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ALGORITHMS FOR CONTROL OF LONGITUDINAL MOTION
OF A TWO-WHEEL EXPERIMENTAL SAMPLE

The subject of study is the process of forming algorithms for controlling the angular and translational move-
ments of a two-wheeled experimental sample (TWES). The aim is to develop approaches to the formation of
control algorithms for the translational and angular movements of a non-stationary automatic control object.
Tasks: to concretize the process of synthesis of a control algorithm by state according to the criterion of the
minimum integral of the weighted error modulus for a linear mathematical description of an automatic control
object in the state space. Form a block diagram of an automatic control system by the state. Improve the ap-
proach to the synthesis of output control algorithms for mathematical description in the frequency domain of
short-period and long-period motions of TWES. Illustrate the peculiarity of the approach using a specific ex-
ample of a TWES under control and disturbing influences. Develop a simulation scheme in the Simulink envi-
ronment and investigate responses to external step influences. Develop an approach to the formation of control
algorithms by the diagnosis of TWES as an object of automatic control. Describe the procedure and means of
deep diagnostics of emergencies of TWES. Develop algorithms for restoring the operability of the automatic
rational control system. Used methods are a method of state space, the method of relative functions, the meth-
od of transfer functions, the method of optimization by integral criterion, the method of synthesis by logarith-
mic asymptotic frequency characteristics, methods of diagnosing and restoring operability. The following
Results: three approaches were formed to the formation of control algorithms of the angular and translational
movements of the TWES using linear mathematical descriptions in the time and frequency domains.
Conclusions. The scientific novelty lies in the formation of approaches to the combined control of angular and
translational movements, considering the structural and parametric features of the mathematical descriptions
of TWES.

Keywords: two-wheeled experimental sample; automatic control object; state control; exit control; control by

diagnosis.
Introduction

Motivation. Unstable movements is typical for
various classes of aircraft, both in the longitudinal and
lateral planes. The study of such movements on the or-
dinary experimental samples and the search for ways to
stabilize them is a productive way, as in theory and in
practice of automation. In theory regarding design fea-
tures of experimental samples allow to form effective
algorithms providing a constructive compromise be-
tween stability and motion quality indicators. In theory
considering of experimental samples design features
allow to form effective algorithms providing a construc-
tive compromise between stability and motion quality
indicators. In practice implementation of digital control
algorithms for such movements allow to achieve a ra-
tional distribution of control functions between an au-
tomatic control system hardware and software [1-4].

One of the ordinary unstable movements is move-
ment in the longitudinal plane. There have been devel-
oped and manufactured a two-wheeled experimental
sample for scientific and practical researches on the
stabilization of unstable movements (fig. 1).

Fig. 1. Two-wheeled experimental sample

Models of motion of a two-wheeled experimental
sample (TWES) as an object of automatic control were
obtained as a result of analytical studies and are de-
scribed in [5].

Research status. There are methods and tools for
synthesizing control algorithms in the theory of auto-
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matic control for various generalized mathematical
models of unstable control objects, both in time and
frequency domains [6].

The transition from general approaches to specific
practical problems solution rises a number of issues that
require additional research, considering the specifics of
a control object and conditions for its functioning. Thus,
in [1, 4], traditional PID controllers are used to control a
two-wheeled robot, which do not consider the structural
features of the mathematical description. In [7, 8], the
PID controller on the microcontroller board is used only
for a self-balancing two-wheeled robot. Adaptive con-
trol in work [9] is formed under conditions of indefinite
dynamics of an inverted pendulum only to ensure stable
motion. A nonlinear method for controlling an inverted
wheel pendulum is proposed in [10, 11], which leads to
a large expenditure of resources for motion control.

As follows from the reviewed publications, when
using mathematical models of physical objects, it be-
comes possible, considering both specific structural and
parametric features, to form productive approaches to
the development of control algorithms.

Purpose and structure. The article proposes con-
structive approaches to the formation of control algo-
rithms for a two-wheeled experimental sample by using
linear mathematical models of an automatic control ob-
ject in the time and frequency domains. The approaches
are focused on the combined control of angular and
translational movements, considering the structural and
parametric features of the TWES mathematical descrip-
tions.

The first section of the article describes an ap-
proach to state control with an incompletely measurable
state vector. An algorithm for recovering three compo-
nents of the state vector using a third-order filter is de-
scribed. According to the criterion of the minimum of
the integral of the weighted modulus of the error, the
optimal characteristic polynomial of the fifth order is
formed, from which the values of the coefficients of the
control algorithm are calculated. The block diagram of
the TWES control system is presented.

In the second section, an approach based on the
use of logarithmic asymptotic frequency characteristics
is presented. On a specific example, the possibilities of
synthesizing sequential correcting devices that provide
the required quality of control of the TWES movements
are illustrated. The results of modeling in the Simulink
environment are presented.

The third section presents a new approach to the
control of TWES under destabilizing influences. The
approach is based on the control by diagnosis principle
using. The algorithms of deep diagnostics for specific
destabilizing influences and algorithms for the operabil-
ity restoring, which ensure the rational control of the
TWES, are described.

1. State control algorithms

The algebraic methods wide using in various stud-
ies has led to the appearance of the analysis and synthe-
sis section in the state space in the modern control theo-
ry [6].

The translational motion of a two-wheeled experi-
mental sample as an object of automatic control in the
state space [5] is represented using vector-matrix equa-
tions reflecting the structural features:

Ol 7o 1 0 7| *a(

0 O 0
%) |ay 0 0 0 am||X2(t)] |0
X3(t)[=] 0 0 0 1 0 [[x3(t)|+|0 |u(t)=
)'(4(t) 0 00 O 1 x4(t) 0
s (t) | 0 0 0 agy ass| X5 (t) | | bs |
0 1 [xato)] xyT
b, x2(to)| |0
=10 |f(t)i|x3(to) |=|0 | €))
0 x4(to)| |0
0 x5 (to)] L0
_xl(t)_
yi)] [ey 0 0 0 0 x2(!)
L/z(t):l{o 0 c3 0 0} ()] @
X4 (1)
| 5 (1) |
In compact form, these equations looks like:
x(t) = Ax(t)+bu(t)+bef (t); @)

X(to) =03 ¥(t)=Cx(t),
where A, b, by and C —matrixes of coefficients;
x(t), u(t), and f(t) — state vector, control and

disturbance, respectively.

To form control algorithms by state, the automatic
control object must satisfy the following conditions:

1) be completely manageable;

2) be fully observable;

3) the state vector x(t) measurable.

The analysis of the equations of motion of the
TWES as an object of automatic control according to
the criterion of R. Kalman, presented in [5], testifies to
its complete controllability and observability. The third
condition on the availability of measurement of all

components of the state vector x(t) is not satisfied,

which follows from the structure of Eq. (2), namely,
only two components of the state vector x;(t) and

X3 (t) available to measurements y; (t) and y, (t).



18

PAJIOEJIEKTPOHHI I KOMIT’KOTEPHI CUCTEMMU, 2021, Ne 2(98)

ISSN 1814-4225 (print)
ISSN 2663-2012 (online)

Missing components of the state vector x,(t),

X4(t) and xg(t)can be identified using various fil-

ters [6]. As applied to the structure of equation (1), the
ordinary filter can be an incomplete order filter, since
two components of the state vector are measurable. It is
obvious from equation (1) that the initial conditions for
the componentsx, (t), Xx4(t) and xs5(t) is equal to
zero. This circumstance allow to form the ordinary
third-order filter described by the following vector-
matrix equation:

kZ(t) 0 0 dog
' =[0 0 1 |[X4(t) |+

ag
c11 0 bgp
+10 |y (t)+]0 |u(t)+|0 [f(t);
0 bs 0
%2(t0)| [0
%4(to) |=]0], 4)
%s(to) | LO

where X, (t), %4(t) and Xg(t) — estimates of the cor-

responding components of the state vector.
Presence of disturbance inaccessible to measure-

mentf (t) in component assessment X, (t) leads to its

displacement by the amount bg,f (t). In a two-wheeled

experimental sample, the perturbing effect is constant
and is due to the friction force [5]. With a certain quality
of the contacting surfaces in some cases, the friction
force can be neglected in comparison with the torque of
the wheels. Considering Eq. (4), without the disturbing
effect, the dynamics equations (1) with measurable state
variables can be represented in the following form:

] |0 0 0 00y m]

%, (1) % 0 0 0 ap| X(t)
y3(t) |= (1)1 00 1 0 ya(t) [+
3| | 0 00 o 1 | %
X5(1)] [0 0 0 ag ag | Xs(t)]
0 PAGIE
0 %2(t)] |0
+10 Ju(t); |ys(t)|=|0]. (5)
0 %4(t)| |0
s | %5(t)] L0

The equation representation in a compact form is:
%(t)= A"%(t)+bu(t); X(t5) =0, (6)
where X(t) — vector of the identified state of the object;

A* —anew matrix of coefficients.
To control the object relative to the zero state, con-
trol actions are formed in accordance with the equation

u(t)=x"% (1), @

where k" is a row vector of feedback coefficients. Sub-

stituting the expressions for control actions into equa-
tion (6) following equation is got:

%(t)= A"%(t)+bx"%(t) = DX (t). (8)

A necessary condition for the operability of a

closed control loop is to find the roots of the characteris-
tic equation

det[sl -

in the left half-plane of the complex automatic control
system.

A sufficient condition for the operability of the au-
tomatic control system consists in meeting the require-
ments for the quality of the transient process: the time of
the transient process, overshoot, accuracy and other
indicators of the response to step input actions. A suffi-
cient condition for operability imposes restrictions on
the area of placement of roots in the left half-plane of
the planes. The necessary condition for operability
conflicts with the sufficient condition. This contradic-
tion can be resolved through a compromise. The process
of finding a compromise is usually iterative. The num-
ber of iterative steps can be significantly reduced by
using the optimal integral quality estimates for the error
and normalized transient characteristics per step input
signal [6]. So, for the integral of the weighted modulus
of error

D] =5 +d,8" +dgs® +dps% +cystdg =0 (9)

t
I=[ t]e(t)dt, (10)
0
where t —time;
e(t) — error signal, determined by the difference

between the input signal and the feedback signal.
The characteristic polynomial with optimal values
of the coefficients is:

$° +2.8m,5”" +5.0028° +5.5008% +3.4wpston, (11)
where ®, — natural frequency of closed loop oscilla-
tions.

Setting the natural vibration frequency w, the
numerical values of the optimal coefficients are deter-
mined. The coefficients of the characteristic equation
(9) depend on the unknown coefficients of the row vec-

tork" . Based on the following relationships:
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dy = 2.80,; d3 =5.00%; dy =5.503 ;

d, =3.40p; dg = on (12)
the numerical values of the unknown coefficients are
calculated. This is the first step. The second iterative
step is modeling an automatic control system in the
Simulink environment and obtaining responses to step
input control and disturbance actions. The obtained
transient characteristics provide information about both
the nature of the reaction and the quality indicators.
Varying the value ®,,, the numerical values of the row

vector k" coefficients could be obtained providing an
acceptable compromise and an optimal value of the in-
tegral criterion (10).

The automatic control system based on the TWES
state can be represented graphically using a compact
structural diagram (fig. 2).

The automatic control system consists of two sub-
systems: an automatic control object (ACO) and an au-
tomatic control device (ACD).

ACO includes mathematical models of electric
drives that process the control signal u(t), mathemati-
cal model of the body on wheels, mathematical models
of the angular position sensors of the body and the dis-
placement sensor — vector y(t).

The signals from the sensors are sent to the ACD,
where they are compared with the vector of the refer-
ence influences y, (t). Difference signal vector — Ay(t)

goes to the module that implements the transformation

in accordance with the vector x*. The same module
receives signals from a filter that restores components

inaccessible to measurement X, (t), X4(t) and Xg(t)

state vectors x(t). The resulting transformation in the

modulex” signal u(t) enters the input of the OAU,

providing stable and angular and longitudinal movement
of the TWES in accordance with the setting action

y,(t) in forward motion with a balancing position of
the body.

2. Output control algorithms

The classical theory of automatic control is based
on a number of provisions. One of them is to use for
solving the problem of synthesis of signals from sensors
that measure physical variables of control objects. There
are many methods for synthesizing output control algo-
rithms based on the use of transfer functions that reflect
the transformation properties of automatic control ob-
jects in the frequency domain.

Let us represent in terms of physical quantities the
transfer functions of the TWES as an object of automat-
ic control, provided that the mass of the entire sample is
greater than the body mass. Transfer function, reflecting

the relation of the body inclination angle image ©(s)
on the electric drives control action image, is described
by the following expression:

|
M/rL

) U<s>_(sz_g] d2, Rl ke
() k Lk L

M M

S

» (13)

where M — the mass of the entire TWES; g — accelera-

tion of gravity; the rest of the designations correspond
to the designations adopted in the previous article [5].

Fig. 2. Block diagram of the automatic control system for the movement of TWES
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The transfer function of nonzero initial conditions
of the body angular position is described by the follow-
ing transfer function:

W, (s) = =

(14)

The nonzero initial conditions of the angular posi-
tion of the TWES body represent a disturbing effect for
translational motion, moreover, available for measure-
ment using an angle sensor. This circumstance allow to
use the perturbation control principle to parry nonzero
angular positions of the body. Fig. 3 shows a block dia-
gram of the compensation circuit for non-zero angular
positions of the body.

On the block diagram W, (s) — transfer function

of the correcting element; W, (s) — transfer function of

the angle sensor.

For the practical implementation of the disturbance
control principle, it is necessary that functional elements
with transfer functions containing minimum phase links
are used in the disturbance compensation circuit. Mini-
mum-phase links are links whose poles and zeros are
located in the left half-plane of the root plane. The min-
imum phase links have an unambiguous relationship
between the frequency characteristics. Transfer func-

tions W, (s) and W, (s) contain poles sl=+\E lo-

cated in the right half-plane of the root plane. Links
with positive poles belong to the class of non-minimum
phase links. Non-minimal-phase links are unstable links
with a diverging transient characteristic and creating a
large negative phase shift of the output signal relative to
the input one. Thus, it is fundamentally impossible to
stabilize the angular position of the body using the per-
turbation control principle.

To stabilize the angular position of the TWES
body and its translational movement, the principle of

an object of automatic control. Let's describe functional
relations using transfer functions.
Transfer function of electric drives, reflecting the

relation of the wheels rotation angle image (p(s) on the

control action image U(s), looks like this:

1
_0(s) _ L
w@@y_u@)_slsz+Fﬂs+m;' o
Ky Lx, L

The transfer function of electric drives for the dis-
turbing effect is described by the following expression:

g R
(p(s) K Lx
Wi (s)=—2 = u__w 16
3(3) F(S) (I 5 RI Kej (16)
S| —s“+——s+—=2
Ky, Lx, L

The transfer function reflecting the influence of
electric drives on the angular position of the TWES
body is:

O(s Mers?
W4(S)=—()=—2 .
o(s) Is°—Pl

Transfer function connecting the image of the

traveled path X(s) with the image of the angular

an

change of the wheels of electric drives ¢(s), is de-

scribed by an expression of the following form:
X(s I
o(s) Mr
The influence of the angular position of the body
on the translational motion of the TWES can be repre-
sented using the transfer function:

X(s) _-mg

W (s) =—==—"
@(S) Ms

The disturbance has a negative effect on the dis-
tance traveled in accordance with the transfer function

(18)

(19)

deflection control has been used. For this purpouse, it is W, (s) = & - r_—l (20)
necessary to form a structural diagram of the TWES as F(S) Ms?
Ui (s
W, (s) ) W, (s) O (s)
Wy (s)
Ue (s)
+ +
U(s) + +JL®(s) Uar(s)
% W, (s) >() Wei (s) ——>

Fig. 3. Block diagram of the compensation circuit for non-zero angular positions of the TWES body
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Having received the transfer functions that de-
scribe all the relations between the variables of the
TWES, the transfer functions have been developed for
the body position angle sensor:

Us1(s)
Wa (s) = —S13°) _ 21
5(s) () Kg (21)
and the distance traveled sensor
Us (5)
Wa ()= =323 _ 22
9 (S) X(S) Ks2 ( )

The above transfer functions (14)-(21) allow to
form a structural diagram of the TWES as an object of
automatic control. The diagram is shown in fig. 4.

The presence of disturbing influences F(s) and

@(s) to the object of automatic control necessitates the

use of the deviation control principle for the control of
the TWES. For the synthesis of control algorithms the
classical method of logarithmic amplitude-frequency
characteristics has been used.

In the automatic control object, as follows from the
structural diagram, the angular deviation of the body is

measured using appropriate sensors — image Usl(s)

and translational movement — image U, (s). This cir-

cumstance allow to produce separately the synthesis of
algorithms for stabilizing the angular position of the
body and the synthesis of algorithms for the translation-
al movement of the TWES. The location of the graphs
of changes in the amplitude and phase in the logarithmic
coordinate system depends on the of the transfer func-
tions parameters specific values. Therefore, the results
of the synthesis of algorithms are presented for specific
values of the parameters of the TWES given in table 1.

Table 1
TWES parameters
Parameter The Dimension
quantity
M | bogie weight 0.19 kg
m | body weight 0.05 kg
I case _moment of 282 10% kg m?
inertia
moment of inertia 4 2
| of wheels 12510 kg'm
r wheel radius 0.03 m
center of mass
¢ shoulder 0.04 m
R V\_/lndlng re- 2 Oohm
sistance
ke | transmission ratio 0.22 V-sec
electric motor 102 2fcar?
“ | transmission ratio >10 kg m*/sec
L winding induct- 3.10°% H
ance
kg | transmission ratio one V/deg
Kgp | transmission ratio one Viem

As a result of calculations, the following transfer
functions were obtained. For electric drives, due to the
electromagnetic time constant and electromechanical
time constant product littleness, the transfer function

gets the following form:
o(s) 4.54
W. = = .
5(5) U(s) s(0.0013+1)
For angular movement of the TWES body:
©(s)  0.005s2
W, (s)= (s) = -
®(s) 0.004s? -1

1 |
l____ﬁ\ . UBECT [ SENSORS |
O (s)

Fig. 4. Structural diagram of TWES
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For the TWES trolley:
X(s
Wi (s) = Q =0.22.
(s)
To link the angular movement of the body with the
translational movement

X(s) -2.58
Wy (5) = —t = =27
6( ) @(S) S2
Fig. 5 shows the logarithmic frequency character-
istics for the three transfer functions Wj(s), W, (s)

and Wg(s) series connection describing the short-
period motion of the TWES body.

Comparison of the available asymptotic logarith-
mic characteristic L, with available phase characteris-

tic ¢, indicates the unstable nature of the angular mo-
tion.

From the conditions for ensuring stable angular
motion and the transient process quality, the desired
asymptotic amplitude and phase characteristics Ly and

¢q are formed.
Graphical difference L, —L4 allowed to form the
asymptotic characteristic of the correcting device L.,

on the basis of which the transfer function is formed in
the following form:

~

g L,dB

~.

R A
0.01 ! o 0.1 1

Wi (s) U(s) 10(56s+1)(0.064s+1)(0.001s+1)
10 Ug, (S) SZ ’
This transfer function reflects the structure and pa-
rameters of the formation of the algorithm for control-
ling electric drives according to the signal from the an-
gle sensor.
The long-period movement of the trolley, consid-
ering the stabilized short-period movement of the body,

is represented by the positioned asymptotic Ly and

phase @4 characteristics in fig. 6.

The figure shows desired asymptotic L, and
phase ¢, characteristics formed according to the en-
suring stability margins and quality indicators condi-
tions. Difference characteristic L. reflects the nature
and parameters of the control algorithm based on signals
from the displacement sensor. Transfer function de-
scribing L. looks like this:

U(s) 2(3.65+1)

Wll(S): = .

Usa(s) 5(0.064s+1)(0.023s+1)

Fig. 7 shows the simulation scheme in the Sim-

ulink environment.

J|\ =~ (\l)c}

T~H0 0 1000 o, l/sec

2 -1 0

2 T=~_3  lgo,dec
| e

~

1000 , 1/sec

i 2 3 Igw, dec

Fig. 5. Logarithmic characteristics of the open-loop SAS: a— LAFC; b — LPFC
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1000 o, 1/sec

T T ~d

2 -1 S
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} 2w
~

$\lg\w, dec

o

1000 o, 1/sec

-200

-300 1

b

Fig. 6. Logarithmic characteristics open SAP:

2 3 lgo, dec

a—LACH; b - LPFC

Derivative1

Gain2

Stepd |, »l0.004 37.24 >

~ 2 >
= Gain4 Transfer Fend »ls| [
Scope

Step1
454 |

0.001s+1]
Transfer Fen

[ 00055 |
" Jo.004152+-1] L
Transfer Fen1 Step2

Gain1

Fig. 7. Simulation scheme in the Simulink environment

When modeling the disturbing influences, the or-
dinary transfer functions of proportional links were used
in order to study the response of the TWES to more
stringent operating conditions.

Fig. 8 shows the diagrams of signals of the control
system when setting the control action on the transla-
tional movement of the trolley.

When specifying the translational movement of the

trolley v(t)=0.05-1(t), the trolley (fig. 8, b) with

overshoot after 8 sec moves by a given value. In this
case, the initial deviation of the body v after two oscil-
lations it stabilizes by 8 sec.

Fig. 9 shows the response to the impulse disturb-
ance of the body angular position.

It is obvious that the control system counteracts
this disturbing effect in 8 s in the oscillatory process.

Fig. 10 shows the diagrams of signals in response

to disturbance step function f(t)=0.03-1(t).
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us, B
0.05

0 1 2 3 4 5 6 7 8 9 10 t, sec

a
X, m
0.1
0.05| | \‘ﬁ—
0 It t
\/ 4 6 8 10t, sec
-0.05 : -
b
0x10-3, rad
2
0 6 /\ t
2 4 6 8 10t, sec
-2
4 i i
c

Fig. 8. Response to the setting action: a— uz(t); b— x(t); c— O(t)

0o, rad
0.1
19 20 21 22 23 24 25 26 27 28 29t sec
a
X, m 0x104, rad
0.02 ; . 5
0.01} T g 4 /\ t,
0 [t ty 20 22 24 26 28 t, sec
20 22 24 26 28 t, sec
-0.01} 1 5
-0.02
-0.03 - : -10
b c

Fig. 9. Reaction to disturbance ©y: but— ©¢(t); b— x(t); c— ©(t)
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0.03
WA m @B @ & 46 & s W 50t, sec
a
0x10-3, rad!
X, m 1 T
0.04
0.02f ot /\ ty .
4 s 40 42 44 46 48 50t, sec
070 42 44 46 48 50t se¢
-0.02 =}
-0.04 \ 2
-0.06 I
b c
Fig. 10. Reaction to disturbance f(t):a— x¢ (t);b— x(t);c— O(t)
The reactions obtained indicate the ability of the _Xl(k+1)_ "1 T.0 0 0 .
control system to cope with such a disturbing effect. X (k+1) 0
So, the use of the synthesis method with the help 2 anlo 1 0 0 az5To
of logarithmic asymptotic characteristics allow to form xg(k#tl)|=| 0 0 1 Ty 0 x
algorithms for controlling the oscillatory and transla- X4 (k+1) 0 0 0 1 Ty
tional movements of the TWES according to signals 0 0 0 agTy (1+assTy)
+ 5410 5510
from the angle and displacement sensors. X5 (k %)— o -
_ _ _ x(K) | To 7 0
3. Control algorithms by diagnosis x2(K)| |0 be, T
The use of the deviation control principle does not x X3(k) +0 ”(k)+ 0 f(k);
allow to fend off all the destabilizing effects on the Xq(K)| |0 0
TWES, in particular, the effects from the set D [5], this X (k) bsTo | 0
effect: LA ) ) )
d; — change in the inertial properties of electric Xl(ko) (%10 ]
drives; Xo(ko)| |0
d, —reducing the torque of electric drives; Xs(ko) -lo |- (23)
d; — a decrease in the transmission coefficient of x4(ko)| |0
the first sensor; xs (Ko ) 0
d, — decrease in the coefficient of the second sen- LB T ) .
sor. xq (k)
To counter such destabilizing influences, the prin- X (k)
ciple of control by diagnosis is applicable [10]. In the y1(k) e 00 00 xs(K) |, (24)
first article [5], the structural and signal properties of yz(k) 0 0 cy3 00 3 ’
TWES were analyzed according to the corresponding X4(k)
diagnostic criteria, which allows us to proceed to the x5 (k)

formation of algorithms for diagnosing TWES based on
available measurement signals ug; (t) and ug (t).

Control by diagnosis is associated with the need
for digital implementation of diagnosis and recovery
processes. The mathematical description (1) and (2) of
the automatic control object in the nominal mode of
operation using the Euler formula in discrete form are:

where x;(k) — discrete values of state variables
x; (1), i=L,5, in the arguments of which the quantiza-
tion period is omitted to simplify the description T ;
u(k) and y;(k), i=1 2 — discrete values of the
corresponding description variables in the state space.
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The control system for the angular and translation-
al movements of the TWES formed using the principle
of control by deviation has the ability to fend off desta-
bilizing influences in the "small", i.e. small deviations
of the parameters from the nominal values, disturbing
the effects of a certain limited value. Large destabilizing
influences, such as a closed-loop control system in the
set D, cannot be countered. Therefore, a two-level or-
ganization of the TWES control system is possible. At
the first — lower level, a closed control system functions,
and at the second — higher level, the automatic control
object is diagnosed and, according to the received diag-
nosis, its operability is restored by countering the desta-
bilizing effects of the set D.

The first diagnostic task is to detect destabiliza-
tion. Destabilization can be detected by the deviations
of the sensor signals from the set values in the steady-
state operating mode of the closed-loop system using
the predicate equation:

2o=S, {|Ay1(k)| —61} vS, {|Ay2 (K)| —82} ;
k=kq, Ky ; p=0.9,
where S, {-} —a symbol of a two-digit predicate;

(25)

&y and &, — permissible threshold values;
v —disjunction symbol,;
p —the coefficient of confidence.

Difference signals Ay;(k), Ay, (k) can also be

obtained using the reference model, both of the entire
closed-loop control system, and the reference model of
the automatic control object. The reference model is
identical by structure and parameters to the nominal
model (23), (24). In a compact form it could be repre-
sented as:

X(k+1)=Ax%(k)+Bu(k); x(kg)=Xg;
y(k)=C§<(k), (26)
where x(k) — 5-dimensional vector of the reference
state of the object;

A

(k) — 2-dimensional vector of the reference out-

put of the object.

After detecting destabilization, it is required to find
its place, i.e. the constructive part of the TWES, in
which a violation appeared in the functioning, i.e. there
was a destabilization. Using a predicate of the form:

21 =S, {|Ay1 (K)| -8, }, k=kp, kg ; p=0.8 (27)
the malfunction of the angle sensor is determined — the

first sensor. Failure of the second sensor — the distance
sensor is detected using a similar predicate

2 =S, {|Ay, (K)| -3, }, k=kg, ky ; p=0.8. (28)

The place of destabilization in the electric drive is
set according to these values of the predicates z; =1

and z, =1.

Distinguish destabilization in an electric drive as-
sociated with a change in inertial properties — d; and

from a decrease in torque — d,, can be done using a
predicate equation of the following form:

23 =5, {83 -|o(k+3)}, k=ks, ke ; p=0.7, (29)
where the argument function ¢(k+3) formed from the

corresponding diagnostic model linking the deviations
of the moment of inertia of the drives Al with state var-
iables

_ To g
8¢ (k#1) = 8% () + 05 (k)AL (30)

where Ax; (k)—%, (k)—%,(k), X5 (k), %5 (k) — com-
ponents of the perturbed state vector;
Al — deviation of the moment of inertia of elec-
tric drives.
From this equation

Al [ Ax, (k+1)—Ax, (k) [Mer
To%s (k) |
Variables Ax, (k) and %5 (k) are inaccessible to

(1)

direct measurement, therefore they must be expressed
through sensor measurements. Then a discrete function
characterizing the deviation Al constancy on the diag-
nostic interval is:

o(k+3) =[ vy (k+2)—2y; (k+1)+y; (k) |
x| y3(k+2)—2y5 (k+1)+y3(k)]-
—[ya(k+1)—2yy (k) +yy (k-1) |x
%[ y3 (k+3)—2y3 (k+2) +y3 (k+1)].

Function ¢(k+3)is developed for discrete values

(32)

of sensor signals.
Using three features z;, z, and z3 allows to rec-

ognize each of the five possible states of the automatic
control object. This follows from the analysis of tab. 2.

Table 2
The features of destabilization
Signs z;

d; !

2 Z3 Z3
dy one one one
d, one one
ds one 0
dy 0 one
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As follows from the analysis, the number of fea-
tures is minimal for finding any place of destabilization
from the set D. Using the tab. 2, a binary tree of destabi-
lization search is formed.

To obtain a complete diagnosis, numerical values
of the destabilization values are required, i.e. it is neces-
sary to identify the types of destabilizing influences.

The magnitude of the deviation of the electric
drives inertia moment Al is calculated from the corre-
sponding diagnostic model using the following equa-
tion:

_[Axa (k+1)—ax, (k) [Mer

Toxs (k)

On the right side of the equation, state variables

are used that are not measurable. Through the quantities

available for measurement, the equation is transformed
to the following form:

ToMIr[ yy (k+1) =2y (K)+y; (k-1) ]

[Va(k+1)-2y, (k) +yp(k-1)]
The ordinary algorithm for obtaining the arithmetic

Al (33)

. (34)

Al(k+1)=

mean Al is:
.1
Al==>" Al(k+1).
k=l
Torque Reduction Amount Ak,, corresponds to an
equation of the following form:
[ Axs (k+1)—Axs (k) ]IL
M TO I:KeX4 (k)—u(k)]
Through the measurement results of the second
sensor

(35)

AK (36)

IL
Té [Key3 (k—l)—u(k)]
—4y3 (K+2)—2y3(k+1)-2y3 (k) +ys(k-1)], (37)
then the estimated value algorithm is:

Ak, (k+3)= [y3 (k+3)-

1 m
AR, = EZAKM (k+3). (38)
k=1
The estimated value of the angle sensor gain re-
duction is calculated as follows:

M Ay, (k
Aﬁsl — i ,\yl( )’

m.= Xl(k)

where % (k) — discrete values of the reference model.

(39)

Similarly for the second sensor

M Ay, (k
ARy =+ Vs (k)
m.= X3(k)

where %3 (k) — discrete values of the third component

(40)

of the state vector of the automatic control object refer-
ence model.

So, the algorithms allow to organize the process of
operational diagnostics of ACO and to obtain a com-
plete diagnosis: the moment of the destabilization ap-
pearance, the destabilized unit (place of destabilization)
and the specific numerical value of the unit functioning
efficiency decrease.

Fig. 11 shows the structure of the binary tree,
which allow to diagnose ACO.

WORKABLE N

Ak Ak

Fig. 11. Binary tree diagnosing ACO

The above diagnostic algorithms, in fact, represent
the production knowledge base of emergency situations
of the ACO. This knowledge base could be extended by
appropriate new emerging cases handling.

After receiving a complete diagnosis, it is required
to restore the ACO performance [10]. So, when electric
drives inertia increase, which will affect a control sys-
tem transient process time increase, it is possible to re-
store operability using following signal adjustment:

a(k+) =32 [ (k+1)-y(], @

where x, — adjustment factor depending on Al.

The destabilization caused by an electric drives
torque decrease can also be corrected by means of a
signal adjustment:

Uy (K) =xqy1 (k),
where k, — coefficient equal to Ak,, .

The transmission coefficient decrease for the first
sensor, which is an angle sensor, leads to corresponding
output signal decrease. To restore measurement results

g(k) it is necessary to increase them by the val-

(42)

ue AkgiXq (k). Similarly, to restore the functionality of
the second sensor, which is an displacement sensor giv-
ing the output signal ¥3(k), an additional signal
AkgpX3(k) should be added. The diagnostics and re-

covery algorithms complex functioning provide rational
control of the TWES in conditions of destabilizing in-
fluences.



28

PAJIOEJIEKTPOHHI I KOMIT’KOTEPHI CUCTEMMU, 2021, Ne 2(98)

ISSN 1814-4225 (print)
ISSN 2663-2012 (online)

Conclusion

As a result of the research carried out for the mod-
els of angular and translational movements of the
TWES described in [5], three approaches to the for-
mation of control algorithms for its balanced movement
were proposed. The first approach is to use estimates of
the state vector components that are not measurable, and
the integral criterion of the weighted modulus of the
error signal. The second approach is to use a synthesis
method based on asymptotic logarithmic characteristics.
The results of such a synthesis using specific prototype
of TWES are presented. The third approach is based on
the new principle of control by diagnosis, which makes
it possible to form a TWES rational control system. Al-
gorithms for deep diagnostics and flexible restoration of
operability of the motion control system are described.

The proposed approaches to the control algo-
rithms’ analysis for the translational and angular move-
ments of the TWES can be used at the development of
control systems for two-wheeled transport robots used
in the modern assembly manufacturing technological
processes. Using of the described approaches in auto-
mating of transient modes control of new classes of au-
tonomous aircrafts, such as convertiplanes and transport
quadcopters, will make it possible to find compromise
solutions between stability and quality.

The results obtained could be used as in the educa-
tional process as course and diploma projects, as at the
stages of draft design of the unstable objects automatic
control systems.
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AJITOPUTMBI YIIPABJIEHUS ITPOJOJIBHBIM IBUKEHUEM /IBYXKOJIECHOI'O
SKCIIEPUMEHTAJIBHOTI'O OBPA3LIA

A. C. Kynux, K. 0. /lepzaues, C. H. Ilacuunux, 10. A. Hemwiunos, E. B. @ununnoguy

IIpexMeTom u3ydeHHs B cTaThe SBIETCS Mpolecc (GOpMUPOBAHUS ANTOPUTMOB YHPaBICHHUS YIJTIOBBIM H IO-
CTYHaTeNbHBIM JBIDKEHUAMH JIBYXKOJIECHOTO 3KcIepuMeHTaipHoro oopasua ([130). eablo sBusercs pa3padboTka
MOXOI0B K ()OPMHUPOBAHHIO AJITOPUTMOB YIIPABJICHHUS MOCTYNATEIbHBIM M YIJIOBBIM JABMKEHHAMH HECTAIIMOHAPHO-
ro o0beKTa aBTOMAaTHYECKOro YIpaBieHHs. 3agadym: KOHKPETH3UPOBATh MPOLECC CHHTE3a AJITOPUTMA YIIPaBJICHUS
TI0 COCTOSIHUIO 110 KPUTEPUI0 MUHIMYMa HHTETpaia OT B3BELIEHHOTO MOIYJIS OLIMOKH JUIsl TMHEHHOr0 MaTeMaThuyie-
CKOT'O OIHMCAaHUA 00BEKTa aBTOMATHYECKOTO YIPABICHHS B IPOCTPAHCTBE COCTOSHUN. CHOPMHUPOBATE CTPYKTYPHYIO
CXEMY CHUCTEMBI aBTOMATHUYECKOIO YIPABIECHUS IO COCTOSHHIO. Y COBEPIICHCTBOBATH MOAXOJ K CHHTE3Y alrOpHT-
MOB YIPaBJIEHHS 10 BBIXOAY IJISI MAaTEMaTHYECKOrO OMMCAHMSA B YaCTOTHOW 0OJACTH KOPOTKONEPUOANYECKUX U
JnuHHONepuoandeckux AsmwkeHui J[D0. IlpomntrocTpupoBaTe 0COOCHHOCTh MOAXOJa HAa KOHKPETHOM IIpUMeEpe
30 mis ynpaBiSioOnmx ¥ BO3MYIIAIOMNX Bo3AeHcTBHIA. Pa3zpaboTaTth cxeMy MomenupoBaHus B cpeae Simulink u
HCCIIeIOBAaTh PEaKIMH Ha BHEIIHHE CTyIEHUYaThle Bo3zaeiicTBus. Pazpaborath moaxox K (JOpMHPOBAHHIO AJTOPHT-
MOB yIipaBiieHHus 1o auarao3y JI90 kak o0bekTa aBTOMATHYECKOro ympaBieHus. Omnucath Ipoueaypy U CpencTsa
TIIYOOKOr0 TUAarHOCTHUPOBAaHUS HemTaTHBIX cuTyarwii J[20. Pa3paboTaTte anropuT™Mbl BOCCTAHOBIEHUS PabOTOCIIO-
COOHOCTH CHCTEMBI aBTOMaTHIECKOTO PAIIOHAIBHOIO yIpaBieHHs. Vcrons3yeMbIMH METOAAMM SIBIISTIOTCS: METO[
MIPOCTPAHCTBA COCTOSHHUM, METOX MPUAATOYHBIX (YHKIMH, METOJ MEepEeJaTOYHbIX (DYHKIMH, METO ONTHMHU3AINU
110 MHTErPaJbHOMY KPUTEPHIO, METOJl CHHTE3a IO JIOTapu(MHIECKIM aCUMITOTHIECKUM YacCTOTHBIM XapaKTepH-
CTHKaM, METOABI ANarHOCTHPOBAHUS M BOCCTAHOBJIEHHs paborocnocoOHocTH. [lomydeHs! crnexyromue pe3yJbTa-
ThI: c(hOPMHUPOBAHBI TPU MOAX0JA K (DOPMHPOBAHUIO AJITOPUTMOB YIPABICHHUS YTIIOBBIM M TOCTYIMATEIbHBIM JIBH-
xeansaMu JID0 ¢ ucnonp30BaHUEM JTHHEHHBIX MAaTEMAaTHYeCKUX OMHMCAaHWK BO BPEMEHHOW M YACTOTHOM 00IacTsX.
BruiBoabl. Hayunas HoBu3Ha 3akmodaercs B (YOPMHPOBAHUH TOIXOJOB K COBMECTHOMY YIPaBIICHUIO YITIOBBIM U
MOCTYMATENbHBIM JABKEHUAMH C YIETOM CTPYKTYPHBIX U NapaMeTPUYECKHX OCOOCHHOCTEH MaTeMaTHIECKHX OINH-
canuit J190.

KnroueBble ciioBa: IBYXKOJIECHBIH SKCIIEPUMEHTANBHBIA 00pasel; 0ObEeKT aBTOMATHUECKOTO YIPaBIICHUS,
YIIpaBJICHUE MO0 COCTOSHUIO; YIIPABICHUE IO BBIXOAY; YIIPABICHUE MO ANATHO3Y.
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AJI'OPUTMU KEPYBAHHSA I1O3/10BKHBOI'O PYXY JIBOKOJIICHOI'O
EKCIIEPUMEHTAJIBHOTI'O 3PA3KA

A. C. Kynix, K. FO. /lepeauos, C. M. Iaciunux, 10. O. Hemwunos, €. B. @ininosuu

IIpeameTom BUBUECHHS B CTAaTTi € mpoliec GOpMYyBaHHS aJTOPUTMIB KEPyBaHHS KYTOBUM 1 TIOCTYHNAJILHAM PY-
XaMH JIBOKOJIICHOTO eKcIiepuMeHTanbHoro 3paska (JE3). MeToro € po3podka minxoniB 10 GopMyBaHHS aJropuTMiB
KEpYBaHHsI IOCTYMAIBHUM 1 KyTOBUM DPyXaMH HECTalllOHApHOTO O0'€KTa aBTOMATWYHOIO KepyBaHHS. 3aBIaHHS:
KOHKPETU3YBaTH IPOILIEC CHHTE3Y aJrOPUTMY KEPYBaHHs CTAaHOM 3a KPHTEpiEM MiHIMyMY iHTeTpaa BiJl 3Ba)KEHOT O
MOJIYJISl TIOMWJIKH JUTS JITHIHHOTO MaTeMaTHYHOro OmKcy 00'€éKTa aBTOMaTHYHOIO KepyBaHHS B IIPOCTOPI CTaHIB.
CdopmyBaTu CTpYKTypHY CXEMY CUCTEMH aBTOMATHYHOTO KEPYBaHHS CTAHOM. YJIOCKOHAINTH MiAXiA 70 CHHTE3Y
ITOPUTMIB KEpYBaHHS 0 BUXOXY ISl MATEMaTHYHOTO OMKCY B YaCTOTHOI 00JIACTi KOPOTKONEPIOAUYHUX 1 JUTMH-
Honepiognyaux pyxis JAE3. [IpoimocTpyBati ocoOmuBicTh miaxomy Ha KoHKpeTHoMY npukiani JE3 mis kepiBHU-
KiB 1 BIDIHBIB, 110 00ypro0Th. Po3poOutn cxemy MozpentoBanHs B cepepoBuiii Simulink i mocmimpkyBaT peakuii Ha
30BHIIIHI CTyMiHYAcTi BIUIMBY. Po3pobuTy miaxin o GpopMyBaHHS alropuTMiB KepyBaHHs 3a miarHozoMm JIE3 sk
00'ekTa aBTOMAaTUYHOro KepyBaHHs. Onucaty nporeaypy i 3acodu rimuOoKoro iarHOCTyBaHHS MO3AIITATHAX CUTY-
amii J1E3. Po3pobuTH anropuT™Mu BiITHOBIJICHHS MPAIE3IaTHOCTI CHCTEMH aBTOMAaTHYHOI'O PalliOHAJILHOTO KepyBaH-
Hsl. BUKoprcTOBYBaHUMH METOIAMU €: METOJI IPOCTOPY CTaHiB, METOJ NPUIATKOBUX (YHKIIIH, METOI TTepejaBaib-
HUX (QYHKIIHA, METO/I ONTHMIi3alil 3a IHTErpajlbHUM KPUTEPIEM, METOJ CHHTE3Yy 3a JIOrapu(MIYHUMHU aCUMIITOTHY-
HUMH YaCTOTHUMH XapaKTEPUCTUKaMM, METOIM JiarHOCTYBaHHS Ta BiJHOBJIEHHs mpane3gaTHocTi. OTpuMaHi Ha-
CTYNHI pe3yabTaTu: cOpMOBaHi TPU MiAX0AU 10 (HOPMYBaHHS ITOPUTMIB KEPyBaHHS KYTOBUM 1 MOCTYIAJIbHUM
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