2.14)

|fl(t,T)Hzll‘+|fz(t,T)Hzé‘s%‘zﬂ+$‘z§‘gn,

where the function ﬁl(T) is given by formula (2.8).

The set of two inequalities (2.14) represents sufficient conditions for the solvability of
the posed control problem (1.12)-(1.16). These conditions, linking the final state and the
process time can be considered as sufficient controllability of the system from the initial

state of rest to the given final state (z;,2;) intime T .
Right relations (2.14) will be considered in the case of equality, written in the form

H(T|Z]|z)=1  0<T <o, (2.15)
F(T,‘zﬂ,‘z;‘)zn, 0<T <o, (2.16)
where
T62‘zﬂ+(%+_|£_)‘z§‘, 0<T<T,
H(T.|z].|z)) = (217)
3 6RYy (K. 4\
(ﬁ+ﬁj‘zl‘+(ﬁ+_l—_j‘zz‘, T<T <o
PO ) =zl + 2, 0<T<x. .19

R
Since the left-hand side of equality (2.17) is positive, it follows that ‘Zé‘<E

Functions (2.17) and (2.18) are continuous with respect to T and decrease monotonically
from © to O as changes T from O to oo. Therefore, for any pair of final states

(z,2)) € Z , where
1 51y 1 1 R
Z:{(zl,zz). ‘Zl‘<oo, ‘22‘<E}' (2.19)

inequalities (2.5) will hold for all t €[0,T], if the end time of the process T is chosen
from conditions (2.15), (2.16).

38



If we denote by T, and T, the solutions of equations (2.15) and (2.16), respectively,

then constraints (2.3) are not violated for any t from the interval [0, T "], where

T =max(T,T,). (2.20)
Consider two regions of change of the pair (le, Z%) e Z (fig. 1):
R Kk
Z =3(z,2)eZ: |5|>2———|71| ;. 2.21
- {(1 2) € ‘2‘ 3k 2R 1‘} (2.21)
R k
Z =(2,2ez: |Als———|2} }. 2.22
+ {(1 2) € ‘2‘ 3k 2R 1‘} (222)
Zé A
R/k
Z_ . Z
Z2
Zl\yz1+ 7
Z
Z Z
-R/k

Fig. 1. Regions of final states (z;, z), where the systemcan be
brought from the initial state of rest (0, 0).

Bold lines in fig. 1 shows the border between the regions Z_ and Z,, which is a
rhombus centered at the point (0,0) . The vertices of the rhombus are located at the points

+ 2R2 + R
zi=|+—,0|,2 =0, £—|.
' (?,k2 j ? ( 3kj

In accordance with (2.15), (2.17), the intervals (O,T'] and [T',oo) correspond to the
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regions (2.21) and (2.22).
Then, if (Zi, Z%) €Z_, then the desired T, € (O,T’] is found from the equation

HCT ) =2 i -1

and is determined by the formula

222+ J4\z;r+e(1_k\z;\j\zﬂ
TO = R |

-l

(2.23)

And if (z;,2;) € Z, , then the desired T, €[T",00) is determined from the equation

k 4
HCT D = e o+ i .

which is reduced to the cubic equation with negative discriminant

T3 +bT?2+d =0, a= s (1——‘2 U
R

o= K +sfz [ <0, d=-12f<o.

This equation has one real positive root, which is determined using Cardano's formula

Tl(+):§/—%+\/6+3—%—\/_—3—k;, Q=(%) +(%j >0, (2.24)

3k ’
N
a YA
108(1—k‘z§‘j R(l—R\Zi\j

"7 a
o7 ( z|+8/7}| ] ?’Ffz;\+8\z;\

R O I O

The solution of equation (2.16) for any pair (le, Zi) € Z (2.19) has the form

_2‘z§‘+«[4‘z§‘2+6n‘zﬂ 0

n
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Taking into account (2.23)-(2.25), from (2.20) we obtain
max (70, 7,), if (d.z)eZ,

T =
max(T0. 1), if (2,7) e Z,

(2.26)

Thus, the desired control u(t) is constructed according to the following sequence: 1)
for a given final state (Zi, Zé) e Z (2.19) we determine the time of motion T (2.26); 2)
fixing any T >T", we find the auxiliary control function V(t) and the phase variable
z, (t) using explicit formulas (2.1), (2.2); 3) passing to the original variables by formulas

(1.3), (1.11) we find the control U(t):
3k (2,

U:At2+Bt+C, A:—W(?(P —(i)lj,

2 (6 3k) ., 2(k 3 2 (3
B=—- 2 Dot 22 e, Cc= | Zo—gt .
{RTZ(T RJ(P RT(R TJ‘P} RT(T‘P ‘P)

3. Results of numerical calculations

(2.27)

Let us give a numerical example of the implementation of the proposed control
construction algorithm. Let us assume that the manipulator is characterized by the
following dimensional parameters appearing in (1.1), (1.2), (1.6)[1,4]:

| =5.9kg-m?, J=245-10"kg-m*, n=163, R=3.60hm, (3.1)
k=0.233N-m/A, U=110V, j°=2A.

After passing to dimensionless parameters according to (1.3), for the system parameters
(1.7), (1.10) from (3.1) we obtain the following values:

R~0.09, k~1, n=0.07. (3.2)

For values (3.2), according to the method described in Section 2, using the transition
formula (1.11), on the phase plane of the final states of system (1.12), regions (2.19),
(2.21), (2.22) were constructed:

Z= {(zll, ): |gd]<e, |5 <0.09} , (3.3)
z ={(#.5)eZ: |3|>003-56|z]}. (3.4)
Z, ={(zll,z§)eZ: ‘22‘30.03—5.6‘211‘}. (3.5)
Let us choose the final state of the system (1.12) from the region (3.3) as follows:
(z,2,)=(0.27; 0.08). (3.6)
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Point (3.6) belongs to the region Z_. Therefore, when using control (2.27), the time of

moving the system (1.12) from the initial state of rest (1.13) to state (3.3) is determined by

formula (2.26) and is equal

T =T,=7.62. (3.7)

In the initial dimensional variables (1.3), (1.11), point (3.6) corresponds to the final
state of the manipulator (¢*, ¢") = (3rad; 2.56rad/s) and time (3.7)to 7" =2.63s .

Let us compare the solution with the solution obtained in [4] of the time-optimal control
problem for system (1.10) with constraints (1.5), (1.7) and boundary conditions (1.8), (1.9).

We restrict ourselves to the case of zero final velocity Zé =0. Let us choose the final state
at the point (z;,2;)=(0.18;0) € Z_, which in the dimensional variables (1.3), (1.11)

corresponds to the final state of rest of the manipulator (@', ¢") = (2rad; 0). For
comparison, we note that the time-optimal movement from the initial zero state to this final
state of rest is T~ =3.28(1.13S)[4]. Thus, the proposed control method brings the
system to a given state in a time not much different from the optimal one.

4, Conclusion

By applying the generalized Kalman scheme for constructing control, extended to the
case of restrictions on the control voltage and on the heat release power in the rotor
winding of the electric motor of an electromechanical system with one degree of freedom,
the control law is explicitly found, and conditions are obtained that form certain regions of
final states on the phase planes of the system, the movement to each point of which from
the initial state of rest with the help of the found control occurs in a finite time without
violating the considered restrictions.

The work was supported by the Science Committee of RA, in the frames of the research
project Ne 21T-2D255.

References

1.  Avetisyan V.V., Akulenko L.D., Bolotnik N.N. Optimal control of electric drives of
the industrial robots. — Moscow.: IPM AS USSR. 1986, Preprint Ne 286, 71p. (in
Russian)

2. Avetisyan V.V., Akulenko L.D., Bolotnik N.N. Modeling and optimization of
transport motion for an industrial robot // Soviet J. Comput. Syst. Sci. 1986. Vol. 24.
No. 6. P. 97-103.

3. Avetisyan V.V., Akulenko L.D., Bolotnik N.N. Optimization of control modes of
manipulation robots with regard of the energy consumption // Soviet J. Comput. Syst.
Sci. 1987. Vol. 25. No. 3. P. 100-107.

42


https://www.researchgate.net/publication/265653016_Modeling_and_optimization_of_transport_motion_for_an_industrial_robot?_sg%5B0%5D=vg7kRviXII9qmkupNtIMnJ0cvfb4sMWo5kj_fkgAhEyDz_i4RvD0AuUaRL4Zfnt4SBYDbTAQYipl0ziiOOkbIYaozv-aauhE7liIrO8I.RKNeW8nE1FZieke-qTeEjU554ky0WdHa1EkWaM-dmKyz9IFRlHudcYYK0UKSpRGSIjAwP4AKxIwkHG-V2h57Ww
https://www.researchgate.net/publication/265653016_Modeling_and_optimization_of_transport_motion_for_an_industrial_robot?_sg%5B0%5D=vg7kRviXII9qmkupNtIMnJ0cvfb4sMWo5kj_fkgAhEyDz_i4RvD0AuUaRL4Zfnt4SBYDbTAQYipl0ziiOOkbIYaozv-aauhE7liIrO8I.RKNeW8nE1FZieke-qTeEjU554ky0WdHa1EkWaM-dmKyz9IFRlHudcYYK0UKSpRGSIjAwP4AKxIwkHG-V2h57Ww
https://www.researchgate.net/publication/291687346_Optimization_of_control_modes_of_manipulation_robots_with_regard_of_the_energy_consumption?_sg%5B0%5D=vg7kRviXII9qmkupNtIMnJ0cvfb4sMWo5kj_fkgAhEyDz_i4RvD0AuUaRL4Zfnt4SBYDbTAQYipl0ziiOOkbIYaozv-aauhE7liIrO8I.RKNeW8nE1FZieke-qTeEjU554ky0WdHa1EkWaM-dmKyz9IFRlHudcYYK0UKSpRGSIjAwP4AKxIwkHG-V2h57Ww
https://www.researchgate.net/publication/291687346_Optimization_of_control_modes_of_manipulation_robots_with_regard_of_the_energy_consumption?_sg%5B0%5D=vg7kRviXII9qmkupNtIMnJ0cvfb4sMWo5kj_fkgAhEyDz_i4RvD0AuUaRL4Zfnt4SBYDbTAQYipl0ziiOOkbIYaozv-aauhE7liIrO8I.RKNeW8nE1FZieke-qTeEjU554ky0WdHa1EkWaM-dmKyz9IFRlHudcYYK0UKSpRGSIjAwP4AKxIwkHG-V2h57Ww

10.

11.

12.

Avetisyan V.V. Optimization of transport motions of manipulation robots with limited
heat-shedding capacity // Soviet J. Comput..Syst. Sci. 1987. Vol. 26. Issue 3. P. 45-
52.

Chernousko F.L., Akulenko L.D., Bolotnik N.N. Time-Optimal Control for Robotic
Manipulators // Optimal Control Applications and Methods. 1989. Vol. 10. Issue 4. P.
293-311.

Avetisyan V.V., Bolotnik N.N. Suboptimal control of an electromechanical
manipulator with a high degree of positioning accuracy // Mechanics of Solids. 1990.
Vol. 25. Issue 5. P.32-41.

Bolotnik N.N., Chernous'ko F.L. Optimization of manipulation robot control // Soviet
J. Comput..Syst. Sci. 1990. Vol. 28. Issue 5. P. 189-238.

Chernousko F.L. Optimization in Control of Robots / Computational Optimal Control.
Basel: Birkhause, 1994. P. 19-28.

Chernousko F. L., Ananievski I. M., Reshmin S. A. Control of Nonlinear Dynamical
Systems. Methods and Applications. — Berlin, Heidelberg: Springer, 2008. — 396 p.
Avetisyan V.V. Constrained control of linear dynamic system with restrictions on
velocity // Mechanics - Proceedings of NAS of RA. 2000. Vol. 53. Issue 4. P. 48-55.
(in Russian)

Avetisyan V.V. Control of electromechanical manipulator with restrictions on tension
and current // Mechanics - Proceedings of NAS of RA. 2002. Vol. 55. Issue 1. P. 68-
74. (in Russian)

Avetisyan A.S., Avetisyan V.V. On the formulation of a limited control of an
electromechanical system // Reports of Proceedings of NAS RA. 2017. Vol. 117.
Issue.2. P. 121-131. (in Russian)

Information about author:

Vahan Vardges Avetisyan - Doctor of sciences (physical and mathematical), professor.
Institute of Mechanics of NAS RA, tel.: (+374) 94-44-95-60, e-mail: vanavet@yahoo.com

Received 10.05.2023

43


https://www.researchgate.net/publication/266186748_Optimization_of_transport_motions_of_manipulation_robots_with_limited_heat-shedding_capacity?_sg%5B0%5D=kVwVhbPNFs3s8ONXENXDM-JGUcoUIFsmEnocioTpDtskb91vfrtSsAmfnhqyvsEc7XAe433RMMMZ80jcXPz0eUxmUyPbXveaG7OUNbl_.6qCBl0BeVQUhFmJotQ7jzbmOFrrXZb_ZQHvOUoT-mQVk_WBZ1x9o0OTD9S23V4_fPTqb5xogSkBBXBXcLJ3v-w
https://www.researchgate.net/publication/266186748_Optimization_of_transport_motions_of_manipulation_robots_with_limited_heat-shedding_capacity?_sg%5B0%5D=kVwVhbPNFs3s8ONXENXDM-JGUcoUIFsmEnocioTpDtskb91vfrtSsAmfnhqyvsEc7XAe433RMMMZ80jcXPz0eUxmUyPbXveaG7OUNbl_.6qCBl0BeVQUhFmJotQ7jzbmOFrrXZb_ZQHvOUoT-mQVk_WBZ1x9o0OTD9S23V4_fPTqb5xogSkBBXBXcLJ3v-w
https://www.researchgate.net/journal/Soviet-Journal-of-Computer-and-Systems-Sciences-0882-4002
https://www.researchgate.net/publication/341164244_Suboptimal_control_of_an_electromechanical_manipulator_with_a_high_degree_of_positioning_accuracy?_sg%5B0%5D=vg7kRviXII9qmkupNtIMnJ0cvfb4sMWo5kj_fkgAhEyDz_i4RvD0AuUaRL4Zfnt4SBYDbTAQYipl0ziiOOkbIYaozv-aauhE7liIrO8I.RKNeW8nE1FZieke-qTeEjU554ky0WdHa1EkWaM-dmKyz9IFRlHudcYYK0UKSpRGSIjAwP4AKxIwkHG-V2h57Ww
https://www.researchgate.net/publication/341164244_Suboptimal_control_of_an_electromechanical_manipulator_with_a_high_degree_of_positioning_accuracy?_sg%5B0%5D=vg7kRviXII9qmkupNtIMnJ0cvfb4sMWo5kj_fkgAhEyDz_i4RvD0AuUaRL4Zfnt4SBYDbTAQYipl0ziiOOkbIYaozv-aauhE7liIrO8I.RKNeW8nE1FZieke-qTeEjU554ky0WdHa1EkWaM-dmKyz9IFRlHudcYYK0UKSpRGSIjAwP4AKxIwkHG-V2h57Ww
https://www.researchgate.net/journal/Mechanics-of-Solids-1934-7936
https://www.researchgate.net/publication/265695175_Optimization_of_manipulation_robot_control?_sg%5B0%5D=KmLsGPvXd33MmMLQzp9vkpZ7PDWcB4rrKvXPb1MOnXy5J_p_7ZMGTINKOI5kq0V308sdkljCnKPRChB-Y2h-IJQCicVFQDKkWGeaz2EV.fIQCSUuIbzaKm8x228J2zEWXsJRum9DmPIEGuGzYFJwOeJc9cMIhu2y5e9DMzReKhP3D8zQniQmh6U3WmVHJjw
https://www.researchgate.net/journal/Soviet-Journal-of-Computer-and-Systems-Sciences-0882-4002
https://www.researchgate.net/journal/Soviet-Journal-of-Computer-and-Systems-Sciences-0882-4002
https://www.researchgate.net/publication/341298259_Constrained_control_of_linear_dynamic_system_with_restrictions_on_velocity?_sg%5B0%5D=MyJlyjbTjdb-0EBJCWILSKLAZrShAENjxoMEpQ0nLnk-cTf4QdFMnNdXdN61XEslRgV6j-P0S4Yql4oOG3eyCWF0tsCJ1t_wXnrik4o8.R8ewr355iljUCj1vdelRDpUQvzyP1UveUXQiswLLq1UI1fGGJjewYu9VxBtdArqfEJdY-OCZWFGhV5j8iWvRqg
https://www.researchgate.net/publication/341298259_Constrained_control_of_linear_dynamic_system_with_restrictions_on_velocity?_sg%5B0%5D=MyJlyjbTjdb-0EBJCWILSKLAZrShAENjxoMEpQ0nLnk-cTf4QdFMnNdXdN61XEslRgV6j-P0S4Yql4oOG3eyCWF0tsCJ1t_wXnrik4o8.R8ewr355iljUCj1vdelRDpUQvzyP1UveUXQiswLLq1UI1fGGJjewYu9VxBtdArqfEJdY-OCZWFGhV5j8iWvRqg
https://www.researchgate.net/journal/Proceedings-of-the-National-Academy-of-Sciences-1091-6490
https://www.researchgate.net/journal/Proceedings-of-the-National-Academy-of-Sciences-1091-6490
https://www.researchgate.net/journal/Proceedings-of-the-National-Academy-of-Sciences-1091-6490
mailto:vanavet@yahoo.com

