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STUDY OF SPEED-OPTIMIZED RELAY CONTROL SYSTEMS USING CONTROLLERS
WITH HYSTERESIS LOOPS

JOCAIKEHHS ONITUMI3OBAHUX 3A IIBUJIKOIIEIO PEJIEVHUX CUCTEM
KEPYBAHHSI I1PU 3BACTOCYBAHHI PEI'YJIATOPIB 3 IETJIAMU I'ICTEPE3UCY

The relevance of the work is due to the need to adapt the results of the application of optimal
control theory methods to modern technical implementation capabilities as control algorithms for real
dynamic objects. The purpose of the research is to develop a structural solution for relay controllers
that combines the ability to limit the frequency of sliding modes with the unhindered implementation of
control algorithms, the parametric synthesis of which is aimed at optimizing systems in terms of speed
under conditions of intermediate coordinate constraints. To achieve this goal, the work proposes
structural modifications of relay controllers that allow the use of relay elements with hysteresis char-
acteristics only under the conditions of sliding modes, performing single switching with the help of
ideal relays; mathematical modeling of an improved control system is performed to confirm the effec-
tiveness of the proposed solution to the problem. The result of the work is structural diagrams of
mathematical models of improved relay controllers.

Keywords: sliding mode control system, hysteresis, transient, N-i switching method, optimali-
ty in speed.
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Axmyanvricms pobomu 3yMo61eHa nompeboro 6 adanmayii pe3yrbmamie 3acmocy8anis me-
mooie meopii ONMUMANLHO20 KEPYBAHHA 00 CYHACHUX MOXCAUBOCMeEl MeXHIUHOI peanizayii  akocmi
an2opummie Kepyeanus peanbHumu OuHamivnumu 06’ 'exkmamu. Ceped nux okpemo cmoime memoo N—i
nepemMuKanb, SKUll € aIbMEPHAMUBHUM 3ACOO00M ONMUMI3ayii, OCKITbKU He MiCmums s8HO20
036 ’sa3anns éapiayiiinoi 3adaui. Homy npumamanna npocmoma mamemamuyHo20 anapamy, 0ocse-
HYyma 3a80aKU OpieHmayii Ha nesHULl Kiac CIMpPYKmMyp peielHux cucmem Kepy8anHs eneKmponpueooa-
mu. Lleti memoo npusHaueHull 0l NAPAMEMPUYHO20 CUHMESY KACKAOHO-NIONOPAOKOBAHUX CUCTEM Hd
OCHOBI PO3PAXYHKOB0I ONMUMANBHOT 30 WUBUOKOOIEI MPAEKMOPII.

Memoio ybo2o 00CHiONHCeHHs € PO3POOKA CIMPYKMYPHO20 DILUEHHS 01 PeNleliHuX pe2yiamopis,
sKe 00360JI1€ NOCOHAMU 3ACO0U OOMEINCEHHS YACTOMU KOB3HUX DedHCUMIB 3 De3nepeutkoOHoI0 peai-
3ayi€ro aneopummis Kepysants, napamempuiHull CUHmMe3 AKUX MAae 3a Memy oOnmumizayiio cucmem 3a
WBUOKOOIEIO 8 YMOBAX OOMEINCEHHS NPOMINCHUX KOOPOUHAM.

s 0ocsaenenus yiei memu y pobomi po3s'a3anHo HACmynHi 3a0aui: 6UAEIEHO NPOMUPIUYS MIdiC
HAABHICMIO NYTbCAYill CIMPYMY, WO SUHUKATOMb GHACTIOOK 0OMEIICEHHS YACOMU KOG3HUX PENCUMIE,
ma HeoOXIOHICMIO 6UKOHAHHS OOUHUYHUX NEePeMUKAHb Pecysmopie ¥ MOYHO PO3PAX0BAHUX MOUKAX
nPOCMOpY CMAHIB; 30iliICHEHO OOCHIONCEHHS NEePeXiOHUX Npoyecis, w0 OeMOHCMPYE He2amusHi Hac-
JHOKU Yb020 Npomupiyus O0isi OUHAMIKYU HO3UYIIHUX eleKmPOnpusoois;, 3anponoHO8AHO CMPYKMYPHI
Moougixayii penetinux pe2yisimopie, sKi 003604510Mb 3ACMOCO8Y8AMU PelelHl eneMeHmu 3 cicmepe-
SUCHUMU XAPAKMEPUCIUKAMY TIUe 3d YMO8 ICHYBAHHS KOB3HUX PEXNCUMIB, BUKOHYIOUU OOUHUYHI Ne-
PEMUKAHHA 3d OONOMO20I0 I0edNibHUX peie;, BUKOHAHO MamemMamuyHe MoOeto8anHs 800CKOHANEHOT
cucmemu Kepy8amHsl Ha NiOMeepOHCeHHs eeKmueHOCmi 3anponoHO8AH020 PO38 13Ky NPOOIeMU.

Pezynomamom pobomu € cmpykmypHi cxemu MameMamudnux mooenel penetnux pe2yisimo-
pis, cmamuyHi Xapakmepucmuku AKux € a0anmusHuMu 00 NOMOUYHUX PeNCUMI8 PYHKYIOHY8AHHSA ClUC-
memu. Buxopucmanms mMooupixosanux pe2yismopie 003805€ peanizyeamu ONMUMAaibHi 3a eUoKo-
0i€i0 aneopummu Kepy8anHs 8 yMo8ax 0OMedCeHHs. 4acmomu K083anusa 6e3 000amKosux 3axo0ie na-
pamempuyHoi onmumizayii.

Kniouosi cnosa: peneiina cucmema kepyseanns, 2icmepesuc, nepexionuii npoyec, memoo N—i
nepemMuKanb, ONMUMAIbHICIb 3 WUBUOKOOIEN.

Problem’s Formulation

The switching frequency of relay elements in ideal sliding modes tends to infinity [1], alt-
hough for the effective technical implementation of relay control systems for electric drives, a limited
slip frequency of their controllers is sufficient [2]. Relay controllers used in practice have hysteresis,
which allows the formation of current pulsations in a given range, thereby indirectly limiting the
switching frequency [3]. At the same time, the presence of hysteresis shifts the actual switching points
of the system from the calculated positions in the state space, thereby moving the representative point
of the system away from the optimal trajectory [4]. These deviations are relatively small; however, in
long-term transient processes, they create a cumulative effect, the result of which can be overshoots
unacceptable for position control systems.

Analysis of recent research and publications

Relay controllers are known for their advantages in control problems of electromechanical
systems [5]. Sliding modes impart low sensitivity to relay systems to disturbances, the effect of which
on coordinates and parameters is typical for any electric drives [6]. Relay systems also have structural-
ly determined prerequisites for speed optimization [7]. The presence in the structure of electric drive
control systems of elements that limit intermediate coordinates for reasons of electrical and mechani-
cal strength [8] guarantees the deterministic behavior of systems in dynamic modes. Such elements
include, in particular, the internal loops of cascade-subordinate structures [9]. Their sliding modes en-
sure high accuracy of processing the calculated constraints and, consequently, the possibility of apply-
ing speed optimization methods that are based on the prediction of transient trajectories. An example
is the N —i switching method [4], designed to optimize the response time of technically simple relay
systems of subordinate control with linear slip equations. This method has a very compact mathemati-
cal apparatus and establishes an unambiguous relationship between the levels of constraints and the
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parameters of optimal controllers [10]. However, relay systems synthesized on the basis of trajectory
prediction [6] are very sensitive to discrepancies between actual and calculated motion.
Formulation of the study purpose

The hysteresis characteristics of relay elements shift the switching points of controllers by half
the width of their loops, which inevitably affects the dynamics of control systems. The goal of this
work is to modify the structure of relay controllers to neutralize the negative impact of their hysteresis
characteristics on the ability of electric drive control systems to reproduce optimal motion profiles
with high accuracy.

Presenting main material

The dynamics of a positional electric drive as a control object is described by the following

system of differential equations

pe =,

__kpe .
po=o==F=-(i-i) , (1)
pgza:kp'c,“_R"_C’m/kp

J L
where ¢, o, €,a are the angular position, velocity, acceleration and jerk of the actuator shaft, respec-
tively, i,ig are the armature current and the static current, u is the converter voltage;
kp ,R,L,J,c =k are the parameters of the electromechanical system.
A relay system with a cascade structure, designed for time-optimal control of an electrome-

chanical system (1), implements the following algorithm:

URe o = Omay - SIgN (p* —0— Ky 0= K -8)

URep = g =&max - SIgN m*—oa—ng-s) . (2)

URe = u = Umay - SIgN & —¢

where Uy, 4y IS the voltage amplitude of the delay-free power converter.
The symbol "*" in the system of equations (2) denotes the given values of variables, one of
which (the given position) enters the system from the outside, while the others are generated by the
controllers. The problem of calculating the acceleration feedback [10] will be left outside the scope of
this work.
For position and velocity controllers, the N —i switching method allows, for given levels of
constraints on the canonical coordinates ®may, €max: @max. t0 find the feedback coefficients K

K

PO 2
Kee» Which ensure the implementation of single switches at the calculated points of the optimal

e 1
trajectory in terms of speed, without resorting to the explicit construction of the trajectory as such:
2
€max_ . Omax €max - _ _®max Emax
= ; = + v Koe = + . (3)
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To minimize losses in an electric motor, one should strive to ensure armature current pulsa-
tions with the lowest possible amplitude, which requires the controllers in cascade (2) to slide at the
highest technically feasible frequency. However, to avoid unacceptably high losses in the power con-
verter switches, a compromise solution is often used. In cascade (2), ideal relays with a static charac-
teristic y = sign(x) are replaced by relay elements with a static characteristic

-1if x<-0
-lif —0<x<d6=0andy=-1
+1if —9<x<d=0andy=+1"
+1if x>0

These relays are configured based on the following considerations. Limiting the switching fre-
quency of the voltage inverter is accompanied by an increase in the oscillation amplitude of the system

y = gist(x) = @)
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coordinates. In this case, a significant pulsation amplitude is generally allowed only for the "fastest"
coordinate, i.e., the coordinate closest to the input of the controlled object. For a dynamic object (1)
controlled by a cascade of relay controllers (2), this coordinate is the current, the pulsation amplitude

Ky-C
of which we denote as diy,54. The corresponding acceleration pulsation amplitude is Sasz-i ac-

cording to (1). This value determines the hysteresis loop width for relay R, as 28¢. Consequently, the
hysteresis loop width of controller R, of system (2) should be equal to twice the pulsation amplitude

of the acceleration feedback signal 25¢- K, and the hysteresis loop width of controller R, should

be equal to 2& - K .

We will study the dynamics of system (1),
(2), (3) using mathematical modeling. The results
of using controllers of type (4), whose loop widths
were calculated as described above, are presented
in Fig. 1. The time diagrams show a constant am-
plitude of acceleration pulsations generated by all
cascade controllers in sliding modes. However,
entering sliding mode for the position and velocity
controllers in the 3rd- and 2nd-order subsystems,
respectively, occurs with overshoot, and its mani-
festations become more pronounced with increas-
ing subsystem order. Note that this conclusion is
confirmed by studies of higher-order systems,
which are not considered in this paper.

The cause of the detected overshoot is the
delay of single switching of the controller relative
to the calculated switching moments, indirectly
irlco_rporated_ into_ th? Controller parameters_ t?y Fig. 1. Transient processes in the presence
linking their switching times to characteristic  of hysteresis loops in controllers
points of the optimal phase trajectory. Such delays
can be interpreted as a reflection in the time domain of deviations between actual switching points and
calculated ones, which are caused by the presence of hysteresis loops in the controller characteristics.

The simplest solution to this problem is to use variable-structure controllers. In sliding modes,
that is, for small deviations of the controlled coordinate from the setpoint, they implement a hysteresis
static characteristic, while in single-switch mode, that is, for large deviations from the equilibrium
point, they implement the signature static characteristic of an ideal relay. A schematic diagram of a
controller model with this structure is shown in Fig. 2.

The threshold value of the control error of the i-th coordinate Y; (with numbering from the
system input), at which a change in the algorithm of its controller should be implemented, is not strict-
ly regulated by the logic of the system operation; however, it should not exceed the control error of
this coordinate at the point of the last single

switching before the occurrence of the slid- -
ing mode, that is, at the N —i -th characteris-
tic point of its switching. The coordinates of Ee, _I_:; L

all such points are easily determined in the
context of this method, since they are inter-
mediate results of parametric synthesis [4].
By linking the moment of the structure
change to the achievement of the error of
half the contour mismatch at the N —i-th
characteristic point, for the positional drive

Fig. 2. Variable structure controller
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under consideration we obtain:

3 2
Ap=Ag=t.fmax . g pp- L Fmax )
1 2 2

-amax 2 2-amax

To confirm the effectiveness of the proposed
structural solution, we will study the dynamics of system
(1), (2), (3) with controllers of type (4), (5). The results
of modeling the transients of the system, whose control-
lers disable hysteresis during sliding mode breakdowns,
presented in Fig. 3, demonstrate an aperiodic nature ac-
ceptable for positional drives upon entering the sliding
mode and the limitation of acceleration and current pul-
sations in the sliding mode itself. Note that the micro-
processor implementation of this structure requires only
one additional condition to be checked for each control
loop, and the implementation of ideal relays is simpler
than that of controllers with a hysteresis loop.

Instead of the above-described creation of paral-
lel channels in the controllers, switched by a logic block,
disabling the hysteresis in the event of a sliding mode
breakdown can also be implemented by including a non-
linear feedback loop, as shown in Fig. 4. A relay with a
dead zone adds a component to the switching function
equal to half the loop width with a sign opposite to the
current state of the relay controller. The loop closes in cases of saturation of the inertial element with a
time constant shorter than the switching period, since saturation of the filtered output signal of the
controller indicates a breakdown of the sliding mode. Note that the value of the switching period for
adjusting this version of the controller is easily calculated taking into account the time constant of the
armature circuit and the specified amplitude of the current pulsations [4].

It should be noted that a structural solution to the problem under consideration is essential. It is
quite simple to account for the shift of switching points from sliding hyperplanes by half the width of
the hysteresis loops by appropriate increments of the phase coordinates. However, the small increments
acquired by the phase coordinates during the periods when the representative point passes through the
hysteresis loops are, in real transient processes, subject to the influence of a number of random factors.
These include: the changing frequency of the sliding
mode, the presence of resistance and interference in
the feedback channel, the phase of self-oscillations at
the moments of controller switching, etc.
Consequently, analytical refinement of the
parameters of controllers with hysteresis loops is
unjustified due to the impossibility of practical
implementation of its results. At the same time, the
structural solution is technically simple and does not
exclude options for adaptive system tuning
depending on the motion profile.

Fig. 3. Transient processes in a
system with a variable controller structure

Fia. 4. Nonlinear feedback controller

Conclusions
The proposed modification to the relay controller structure, which involves switching from a re-
lay with a hysteresis characteristic to ideal relay elements upon exiting the low-error control mode, elim-
inates the discrepancy between the actual and calculated switching points of relay controllers in a cas-
caded-slave system. This measure ensures limited amplitude of acceleration and current pulsations while
accurately predicting the optimal trajectories for transients. A promising direction for further develop-
ment of the research results is their implementation in fourth-order (and higher) control systems.
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