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Abstract. The paper studies robot drives by the identifiability criterion based on a discrete digital con-
trol model. Criteria of observability, controllability and identifiability of drives as a function of the
rank of an extended state matrix with a measurement matrix are considered, in which the relative er-
rors of the information-measuring system are analytically taken into account. An algorithm is pro-
posed for calculating the identifiability criterion for a nonlinear control system in a discrete lineariza-
tion version. It is proposed to use identification in terms of the correspondence of the mathematical
model to the results of the operation of the object. At each step, the determinant of the extended ma-
trix is calculated, which is compared with a constant that numerically divides the space of the state
matrices. Thus, the operation of the drives itself makes it possible to determine its identifiability. As
a criterion for the optimality of the identification algorithm, a decision-making optimality criterion is
chosen in combination with an identifiability criterion for an optimal control algorithm by the criteri-
on of minimum quadratic form. The vector-matrix model of drives in the state space is presented tak-
ing into account the relative accuracy of measuring the state of the information-measuring subsystem
of drives. It is proposed for practical problems to determine the identifiability criterion by modeling
the state matrix for cases when the state matrix parameters exit the space of realizable parameters of
serviceable drives. The research results obtained can be used to build diagnostic systems for robot
drives.
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INTRODUCTION

To ensure high reliability of robot drives, an effective diagnostic system is required. For
the diagnosis of robot drives, an algorithm is proposed for deciding on their identifiability
based on a discrete nonlinear control model in the state space.

The method of identification in the state space has been actively developed over the past
two decades and has been successfully implemented in many industries. One of the first
P. Eickhoff performed the theoretical justification of identification, developed algorithms and
methods of identification [1, 2]. The identification of dynamical systems is devoted to the
work of the following authors: D. Gropp [3], L. Ljung [4], E. P. Sage and J. L. Melsa [5, 6],
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and among Russian authors - Ya. Z. Tsypkina [7], N. S. Reibman [8], Sh. E. Steinberg [9] and
others.

R. Beard developed an observer-based defect detection scheme [10]. Jones continued the-
se studies and developed the Beard-Jones Fault Detection Filter [11]. In the 1980s and early
1990s, the main approaches to quantitative diagnostics were developed: an observer-based
approach, a parameter estimation method, etc. Some important works in this direction are
Frank [12], Isermann [13], and Basville and Nikiforov [14]. The developed methods are well
theoretically justified and are classic diagnostic methods. These techniques are based on ana-
lytical redundancy, which is a model that describes the diagnosed technical system. On diag-
nostics of robot drives, articles and monographs have been published [15-26], where ap-
proaches are considered both on the basis of the parametric approach and on the basis of con-
tinuous and discrete models of drives in the state space.

RESEARCH PROBLEM STATEMENT

For robot drives based on a DC motors, which are widely used in robot drives, control
equations for continuous nonlinear systems in the state space are given

X =Ax+Bu, (1)
y =Cx, (2)

where A is the state matrix, Bis the control matrix, Cis the measurement matrix, X is the
state vector.

The classical model of a DC motor with constant parameters does not correspond to reali-
ty in the entire operating range. Therefore, nonlinearity associated with viscous friction was
added.

The following differential equations of the first order are known for the robot drives
model based on a DC motors:

U:R(T£+Ij+e, 3)

dt
do

JE:M—kfr(D—ML, (4)
do
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eZkEO), M:kMI, (6)
L
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where U, I, e are the voltage, current and counter-EMF of the DC motor anchor; L, R,T are
inductance, resistance and electromagnetic time constant of the anchor DC motor;
o, M, M/ ,0 are angular velocity, electromagnetic moment of the DC motor, the load mo-

ment and the angle of a rotation of the DC motor shaft; J is moment of inertia of the rotor DC
motor and load; kg, k), are coefficients that are structural constants of the engine; & 4. is co-

efficient of viscous friction of the DC motor.
Further, equation (3) for continuous nonlinear systems is written in the form of Cauchy:
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L£=—R1—kEco+U. (8)
dt

To identify the DC motor model, a pair of equations (8) and (4) is used in the state space
on the basis of which the vector-matrix model is built. The scalar value, the supply voltage of
the drive U, is specified as the control vector.

In general terms, when at least one of the matrixes A, B, C are time-dependent, the task is
non-linear and has only particular solutions.

To find the equation in the state space, we represent equations (1, 2) in a discrete form,
and the sampling time 7 tends to zero, and the trajectory of motion in each discrete section is
linear.

We write the solution for the nonlinear problem in a discrete form, when the matrix A, B,
C are constant at time instants k, k=0, 1,2, 3, ... :

X —X
%=Akxk +Bkuk, (9)
or
X1 =Agxg +Brug, (10)

where Ak =TA+E, ﬁk =TB.
This equation (10) relates the transition of the system from state X; to state Xi.;. On the

segment 7, we take the values of the matrices Ay, By and C; as constants. For convenience, in
the following entries we remove the “wavy line” sign.

We assume that the matrix C™' = C," at each step k does not change, is determined by the
information-measuring system, can be represented as

CloE+t, (11)
where ?;,1:[%1 SIS in]T

measurements by the information-measuring system that is part of the drives.

is a random vector representing the random nature of the

ROBOT DRIVE MODEL IDENTIFICATION

Consider the question of identifying the model of robot drives from the point of view of
the analysis of expression (10), where at each linearization step the rank of the expanded ma-
trix is the criterion of identifiability and observability.

min det[c{ A{Cﬂ >y, (12)

where C; is the transported measurement matrix, taking into account the accuracy class of

the sensors; Y is the threshold value of the determinants determined by the identification ob-
ject and close to zero.

Considering that in many practical control tasks the dimensions of the tasks do not ex-
ceed ten, and the relative measurement accuracy is equal to units of percent, we can conclude
that only the state matrix affects the identifiability of the robot drive model

Al k=1,n. (13)

26



Yu. R. Nikitin, S. A. Trefilov
“Diagnostics of robot drives based on DC motors by identifiability criterion of
nonlinear discrete model in state space”

This matrix will ultimately determine the rank of matrix (12).
It is proposed for practical tasks to determine the identifiability of the drive model in the
form

mindet AT detCl >, (14)

DIAGNOSTICS OF ROBOT DRIVES BASED ON A DC MOTOR
ACCORDING TO THE IDENTIFIABILITY CRITERION OF A DRIVE MODEL

Consider the diagnosis of drives based on the DC motor in the state space. Since the drive
regulator must provide control over the moment and speed of rotation, the armature current /
and the armature speed ® are chosen as generalized coordinates. The control is the voltage at
the armature U, the disturbance is the load resistance moment M;. The model parameters are
the active resistance and inductance of the circuit and the armature, denoted respectively by R,
and L, as well as the reduced moment of inertia J and the design constants kz and ky,. By re-
solving the original system with respect to the first derivatives, the DC motor equation in the
state space is obtained.

We write the vector-matrix model of the DC motor in the form (1, 2) in the state space.
The novelty of the DC motor model is that the expected torque M is taken into account based
on a given trajectory of movement.

R kg

. 1
1 1 —

X=H= s { } Z|u, (15)
» kM 3 fr0)+M 0) 0

J Jow

_1_10 (16)
y—m—le,,

We write the vector-matrix model of a DC motor in the form (10).

1—TB —Tk—E 1
x(k +1) = L x Ity +| L la(k) (17)
Tﬂ 1_kar(")"—A/IL(k) o(k) 0 ’
J Jax(k)
k)| [1+mE 0
y(k){&(k)}{ 0 1Jrhg}i(/’c), (18)

R J - n
where M (k)= (o(k +1)—0)(k));; I(k), o(k) are measured value of current and angular

velocity; m(k +1) is the planned value of the angular velocity.
We calculate the load moment in the determinant of matrix A for equality

1—T£ —Tk—E
detA = L L =0 (19)
Tkﬂ 1_Tlcfr_,mpu)+ML(lc)
J Jo(k)
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The fact that matrix A is equal to zero leads (14) to the non-identifiability of the robot
drive model in the state space.

The expression M (k) =(w(k+1)—(k))J /T gives the relationship between the mechan-
ical parameters of the DC motor, allows you to determine the interval of change of values
without loss of identifiability. In addition, restrictions on the maximum rotation speed, elec-
tric current, and voltage for this drive must be considered.

COMPUTATIONAL EXPERIMENTS TO STUDY THE IDENTIFIABILITY
OF THE DC MOTOR MODEL IN DISCRETE FORM

The scheme of the DC motor model for calculating the determinant of the state matrix A
was built in the software SimInTech “Environment for Dynamic Modeling of Technical Sys-
tems”, developed by 3V Service'.

Figure 1 shows the model for calculating the determinant of the state matrix A and mo-
ment of the DC motor for various values of the armature winding resistance in the case of in-
ter-turn faults in program SimInTech.
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Figure 1. The model for calculating the determinant of the state matrix A
and moment of the DC motor in program SimInTech

The gamma threshold was chosen 0.05. Figure 2 shows the dependence of the determi-
nant of the state matrix A on the armature winding resistance R. The influence of changes in
the resistance of the armature winding of the DC motor on the determinant of the state matrix
A was studied. An analysis of the dependence of the determinant of the state matrix A on the
resistance value of the armature of the DC motor armature shows that the allowable angular
velocity decreases from 360 rad/s to 345 rad/s.

' Available at: http://simintech.ru/
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Determinant A, var R=0.6..1*Rnom, T=0.01 sec.
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Figure 2. Dependence of the determinant of the state matrix A on the armature winding resistance R

Determinant A, var magnetic flux=0.6..1*magnetic flux_nom, T=0.01 sec.
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Figure 3. Dependence of the determinant of the state matrix A on the magnetic flux of the DC motor

CONCLUSION

Figure 3 shows the dependence of the determinant of the state matrix A on the magnetic
flux of the DC motor. An analysis of the dependence of the determinant of the state matrix A
on the magnetic flux of the DC motor shows that the allowable angular velocity decreases
from 360 rad/s to 320 rad/s.

This paper presents an algorithm for identifying nonlinear complex objects based on
a discrete digital control model. As a criterion for the optimality of the identification algo-
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rithm, a decision-making criterion is selected in combination with an identifiability criterion

for

the control algorithm. Identification criteria, allowing either the degree of conformity of

the models to the control object using the model of the measuring matrix or the combination
of models of the state matrix and measuring matrix. The region of permissible values of angu-
lar velocities is obtained depending on the armature winding resistance and the magnetic flux
of the DC motor.

The reported study was funded by RFBR according to the research project Ne 18-08-00772 A.
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