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The paper covers theoretical analysis of the existence conditions for sliding processes in elec-
tromechanical servo systems of optical complexes, based on coefficients of differential equations de-
scribing the systems. It is shown that these conditions may be formulated by frequency characteris-
tics of dynamic elements of electromechanical complexes. The conditions of sliding based on servo
drive frequency characteristics are obtained, and it is shown that these conditions are equivalent to
the conditions of absolute stability of obtained equivalent circuits of servo drives with relay ele-
ments. With the help of the designed method the author has made suggestions on the synthesis of
near-ideal sliding processes in electromechanical complexes described by high-order differential
equations. The author assumes that sliding processes may be realized in electromechanical systems
with asynchronous drives as well; the data of experiments proving these assumptions are given.

Keywords: electromechanical systems, variable-structure systems, sliding processes, absolute
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1. Introduction

Most optical surveillance complexes use controlled platforms. A bright example is 6-axis motion
hexapod platforms able to move along a very complicated trajectory. It is essential that these devices be
supplemented with servo drives having excellent dynamic characteristics. For example, servo drives of
Physik Instrumente hexapods (Germany, USA) have a bandwidth of 25 Hz for the amplitude of 0.1 deg.
and 3.3 Hz for the amplitude of 4 deg. The construction of these hexapods includes direct current drives
with PI controllers. Dimension and weight characteristics of these drives are not very good; and these
drives are also sensitive to external disturbances and overloads. PI controllers cannot be considered the
optimal means for obtaining high dynamic characteristics of automatic control systems (ACS).

It should be noted that the theory of sliding processes in variable-structure systems (SP in VSS) as
well as the theory of attraction has not found a wide application in the modern control systems. There
are many reasons for that; in particular, it is difficult to apply methods of the theory of SP in VSS and
theory of attraction for the systems with non-linear, non-stationary elements, high-order elements, time
delays etc. [1]. At the same time, the conditions of stability have been developed in practice for the sys-
tems of any complexity the character of which is not always clear. The analysis typically requires only
experimental data on the object, for example, its frequency characteristics. In this respect, there have
been many attempts to find the correlation between the conditions of stability and attraction. While
the conditions of stability associated with the condition of attraction were obtained some time ago [2], it
has still been impossible to obtain the conditions of attraction associated with the conditions of stability
and to apply them for SP synthesis in electromechanical systems (EMS), even at the cost of accuracy.

2. Problem statement
Thus, let the EMS with sliding (the circuit is presented in Fig. 1) be described by the equation:

{szé + K|x|signS = 0; )
S=Tx+x.
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The control is based on the following: the conditions of opposing motions are created in the certain
area of the phase space around the surface S = 0. The phase trajectory is “resolved” into two motions:
fast and slow. These motions are stable enough against external disturbances and changes in the system
parameters. These conditions are found as follows: atS = T;x +x = 0, due to ACS equation (1)
the following conditions should be met:

$ >0, ats < 0 and sign(s) = —1;

s=Ti+a=T (- E) 4y =L,

KT,

2
atx>0,F—T—1120; le\/g )

The final condition links transfer functions of the controlled member ( T%pz ), switch trajectory ge-

nerator (T;p + 1), and controller coefficient K.

Along with that, the element with cutoff frequency w = \/% is a controlled member engaged in

the feedback with controller with K coefficient.

Thus, in the system (1) there will be an ideal sliding process around S = 0 under the fulfilled condi-
tions (2) which may be described as follows:

Time constant of the sliding trajectory generator (or attractor) should be larger than time constant of
the circuit formed by the controlled member element and controller-element.

In servo drives it is necessary to distinguish structure elements which have the greatest influence of
the dynamics. These are controller, actuating motor, and reduction gear. Ideally, the motor, reduction
gear, and mechanism may be described by the eleventh-order differential equation, and all the system
may be described by the equations (1). Most frequently, the drive is not “ideal”, so its system of equa-
tions is a system of high-order nonlinear equations, and the conditions of sliding are a system of inequa-
lities with multiple poorly determined parameters and coefficients which can hardly be transferred to
the engineer-understandable language. Probably, the lack of universal engineering methods of SM calcu-
lation for VSS prevented their widespread introduction into servo drives and was the reason for return to
linear controllers, particularly to PI controllers. The above stated, thus, sets the problem of development
of engineering criteria of the conditions of sliding in real servo drives.

To develop engineering criteria it is necessary to find a condition which would use “engineering”
characteristics of the controlled member and would be more universal than the conditions of attraction.
Today, such a universal condition which suits practically all technical objects is the condition of ACS
stability.

It is essential for EMS of optical complexes. On the one hand, such systems use the mechanical
elements of high quality; on the other hand, these systems impose strict requirements to dynamics which
still do not prevent non-idealities, and, along with that, “real” fast motions should be avoided because
“bounce” around the motion trajectory of optical systems is impermissible.
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3. Methods

The condition (2) may be “transferred” to the frequency characteristics of EMS elements as follows:

The condition of ideal sliding is met when two elements — the sliding trajectory generator and
the circuit formed by the controller and controlled member — are connected in series with equivalent
phase characteristic of —90° minimum, and the value of —90° is reached at ® — oo (1).
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Fig. 2 shows the direct correlation between the condition (2) and this assumption.

— Ideal sliding — the condition (2) is met, equivalent phase shifts of elements (Wr) and circuit (W) is
—90° minimum, frequency characteristics are presented in Fig. 2a.

— Critical sliding — phase shift —90° at the frequency — boundary state of stability for the diagram is
presented in Fig. 3, frequency characteristics are shown in Fig. 2b.

— Real sliding (with rupture zones), due to characteristics of the member the phase shift reaches
the value of —90° at end frequency which determines the parameters of fast motions — Fig. 2¢. The sug-
gested frequency condition is met if the real part of frequency characteristics under consideration trans-
ferred to the complex space is positive:

Re(W, Wr) > 0. 3)
TG c MC RE
1 [ -
—»  Tip+l K > TZp? " ] >
Fig. 3

This condition is special case of the absolute stability [4] of equivalent circuit presented in Fig. 3.

Let us assume that the condition of stability (3) corresponding to the conditions of ideal sliding (2),
i.e. the existence of ideal conditions of attraction, is preserved in any system with frequency characteris-
tics that meet the condition (3). Then, applying the Popov criterion [3] we can obtain a convenient inter-
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pretation of different variants of sliding modes which is very important for the practical use of SM in
EMS.

In the variable structure control systems with the general controlled member (Fig. 4) there will be
sliding mode if for its equivalent circuit (Fig. 5) the condition of absolute stability will be met [3], and at
q = 0 the sliding will be near-ideal regardless of the nature of controlled member, i.e. the condition of
stability for the equivalent circuit is equivalent to the condition of sliding for initial circuit (Condition 2).
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(In one of his first notable works dedicated to VSS, Emelyanov [5] describes the existence condi-
tion for sliding in high-order systems () and also the order of surface and controller (n — 1). The condi-
tion links the coefficients of three elements — controlled member, switch generator, and controller (chap-
ter III §3 [5]). If this condition is “converted” to transfer functions and frequency characteristics of
the stated dynamic elements, the result will be the condition equivalent to restriction of phase shift of
elements connected in series — sliding trajectory generator and circuit formed by the controlled member
and controller absolutely matching the condition (2) presented in this paper or the condition of stability
of equivalent circuit. Appendix 1 provides proof of this statement, which, in author’s opinion, captures
the qualitative essence of the suggested methods of ACS synthesis.

In order to evaluate the existence of sliding in the initial system (1) the criterion of stability in
the system (3) may be used in analysis of SM in the system with almost any nonlinear object, i.e. any
object falling under the theory of absolute stability, thus excluding a detailed analysis of each particular
case, as it is implemented in the theory of SM in VSS.

It should be noted that fulfillment of the conditions (2) which does not depend on the controller
coefficients if the conditions (3) are met makes it possible to introduce a concept of “EMS structural
stability” for EMS; this stability is not disturbed when controller coefficients vary. Considering that in
real EMS it is difficult to accurately determine the set of essential parameters the suggested concepts and
conditions are of great practical importance.

4. Results and recommendations

Let us consider the problem of synthesis of sliding processes in the real servo drive. There are three
possible variants of solution.

The first variant is to design such elements that make the system near-ideal, but this way is normal-
ly very expensive.

The second variant is to develop a complex multidimensional controller in accordance with theory
of VSS. This task is very difficult and almost unsolvable.

The third variant involves the method suggested in this paper which means to find a controller pro-
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viding the absolute stability of equivalent circuit presented in Fig. 7. The possible solution is cross-
coupling with a and B coefficients shown in Fig. 6 and Fig. 7.

Fig. 9 presents frequency-response characteristics of ACS. All conditions of equivalent circuit sta-
bility (Fig. 7), frequency conditions (3), and conditions of forced sliding (condition (2)) for the initial
circuit (Fig. 6) are met. Using this method in servo drive resulted in introduction of correcting feedback
by the speed of actuating motor which increased the dynamics of 400 W servo drive from 1 to 5 Hz
(process presented in Fig. 8).
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A subject of practical interest is correcting the frequency characteristics of alternating current
drives, particularly asynchronous drives, by dynamic positive stator current feedback.

(Appendix 2 contains the qualitative analysis and construction of non-linear frequency characteristic
of alternating current motor — asynchronous, in particular. The same Appendix gives the explanation
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why traditional control methods for such motors — i.e. vector control and direct torque control — are not
effective for servo drives subjected to nondeterministic torque loads).
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Fig. 10 presents a function chart of frequency-controlled asynchronous drive (FT-AD, D) where
positive stator current feedback with a special dynamic correction W “corrects” the frequency characte-
ristic of the drive so it is possible to implement the sliding mode with variable structure controller
(VSC).There were conducted the experiments with 4 possible variants of drive correction — open vector
and scalar control circuits, drive with speed closed loop, and drive with positive stator current feedback.
The drives were subjected to static load (Fig. 11, Table 1),speed-setting harmonic signals (Fig. 12, Table 2),
and harmonic moment disturbances (Fig. 13, Table 3). In all cases the process were optimized, i.e. it was
possible to obtained the best results for the given structure. In all experiments the best results were ob-
served for systems with positive current feedback. The special attention should be focused on counterac-
tion to moment loads and on correction of phase shift of speed error signals.

The suggested structure linearization of positive stator current feedback made it possible to signifi-
cantly “improve” the dynamic characteristics of asynchronous drive — in particular, to decrease
the phase shift of speed signal from the load-controlling signal by 30 electric degrees in comparison with
the speed closed loop circuit. Along with that, the amplitude of angular oscillations of 370 W asyn-
chronous drive was 30—40° at a frequency of 1.5 Hz.
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Conclusion

According to preliminary estimates, such drives may be used in high-accuracy optical platforms, for
example, hexapods. The experiments show that the drive with dynamic correction has a frequency cha-
racteristic close to the one necessary for effective functioning as a component of the servo drive with
sliding modes, and, consequently, with high dynamic characteristics.
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Appendix 1

Let us consider the initial circuit and equivalent. As follows from the stability of the latter, there
exists Lyapunov function which is of positive terms for the whole state space in virtue of equations
(structure) of the system, and along with that the time derivative of this function is of negative terms for
the same space.

Let us assume that this function is the quadratic form relative to the switch surface S, as S function
reverses its sign passing over the zero value. To meet the condition of stability, S and S should have dif-
ferent signs in all the space.

L~§;L =28S;L>0, L should be less than zero, which means that S and S should have different

signs.
For the equivalent circuit (Fig. 5)
Wy Wy K
S=U-—7—;
1+KW,

U is a relay element output +£U,, and reverses its sign when S reverses.

Having found the time derivative of S function
. WiW,KU
We will assume that KW >> 1, then:
S~W, p-U~-5(0).
As U signal switches at the surface S = 0; S(0) =0 and S = W,-p-U.
At S <0, U=-U,, S should be larger than zero according to the condition of stability. Consequently:
S=W, p-(=Uy,) > 0,a(W,p) <O0.
For the variable structure system (Fig. 4):
Wy WK
T 1+KW;-signS
considering the domain around S = 0, the part of the space where S <0, in this domain the feedback be-
comes positive and
KWW,
T 1-Kwy
from the same conditions as for the equivalent circuit, let us assume that KW, >> 1 and S = —W,, then S
in the positive feedback circuit S = —W,p — S(0) ~ —W,p and according to the condition of stability
of the equivalent circuit, we shall obtain $ > 0.
As in our reasoning we do not limit transfer functions W,, W,, K, we can consider the condition
to be true for all the elements for which transformation is true, i.e. for almost all EMS elements.
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Appendix 2

To obtain the frequency characteristic for alternating current drive, particularly asynchronous
frequency-controlled drive, let us consider this drive to be the equivalent circuit with modulation ele-
ments — Fig. A2.1.

Sin ft Sin fit
S, ; H A -
Sin (ft +120%) Sin (fit + 120%
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P > e X X — — —
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Fig. A2.1

Frequency f'is a frequency of stator voltage, and, considering rotor lag, the rotor speed. For the “fro-
zen” frequency the transfer function is the following:

Wiequiv = %ReW(p + jf), where f; = fin synchronous motors;

Waequiv = %ReW(p +jf) - AW (p + jAS), where f; = f— AS in induction motors.

The obtained transfer function is non-linear and depends on f; i.e. the dynamics of synchronous and
asynchronous drives differs for different speed (Fig. A2.2, A2.3). Now such drives are usually provided
with vector control and reverse torque control. Non-linear in thee circuits are compensated with other,
non-linear, reverse operations. Such operation is in a large error, especially for servo drives with a com-
plex spectrum of errors and moment disturbances — for example, for drives of optical complexes. Along
with that, the inevitable deviations of model of compensating non-linearity and real non-linearity
the circuit “falls apart”. The suggested correction using positive feedback is more effective and suitable
for servo drives, according to the experimental data presented in the paper.
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Fig. A2.2
Frequency response of the synchronous drive
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METObl ONTUMU3ALUN EbICTPOOENCTBUA U TOYHOCTU
CUCTEM HABEAOEHUA ONTUYHECKNX KOMIMJIEKCOB HA OCHOBE
ycnoBusAa SKBUBANEHTHOCTU OBJIACTU NPUTAXEHUA CAP

U ABCONIIOTHOMN YCTONYNBOCTU UX CXEM 3AMELLEHUA

B.J1. KoOkuH, A.A. BandeHkKoe
HOxHo-Ypanbckuli eocydapcmeeHHbIl yHUgepcumem, 2. YensbuHck

IIpuBOAATCS PE3ynbTAaThl TEOPETUYECKOTO aHAIM3a YCIOBUI CyIIECTBOBAHUS CKOJB3SALIMX IIPO-
LIECCOB B CJIEAAINX NIEKTPOMEXaHUIECKUX CUCTEMaX ONTHYECKUX KOMIUIEKCOB MO K03 dHuueHTaM
muddepeHranbHbIX ypaBHEHNH, OTMCHIBAIONIMX cUcTeMbl. [l0ka3aHo, 4TO ATH YCIIOBUSI MOTYT OBITh
c(hOopMyIPOBAHbI 110 YAaCTOTHBIM XapaKTEPUCTHKaM TUHAMHUYECKHX 3BEHBEB JIEKTPOMEXaHHUECKHUX
KOMIUTEKCOB. I1oTy4eHbl yCI0BUS CKONBKEHHS 110 YaCTOTHBIM XapaKTePHCTUKAM 3JEKTPOIIPUBOAOB
U MOKA3aHO, YTO 3TH YCJIOBUSI SKBUBAJIECHTHBI YCIOBHSAM aOCOJIIOTHON yCTOWYHMBOCTH CXEM 3aMellle-
HUSI SJIEKTPOIIPUBOJIOB C pesieiHBIMU 31eMeHTaMH. C IIOMOIIBIO TIPeUI0KEHHONW METOIMKH pa3pado-
TaHbI IPEUIOXKECHUS 110 CHHTE3y CKOJIB3SIIUX MPOIECCOB, OJIM3KHUX K HICAIBHBIM, B JJIEKTPOMEXaHH-
YECKUX KOMIUIEKCaX, OMMCBIBAEMBIX TU((epeHIMaTbHBIMI yPaBHEHUSIMH BBICOKOTO TOpsiAKa. BI-
CKa3aHO IPEAIOI0KEHHE, YTO CKOIB3SIINE MPOIECCH MOTYT OBITh PEaIN30BaHbl M B JJIEKTPOMEXa-
HUYECKHX CUCTEMAaxX C ACHMHXPOHHBIMHU 3JIEKTPONPHUBOJAMHU, NMPUBOIATCA AAHHBIE 3KCIIEPHUMEHTOB,
MOJATBEPKAAIOLIMX ITH IPENNOIO0KEHHUS.

Kniouegvie cnosa: snekmpomexanuueckue cucmembvi, CUCHEMbl C NEPEMEHHOU CMPYKMYpPOU,
CKONMb3AUUE NPOYEcchl, AOCONIOMHAS YCMOUYUBOCIb, YACHOMHbIE XAPAKMEPUCUKU.
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