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Abstract. The article considers the estimability of the deviations of actual
output variable values from the forecast ones in the system for monitoring
the process of external round grinding. The author proposes the method for
determining the deviations and establishing their most probable values as
well as for establishing the cause of such output variable value deviations
and technological system changes. It is substantiated that the determination
of the output variable deviations and the parameters of the technological
system state is possible at the control of the output variable change rate as
the interruption time intervals are different for different subsystems. The
authors managed to determine the dependences of the deviations of actual
values (t) from the estimated ones yp(t). To resolve the objective of
identifying the causes of output value deviations from the forecast ones,
the authors applied the method for determining the indirect measurement
errors. The obtained dependences made the authors draw the conclusion
that at the control of the change rate of output variable values one is able to
find out the disturbance type and the type of the deviation of output
variable actual values in the technical system. This provides for the
opportunity to correct the control of the external round grinding process as
well as to calculate the time intervals at which one needs to take into
account some or other changes in the technological system.

1 Problem statement

The peculiarity of contemporary machinery manufacture causes the increase of the
requirements to the quality and precision of treated items. The quality of ready products, in
its turn, is determined by an industrial process which shall have a high reliability degree
and guarantee the parameters of manufactured parts.

One of the areas of the part quality provision at external round grinding is the
application of a system for monitoring the technological equipment and cutting.

Multiple methods for cutting diagnostics and control have been developed and put into
operation. One of the first researchers to offer the system of diagnostics and adaptive
control was B.S. Balakshin [1]. They were further developed in the research [2-11].
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However, existing diagnostics and control methods do not fully take into account the
peculiarities of the industrial grinding process.

The grinding diagnostics methods applied at the production site are based on the
following:

1) evaluation of the parameters of the technological system state involving complex
diagnostic equipment during equipment installation;

2) analysis of the results of the quality parameters’ measurement conducted for the
treated surfaces and a range of cutting parameters (cutting forces, acoustic emission, etc.).

Both the first and the second options are hardly applicable in the automated production
conditions as they do not allow one to identify the changed parameter of a technological
system in an unambiguous way, let alone to forecast the system behaviour at the further
operation.

In the process of cutting not only the treated part parameters change but also the ones
of a technological system. The change in the subsystem parameters causes the change in
output variables y(?), for example, the rate of material removal Ar and the surface roughness
Ra by the value Ay.

The paper purpose - to resolve the problem of identifying the causes inducing the
deviations of output variables from the forecast values within the system of monitoring
which operates on the dynamics of output variable changes.

2 Materials and methods of research

In compliance with the functional monitoring system circuit developed in the paper [12] for
external round grinding (Fig. 1), the key tasks are the analysis of the dynamics of the output
variable change and the parameters of the technological system state.
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Fig. 1. Generalized functional scheme of the machine diagnostics&control system with the grinding
cycle correction.

At grinding, after the interruption, the technological system or its subsystem
parameters are partially or fully restored (workpiece replacement, circle correction,
tool/device replacement). As a result, output values y(?) (material removal rate after circle
correction Ar, changes by the value A(Ar, at the next cycle), material roughness change by
the value ARa, at the beginning of the next cycle.
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The conducted analysis and the synthesis of grinding machine operation practice make
the authors draw a conclusion that the control of output variables y(?) at the moment of
time ¢ does not allow for the determination of the technological system state parameters the
measurement of which caused output value deviations. Such possibility arises at the control
of the change rate of output variable values y (¢) as the interruption time intervals 7 for
various subsystems significantly differ.

In the paper [13] the authors simulated the state space with the consideration of the
possibility to restore system parameters for the grinding process. As a result, we obtained
the following equations:

J-1
Zi,j (t) = Zij—l + A,} (] - 1) + Azij (t - Ztuk )a
k=1

(1
Yi(t) = D (1)z,(2); )
V() = Dz(1). (3)

where z(#) — vector of the technological system state parameters; U(#) — command input
vector; A(t), B(t), D(t) — matrices of corresponding factors; 4; — operator taking into
account the restoring of the i-th system parameter after the execution of the (j — 1)-th cycle
(before the start of the j —th cycle); 4.; — operator defining the change in the system
parameter at the operation in the j —th cycle; 7.« — time of the k& —th cycle execution.

In addition, the system is completed with the procedure for defining the speed range
Yi(t), y2(t),... ym(t) of one or another interruption period the output variable change rate
included into:

y,(0) @
wnel 2]
Y, ()

Considering the obtained dependences(1)...(4), one can make a conclusion that, in case
the changed parameter of the technological system state is defined by the equation of the
choice of the nearest values from the set (4), therefore, obtaining the information on the
output variable value at any time moment, one can define the parameter value.

The evaluation of deviations of actual output variable values from the forecast ones
includes two key stages:

1) identification of deviations and finding out their most probable values;

2) establishing the causes of deviations.

We further consider the set of tasks to resolve these stages for the analyzed control
process. Let the deviations of actual values y(?) from the estimated ones y,(?) be defined by
the dependence

Ay(0) =y, ()= y() (5)

If the output variable measurement is frequently conducted within the limited time
interval at ¢()=1(t) and one does not register any significant changes of y(z) during this
period, the presence of deviations can be defined with any confidence level by means of the
methods of the sample observations’ analysis. At the sampling average values comparison
the authors made a null hypothesis on the equality of general average values. It is rejected
in case
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where y, and Y, - comparable sampling average values; n; and n, - scope of the first and

second sampling; ;. - Student criterion, defined with the confidence level /-o/2 and the
number of the degrees of freedom f=n; +n;-2; 5’ - weighted mean dispersion
calculated by the sample variances

~(m = DSE + (1, ~1)S;
ny =+ ny — 2 A (7)

S2

For the considered process the subset of estimated values serves as the first sampling
while the subset of output variable measured values serves as the second sampling.
Accordingly, S; and S are considered as the dispersions of forecast and actual values y. At
the set conditions n;=n the inequality (6) takes the form

_ _ S 2 S 2
7 ()=, (0)| 2 t]_a\/lzi2
2 ‘ ®)

At the dispersion comparison, the authors made a null hypothesis on the equality of
general dispersions. The hypothesis is rejected if the Fisher test estimated values are higher
than the table ones at the set value of the confidence level. The estimated criterion is
defined from the ratio

)

If the output variable is not permanent in time but does not have regular high-
frequency deviations, within the limited time interval one can also use the dependences (8)
and (9) with the preliminary approximation of experimental data (for example, with the
help of the polynomial of the k-th degree) and the replacement of the left part in the
equation (8) by the difference of estimated values within theoretical and empirical
dependences. At the calculation of dispersions one should replace S? by the dispersion of
adequacy defined from the equation

s Zbw-r,wf
¢ n—k-1 , (10)

where y(ti) actual values; y(#;)) estimated values; & degree of the approximation
polynomial.

If the output variable has high-frequency regular modulations, the application of
dependences (8) and (9) is impossible as the considered method does not stipulate for the
division of deviations into regular and stochastic, and all of them are taken into account at
the dispersion calculation. In this cases the analysis requires the application of a more
complex mathematical apparatus of stochastic processes.

To simplify the analysis, we proceed to the centered variables decomposing y(#) into a
constant component y <y(?)> and deviation x(¢). In this case the dependence (5) has the
form

Ay(t) = y(0)— < y() > =x(1) (11)
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In the equation (11) y(#;) and <y(?)> serve as deterministic functionals, x(z) defines a
stochastic process. We present a stochastic process in the form of a stochastic function
defined by the Langevin equation [14].

d
Ex(t)-i-V'x(t)—f(t), (12)

where f{t) - white noise, v - parameter not depending on the coordinate ¢.

The stochastic process x(#) is referred to as the Ornstein-Uhlenbeck process, or the OU
process in brief. The key criteria of this process which are the most informative at the set
problem resolution are the following:

1. Linear functional

Ly
R, =— [x(t)dt
T . (13)

2. Deviation mean square functional
T
R )
R, = - [x*(t)dt
0
(14)
where T - duration of the considered time interval.

To clarify the general method for the definition of the distribution of functionals R,
and R,%, we consider the Cauchy problem for the OU process assuming the universal
reference point #9=0. The solution of the equation (12) for these conditions is recorded by
a linear functional of white noise f(?)

t
xX(t;%0:0) = xge V' + [ f(1)e M Vdr
0

(15)
To obtain the transition density of the probability W(x,t;x¢,t9), we record the OU-process as
follows
W(x;t;x,;t,) =< O[x — x(t;x,;0] >
. (16)

After the replacement of the S-function with the Fourier integral and transformations for the

Gaussian process we obtain
1/2
1 1 !x —xpe V! )
—2vt CXp| ——
I-e

W(x;t;x,;0) =
o

« Gx 1_ e—2vt
7)
where o, = oy/v-the OU-process intensity.
The obtained function satisfies the Fokker-Planck equation
0 d 1 o'w
—W(xt;x0,0) =v—(xW)+ -6, —
ot dx 2 ox
(18)
with the initial condition
W(x;0;x,;0) =5(x —x,).
(19)

As x(t) - Gaussian process, the value R., due to its linearity, also has the Gaussian property
and it is sufficient to know the first two moments for its description:
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lT
<R, >=—[<x(t)>dt
Ty .

(20)

—1+vT+e T

1 TT
<R?>= — [[<x(@)x(t") > dtdt' = 20, .
T" b0 v°T
@n
The density of the distribution of the Gaussian stochastic value Y=R. at the known <R.”>
is defined as
1 y2
f Y (y ) = /2 CXp| — 2
(2TE<R62>) 2<Re>
(22)
Therefore, the functional R. is Gaussian with the mathematical expectation equal to zero
and the dispersion <R.’>.
To evaluate the statistics of the integral quadratic functional, it is convenient to use the
apparatus based on the calculation of its generating function
0(1) =< exp(—lR:) >
) (23)
where A - positive parameter.
The obtained replii:]atingRgmction allows one to define the first and second moments of the
= q

x

stochastic value

<J, >=%ax
; (24)
1, (1 j2—1+2vT+v2T2+e_2VT
<J?>=—[[<x*(Ox*(t") > dtdf'=| = o
Y ng{) (#)x~(2") 5 Ox 72

(25)

To design the distribution density p(J), one needs to perform the Laplace numerical
procedure of reverse transformation. It is performed in the paper [15].

1/2
T 4vr,
p(J)= T, 3 N x
2nved 7| (n + V)" —(r, — V)~ exp(-2r.T)

Fos]

(26)
where _VO,.
r,=
2n
Having the data on the statistical characteristics of a stochastic process x(#), we proceed
with the corresponding process analysis Ay(?). As the components y(?) and 3(;) serve as
determinated functionals, then
<R, >=<Ay(t)>=y(t)-<y(t)>—-<R, >=y(t)-<y()>

<R, >=<R]>
27)

We shall evaluate the significance of deviations Ay(?). To do this, we consider the
stochastic value Y= 3(¢)-y(1). The probability of the event P(Y>0) is defined by the

distribution density
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PY>0)=  [f(»)dy
~((O)-<F(1)>) A (28)
The probability of the event P(Y<0) is correspondingly calculated

PY<0)=  [f(dy
() =<F(1)>)"

: (29)
Generalizing the dependences (28) and (29) and, denoting the probability of the correctness
of the decision on the significance Ay as Dy, we finally obtain

D= [f,(»dy

—y()—<3(1)>| ) (30)
The final solution of the set problem requires one to find the confidence level Pp and
compare it with the estimated value of the criterion Dy.

At the comparison of dispersion values we shall do the same thing. The estimated
dispersion is a determinated functional, it has a &-shaped density of distribution, and the
dispersion distribution density of a stochastic process is known (26). The probability of
correct decision taking on the dispersion substantial difference will be defined as

D= [Py

—‘S—<SK>‘
€2y
At the presence of a regular part within a stochastic process one considers the functional of
the type
Jg,. =R: T—IT[ S(fd
sex = Rsx (1) =[x + SO dr
’ (32)
which is divided into three additive components
1T, 1T, 2T
Jgix == [S7()dt +— [ x” (t)dt + = [ x(¢)S(¢)dt
T 0 T 0 T 0
(33)

The first additive component of the dependence (33) is not stochastic, the statistics of the
second one was previously studied, the analysis of the statistics presented for the third
additive component is possible only at the specific regular function setting S(¢). The
generalized functionals used to conduct this analysis have the following form

T
<J>=to +L1[s t)ar G4
2777

2 22 VT T
<J? >=(lc7xj 2T+ v te + 2o [ 57 (1)t +
vT T %

+ lf[Sz(t)dt o, ﬁS(r)S(z)ev“”drdr (35)
T 0 T2 00 ’
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1 (J—<J>)
P(J)= exp| -~ ")
) V4TA *P 2A
(36)
46 TT

_ — v(t-1)
where A =A(Jg,,)=—-[[S(D)S(0)e"" Vdudr.
00
The processing of dependences (35), (36) allows one to determine the probability
of the correct identification Ds of the regular component s(t) at the registration section.

To resolve the objective of identifying the causes of output variable value deviations from
the forecast ones, we apply the method for determining the indirect measurement errors. If
the output variable y is functionally dependent on the output variables x;, x>, ..., x; with the
known identification errors, the error Ay is defined from the ratio

(Ay)? :(agix) Axlj +£81;ix) AXZJ +...+(af(;c(X)Aan NED)

n

1 2

For the considered problem the following deviations Ay are known, the unknown deviations
are Ax. The dependence (37) is also correct for any physical values available for
observation. They may include not only the deviations Ay and Ax but also the derivatives,
dispersions, etc. The problem can be recorded in the matrix form as follows

(A7)
W=| (AY)?
(s |

I |
ox,

XA

(38%)

- BN (39)
(Ax))

(Ax,)?
- : (40)

(41)
At the solving of the system of equations set in the matrix form (41) there are several
options that are possible. The number of unknown components can be higher, equal or less
in relation to a number of equations. All these options are considered in detail within the
linear algebraic theory [16]. In case the number of unknown components is larger than a
number of equations, the system is statically indeterminate, in case they are equal, there is
only one solution for the system, if the number is less, the system may have or not have any
solutions.

W=AxB
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3 Conclusion

Therefore, the analysis of the set problems allows one to make the conclusion that, having
the data on the dynamics of output variable change, it is always possible to identify the type
of disturbance and change of the technical system and correct the treatment control as well
as to calculate the time intervals after which one shall take into account some or other
changes of the technological system.
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