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ABSTRACT

Context. A sufficient number of ways to implement vector control algorithms are very complex and in most cases tend to
mismatch the vector of the resulting parameters of the control object. Therefore, there is a need to simplify complex non-linear vector
control systems and apply linear dynamic models of a non-linear object with vector control for them. Currently, for a complex vector
control system, there are no sufficiently accurate equivalent simple models. Development of reliable simple dynamic models will
allow to design a vector control system with maximum use of linear methods of synthesis and analysis.

Objective. The goal of the paper is development of linear dynamic model of a non-linear object with vector control, which
reproduces its dynamics accurately enough for practice.

Method. The following methods were used to solve the problems posed: the state space method for describing the operation of
control systems; filtering theory, in particular, observers for estimation state vectors, uncertainties, and parameter identification;
modal control methods for the synthesis of observers and regulators; numerical simulation method to illustrate the performance of
synthesized control systems; vector control of a nonlinear object.

Results. For the investigated robust vector control system of the object with a substantial non-linearity of properties and
characteristics, simple linear equivalent mathematical models were compiled, rather accurately reproducing the operation of the
original system in all modes of operation. Simplification of mathematical models is achieved by considering the dynamics of the
entire system in a synchronous basis, robust methods for controlling parameters, and by neglecting really small errors in the work of
regulators and observers. The synthesized models, as well as the original nonlinear system, have the property of robustness due to the
use of combined control.

Conclusions. The simplicity and linearity of the equivalent system allows us to synthesize the control laws of the original
nonlinear system by well-developed linear methods with significantly less time spent on modeling. Numerical simulation of the
dynamics of the original nonlinear and equivalent linear systems showed a good agreement between transient and stationary

processes.

KEYWORDS: model, linearity, control, observer, robustness.

ABBREVIATIONS
IM is an Induction Motor;
VCis a Vector Control;
HACS is High-tech Automated Control System;
EMD is an Electric Motor Device;
CD is a Converting Device;
ACS is an Automatic Control System;
EM is an Executive Device;
CO is a control object;
TS is a Technological System;
PSS is a Power Supply System;
S is a Source;
ES is an Elastic System;
FC is a Frequency Converter;
PWM is a Pulse-Width Modulation;
CTC is a Combined Torque Controller;
CCC is a Combined Current Controller.

NOMENCLATURE
i, 18 a vector of parameters of currents reduced to

basis (a,f) ;
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ugp 1s a vector of parameters of volteges reduced to

basis (a.,f) ;
ip
«™» is a symbol for evaluating the corresponding
variables,

o, is a parameter of the vector velocity flux linkage
in the bases (a,f) ;

9 is a rotation angle of the working body of the
control object;

® is a speed parameter;

o is a program speed parameter;

is a program value of the current parameter;

m, is a desired parameter of the electromagnetic

moment of the control object;
m is a parameter of the electromagnetic moment of
the control object;
m is a program parameter of the electromagnetic
P
moment of the control object;
z?dqp is a vector of the program current parameters

written in synchronous basis (d,q);
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Uy, is a vectors of the program voltage parameters

written in the synchronous basis (d,q);

u, is a programmatic signal corresponding to the

desired input parameters voltage of the control object;

u is a voltage parameter of the control object;

myis a load moment parameter of the control object;

myis a parameter of the friction point of the control
object;

I is a parameter of the rotor inertia moment of the
control object;

v, is a parameter of the vector flux module of the

control object;

n is a constructive parameter of the number pairs poles
of the management object;

L, is a stator inductance parameters of the control object;

L, isarotor inductance parameters of the control object;

r

L is a parameters of the mutual inductance of the

m

stator and the rotor of the control object;
T is arotor time constant parameter of the control object;

R, is a parameter of stator resistance of the control object;

R is a parameter of rotor resistance of the control object;

R, is a parameter of the nominal value stator

resistance of the control object;
R, is a parameter of the nominal value rotor

resistance of the control object;

9 is a parameter of the rotor movement of the control
object;

8p is a program parameter of the rotor movement of

the control object;

1y is a deterministic part of the current parameter of the
control object;

my is a deterministic part of the electric moment
parameter of the control object;

L, is a deterministic part of the mutual inductance
parameter of the control object;

L,y is a deterministic part of the rotor inductance
parameter of the control object;

Js is an unknown error of the moment inertia value of
the control object;

mg is an unknown error of the electric moment value
of the control object;

L,s is an unknown error of the mutual inductance
value of the control object;

L,s is an unknown error of the rotor inductance value
of the control object;

o is a scattering coefficient;

P is a differentiation operator (subscript p indicates
program value);

k, is a transmission coefficient of FC wich taking into

account changes in voltage parameters;

R, is a value error of the parameter stator resistance of
the control object;

k15 1s a transfer coefficient error;
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L is a value error of the stator inductance parameter
of the control object;
q is a vector of constant coefficients;

y is an estimation of the rotor flux vector of the
control object;

" is an estimation of the program rotor flux vector of

the control object;
€, is a projection EMF of the control object;

e, is a nominal value of the stator EMF vector of the

control object;
e s is an error estimation of the stator emf vector of the

control object;

! is a vector of constant transmission coefficients of
the observer, defining its characteristics;

g 1s a sliding of the control object;

o is a temperature coefficient of the control object.

INTRODUCTION

The problem of control uncertain objects is one of the
most common tasks of the control theory . A special place
in the class of controlled systems is occupied by objects,
the dynamic processes in which are described by
nonlinear differential equations. Due to the large variety
of nonlinear functions, included in the mathematical
models of such objects, individual approaches are used in
the design of control systems.

For the most part, approaches and methods based on
the direct Lyapunov method [1], the differential-
geometric theory of differential equations [2—4] and the
theory of constructing equivalent mathematical models
are used to solve this problem, which makes it possible to
transform the output nonlinear equations into simpler and
sometimes even in linear [5]. This makes it possible to
simplify the processes of analysis and synthesis of control
systems, as well as to apply previously developed design
methods. It is advisable to develop such models on the
most complex non-linear objects of control, for example,
IM [6, 7]. IM is the most common type of electric motors.
Its application is most widely used in the control systems
of elevators, industrial machines, machine tools, cranes,
escalators, locomotives, etc. IM differs from other types
of engines with ease of maintenance, low cost, high
reliability, the ability to work in aggressive environments
[6, 7]. IM, due to their complex dynamics, was originally
intended for unregulated control. The development of
electric power transformer and computer technology has
created the prerequisites for the development of IM
control systems, which potentially will not be yield to DC
motors in terms of quality control. The behavior of IM is
by nature very nonlinear [8], therefore, in order to ensure
a high ratio of productivity and cost, it is necessary to
develop advanced control methods [9]. New principles of
control of IM, as an executive body, consider
electromagnetic processes not in the traditional coordinate
system, but in that which is associated with any physical
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vector. Therefore, the principle of control is called “vector
control” [10]. This control method allows using IM to
obtain the same quality indices as DC motors.

Achieved accuracy and dynamic characteristics of
modern IM are provided due to complex nonlinear control
algorithms, which complicates the control of complex
objects. Under complex objects, for example, are
understood mechanical systems consisting of solids with
unknown mass-inertial characteristics, interconnected by
elastic bonds, prone to external unknown effects [11]. Such
systems may include antenna control systems for radars,
metalworking machines, sighting systems for small arms,
mounted on moving objects, etc.

The development of complex object control systems is
complicated by the interaction of two complex dynamic
processes occurring in an object with VC and in a
technological object. This complexity, first of all, is due
to numerous nonlinearities in the mathematical model of
the control object on the basis of VC. Therefore, the issue
of developing simplified models of nonlinear objects, in
particular IM, is an actual issue.

The object of study is the process of vector control of
an object with complex nonlinear interconnections of
parameters and characteristics.

The subject of study is a model of a non-linear object
with vector control.

The purpose of the work is to develop a linear
dynamic model of a non-linear object with vector control,
which reproduces its dynamics with an accuracy
sufficient for practice.

1 PROBLEM STATEMENT

Generalized HACS is a complex set of structural non-
linear elements: EMD, CD, ACS, ED, CO. HACS is
intended to bring the working body of TS into motion and
control this movement according to the prescribed law.
Improving the quality and production of technological
equipment is associated with the prevailing development
and improvement of HACS and its controlnsystem [12].
At the same time, the properties of HACS (Fig. 1) are
determined by the interrelated characteristics of the
elements that form its subsystems (mechanical, electrical
and magnetic) [13].

PSS includes the following derivative elements: power
source, regulating and matching devices, rechargeable
batteries or other alternative sources. The choice of S is
carried out depending on the purpose of HACS in general,
solved tasks in the technological process of automated
production, the feasibility study of the choice of the S
type at the stage of the technical proposal during designig
of HACS.

CD serves for converting electric current and voltage:
alternating current into a constant, direct current into
alternating; alternating current of one frequency in
alternating current of another frequency; low constant
voltage to high constant voltage.
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Figure 1 — Generalized functional scheme of HACS
construction

EMD serves to convert electrical energy into
mechanical to influence the CO. In other words, the EMD
must develop a driving force: a driving moment or a
mechanical effort transmitted to the S, that is, to perform
the functions of the ED for the movement of the working
body in accordance with the prescribed law of control.

Under OC it is necessary to understand the unit of
technological equipment, as a result of which the shape of
the initial workpiece changes, its position or physical
properties. In the automated production, complex
technological complexes are used to provide processing
of the workpiece, dimensional control, transportation and
storage of the product. This can involve various machines,
automatic tool changers and products, automatic drives
and specialized manipulation systems (including
industrial robots). Each OC, in its turn, is a constructive
module that provides the possibility of a necessary
coordinate movement (for example, a cutting tool) with
respect to the product being manufactured in ES of OC.
Under ES of OC means a set of all nodes and mechanisms
that make up the casing of the fixed part (carrier system)
and EM drives. Executive mechanisms directly provide
relative movements of working bodies, and their dynamic
properties significantly affect the output characteristics of
the HACS.

The generalized structure of HACS (Fig. 1) is the
basis for developing a linear dynamic model of an object
with vector control. In this case, it is necessary to take
into account the limitations imposed by EM and OC
parameters on the operation of HACS and energy and
technology parameters of OC.

2 REVIEW OF THE LITERATURE

In [14, 15], the general theoretical solution of VC
algorithm synthesis by the moment and the flux parameter
of IM is presented with an indirect orientation along the
vector of the stator flux parameter of the stator, which
guarantees global asymptotic testing of the moment
parameter and the flux parameter of the stator IM. The
control obtained on the basis of the principle of passivity
is open with respect to the coordinates of the magnetic
subsystem of the object determines its high sensitivity to
parametric perturbations.
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In [16,17], a criterion was proposed for maximizing
the ratio of control parameters of current and moment of
IM based on a mathematical model of the control object,
which takes into account the nonlinearity properties of
IM. Using of this criterion in vector control algorithms
made it possible to ensure asymptotic testing of specified
trajectories of current parameter changes with
maximization of the ratio of current and moment
parameters, regardless of the location of the operating
point of the function, which reflects the nonlinearity of
IM parameters.

The well-known algorithm of indirect vector control
with orientation on the rotor flux linkage vector [18—19]
is based on the standard mathematical model of IM. This
algorithm provides an asymptotic orientation along the
vector of the rotor flux linkage parameter, and also
guarantees the asymptotic refinement of a given trajectory
of the torque parameter of the control object. For the
operation of the algorithm, the necessary condition is to
measure the output variables of IM, namely the
parameters of the stator currents and the angular velocity
of the rotor.

The well-known algorithm vector control of IM
moment based on the concept of dynamic linearization of
feedback on the measured output in the conditions of
direct (based on observers) field orientation [20-24]. This
algorithm provides asymptotic testing of specified
trajectories of IM moment parameter while maximizing
the relationship between the torque parameters and IM
current, improves efficiency and reduces losses in the
control object.

There is an algorithm for frequency control of the
torque parameter of the control object of IM [25-27]. The
control quality indicators of this algorithm are somewhat
worse than in the previous two [25-27]. A sufficient
number of ways to implement vector control algorithms
are very complex and in most cases tend to mismatch the
vector of the resulting parameters of the control object.
Therefore, there is a need to simplify complex non-linear
vector control systems and apply linear dynamic models
of a non-linear object with vector control for them.
Currently, for a complex vector control system, there are
no sufficiently accurate equivalent simple models.
Development of reliable simple dynamic models will
allow to design a vector control system with maximum
use of linear methods of synthesis and analysis.

3 MATERIALS AND METHODS

The basis is a generalized functional scheme of vector
control, which is shown in Fig. 2.

Simplification of the scheme occurs due to the
following blocks:
«Optimizer» is a shaper of optimal program parameters,
minimizes the resulting parameter of the economy of the
control object. The regulator is also built on the combined
principle and consists of an observer of uncertainty and
the laws of the formation of the transient characteristics of
the parameters of the control object.
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Figure 2 — Functional scheme of the object with vector
control

Electromechanics

“Observers, identifiers” is the most complex and
computationally voluminous block of the control system.
In this block variables are calculated, which largely
determine the properties and quality indicators of the
control system.

The equations of motion of the rotor and the formation
of the parameter of the electromagnetic moment m [11]
are considered.

1§=m+ml+mf, @)
Lm

m=n—~y i,, 2

Lr \qu ()

Tva +Va = Lyig- A3)

In equation (1), m, m;, m; and /9 are non-linear (in
the case when [/ is an unknown and variable reduced
parameter of the inertia moment).

From the expression (2) it can be seen that the same
parameter of the electromagnetic moment can be created
with a multitude of combinations vy, and j, that can

cause the appearance of different values of the energy
efficiency parameter. Among these combinations is the
combination with the minimum value that should be used.
In the well-known VC of IM schemes, automatic
minimization of the energy efficiency parameter is not
carried out, but constant adjustment is made to the most
probable load parameter.

As can be seen from expressions (2) and (3), the
accuracy of the calculation m depends on the accuracy of
knowledge of L,, L, and 7,. Since the inaccurately
calculated value m is fed to the input of the torque
parameter controller, the program parameter of the current
i, and, consequently, the parameter of the
electromagnetic moment are formed with an error.

Note. Pl-controller, that used in known systems, is able
to compensate for only the constant components of the
disturbances my, m; included in equations (1). PI-controller
is completely unable to compensate for errors in control,
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which arise due to inaccuracies in the knowledge of the
inertia moment parameter, and variable disturbances.
Moreover, in case of positional control with PI-controller,
the deviation of the inertia moment parameter from its
calculated value can lead to instability of motion.

It should be noted that, in the general case, all the
parameters and effects on the rotor control object which
entering into equations (1)—(3) are unknown. Below it is
shown how, under the conditions of the specified
uncertainty, it is possible to ensure high accuracy, preset
indicators of the quality of transient processes and a
minimum of the energy efficiency parameter.

According to [11], to compensate for the influence of
uncertainties, it is assumed that m;, my; T, are unknown,
and the parameters of the system are not precisely known,
and

I :IO +15,m:m0 +mg,

)
Ly =Lyo+Lyss Ly = Lo+ Lys.

md >

For L, Ly, the values of the inductance parameter on
the linear part of the nonlinear function are taken as
nominal values. According to (2), (3) can be written

m=nLy, L' (Lyig =T g ) iy )

A serious problem standing in the way of system
optimization in dynamic modes is the large unknown time
constant 7, in (3) and (5). For the purpose of compensation, as
well as compensation for the influence of uncertainties, the
nominal electromagnetic moment is taken as a parameter

mo = nLy,oLyg igi,. (6)

In this case, taking into account (4)—(6), equation (1)
can be given the form

Iogsz-f'fm, (7)

where the uncertainty is
o =mg+my+my =158+ fi (Lyss Liss T asiasiy ) (8)

Equation (7) is an equation of a fully deterministic
object with nominal parameters, subject to the total
uncertainty f,.. The task of ensuring the robustness and
accuracy of the equation is to estimate the uncertainty of
fw and its compensation at the expense of a special addend
in the control law. Uncertainty estimated by observer

t=—k(z+mg+klyS), f,, =z+klS. )

To compensate for the effect of uncertainty, a
combined control law is specified in

my = mog — fon- (10)
Substitution (10) in (7) gives
IoS=moo+ frs = fou- (11)
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With a sufficiently accurate estimate f of the

uncertainty f, instead of equation (11), we can assume

159 = myy . (12)
The law of positional control is given in the form
myy =—kg(9=8,) =k (9-8,)+ 1,8 . (13)

When controlling only speed, the following control
law is adopted:

Mmoo = —ko(0—0 )~k [(@—0),)dt+ 1o, ,  (14)

where ®=9 and o, :9p.

The integral part in the regulator (14) is intended only
for the formation of a given type of transient
characteristic. Astatism of the system is provided by the

compensating part f,n in the control law (10)

When working with the limiting parameter of the
stator current of the control object, a simplified control
law is recommended to avoid overshooting.

mo :—ko((k)—(l)p)'i‘lo(bp. (14')

By determining the coefficients k,, k;, you can set the
necessary indicators of the transients quality.

From (6)—(8), (10), (12) it follows that the
electromagnetic moment parameter is robust to all
parameters included in (8), as well as to a change in the
parameter of the rotor flux module. With an accurate
assessment of variables and accurate formation of stator
currents in accordance with their program values
(ig =igy, 1, =1i,,) and in case of failure to achieve

current and voltage parameters and their limitations, the
system will behave as linear with given transient quality
indicators regardless of disturbances and spread of
electric drive parameters.

By minimizing the energy efficiency parameter, the
following expressions were found for the optimal
(program) parameter values of the components of the
stator current vector [9, 10]:

2
b= 4/Rs +R.LZ,. || mol
P B
R nL
s | 'm0 (15)
» RS mo : ]
a0 =Y a2 L S0
s + r~mr 'm0

The parameters R i R,, which are in (15), due to the
temperature change can vary in wide limits. At the time
when the time comes for changes in temperature and
static resistance, proportions must be taken into account.
Therefore, instead of the expression (15) you can imagine
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(16)

[0

Ry +R L2, \ Lo

sign my,.

The optimality of the program values of the stator
currents parameters is preserved with all the variations of
other parameters. At the same time, the ratio between
program currents is remarkable in simplicity:

Iy f R .
2L — i+ 12, = signmy,
lyp RsO

from which it follows ‘

(a7

L1
zdpqu‘ =const . The value of the

program parameter of the magnetizing current iy , is
determined by the first expression in (24). Then the

program parameter of the torque current iy, from the
relation (6) is determined by the expression

moLyg

(18)

i =
qp 2 .
anO ldp

Expressions (16), (18) are generally non-linear. For
linearization, one has to optimize the energy efficiency
parameter for one most typical case m, (this is done in all

known vector control systems). In this case i, , will be
constant, and i, , according to (18) it will have only one

variable m, , on which it will depend linearly.

Fig. 3 shows a block diagram of an electromagnetic
torque parameter controller and a shaper for program
parameters of stator currents using a combined torque
parameter controller.

idp = const

g,

Figure 3 — The block diagram of the parameter regulator of
the electromagnetic moment and the program parameters shaper
of the stator currents:

1 —block forming the type of transient response mg (14), 2 —

block forming the uncertainty observer fAm (9), 3 —block limiting

the value of the parameter of the electromagnetic moment m, 4-
block extracting the square root, 5 — block forming the optimal
program parameter of the magnetizing current (16 ), 6 — block

forming of the numerator of expression (25), 7 — block forming of
the program parameter of the torque current (18), 8 — block of
switching according to the optimal parameter of magnetization to a
predetermined program parameter of magnetization
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The upper key position is intended for operation in
modes with fast and frequent changes in the rotor speed
(with the key in the upper position, the program current is
set constant). Blocks 1-2 serve to provide robustness, and
blocks 3—7 are designed to minimize the energy efficiency
parameter. Blok 8 switches the modes described above.
Since the block 7 is non-linear when i, , is changed, to

eliminate non-linearity, we will consider the case when
ig , = const.

One of the main components of the described system
and all known systems VC of IM is the chain of formation
of program voltage parameters. The study of VC IM
showed that in the dynamics of the system can distinguish
slow and fast processes. Slow processes take place in
control loops for speed, flow coupling, parameter
identification, and engine speed estimation. Loops of
control current parameters have fast dynamics . This gives
grounds to investigate the contours of the currents,
regardless of slow processes. A lot of works have been
devoted to the design of current circuit regulators in IM.
Currently, Pl-regulators installed in parts of both contours
of the current parameter vector (torque current and
magnetization current) described by the equations in the
synchronous basis related to the rotor flux coupling
parameter are most widely used as current parameter
regulators.

In closed current circuits with Pl-controllers, it is
necessary to find a compromise between speed response,
accuracy on the one hand, and overshoot on the other,
with the result that the speed of current circuits is limited.
Uncertainties of the control object significantly degrade
the dynamic characteristics of current circuits with PI
controllers. In addition, non-linear cross-links exist
between the current circuits. In systems with PI-
regulators, to eliminate the effect of cross-links, it is
necessary to introduce compensating non-linear cross-
links that impede the control algorithm. In [10], a new
principle of current loop control was proposed and
investigated, which is used by CCC, which provide
independent optimization of speed and accuracy on the
one hand, and overshoot on the other hand, in conditions
of uncertainty parameters of control objects in the
presence of uncertain crosslinks.

The control objects in a synchronous basis with a
sufficient degree of accuracy for this task can be
described by an amplifying link with an unknown gain
koeficient k;. The effect of unknown causes of changes in
voltage parameters, the voltage drop across the transistors
of FC, the delay in their opening and closing, as well as
the effect of “dead” time can be taken into account by the
deviation of k; from its nominal value. As shown in [10],
analog filters with compensators will well eliminate noise
caused by PWM and do not distort the phases and
amplitudes of the main harmonics. This means that when
considering processes in a synchronous basis, the
influence of filters will manifest itself only in the form of
noise suppression. The operation of the control object in
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the synchronous basis is described by the following
nonlinear system of equations [11]:

T.pVa ==Vq +Lyig, (19)
GLSpidq = _Rsidq —(DoGLSJl.dq ~€dq +u, (20)
e=wylL,, Jy+L,,pv, (21)
u=kig, p, (22)
2
L L ' L
T,:—V’GZI_ n , L :i,T :G_S’

Since T, >>T,, then in (20), (21) we can assume
y =const . Each matrix equation (19)—(22) corresponds

to two scalar equations. Due to the skew-symmetric
matrix J between these equations, there are cross-links
that degrade the dynamics and complicate the synthesis of
the control system. The resistances R; and R,, and,

consequently, TS and 7. as a result of a change in the

temperature parameter of the control object can
significantly change and assume unknown values,
significantly influencing the dynamics of the contours.
The components in equations (20), (21), proportional to J,
make these equations nonlinear. System (19)—(22) does
not take into account the influence of nonlinear blocks 2
and 8 for two reasons: 1) these blocks are described by
algebraic equations, which do not give a delay for
sufficiently small counting cycles, 2) possible
inaccuracies of calculations in these blocks will be part of
uncertainties and compensated with them.

4 EXPERIMENTS
In [11], a robust per-channel decomposed control
system was synthesized, which has a large response rate
compared to the system with PI-controllers in the absence
of overshoot.
Let be Ry, ki, Lo — nominal values of the
corresponding parameters, and

Ry —Ryo = Ry, ki —kig = k5, Ly —Lgo = Lgs. (24)
Following the works [8, 11], system (19)-(23) is

represented as a nominal model, on which the uncertainty
vector f; acts, namely,

. 1.
pz:—T—,l+k0(up+f,), (25)
s0
ko = k(o Lyg) ™, (26)
fl = kfol (klsup —e—0po LSJZ.* Rssl.* plLSB) (27)

All coefficients and variables in (25), (26) with the
exception of pi and f; are considered known.
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The task is to clean the signal i from the ripples
remaining after filtering due to PWM, estimate f; and
compensate it in the controller. The scalar equations
corresponding to the vector equation (25) are
interconnected through f. When compensating, the
equations will be solved and the uncertainties will not
affect the dynamics of the contours. An independent
control is built for each current loop. Therefore, in the
following, we will consider scalar equations for the
parameters of the magnetization current and the moment
current, which coincide in form with (25), namely,

pi=~(To) i+ ko(u, + f;) (28)
with measurement
V=i (29)
The observer for evaluating i and f; is
pi=—(Tj) i +ko(u, + )+ 1 (T =), (30)
pli =5 =), 3D

System (30), (31) is linear with constant coefficients,
the speed of which can be set by any.

The combined current loop controller will be
presented in the form

u, = ko' pi, +(koTi) i, (a1 +q2p” ) —i,) - fr. (32)

Note. The integral part in the regulator (32) is intended
only for the formation of the desired type of transient
response. The astatism of the system is provided by the
compensating part f..

Substituting (32) into (28) with regard to the relations

P=i+i, fi=fi+ [, (33)

gives the dynamics equations of the controlled current
loop

pli=i,)==(T) (i=i,) ~ ko[ (@ + a2p " Wi=i, + D) ]; |. 34)

With the right choice of observer parameters, the
variables 7, f, tend to zero over time. In this case, the
equation of dynamics and current regulators take the form

Pli=ip) == (To) " +ko(@r +42p™) [(i i) (39)

u, :ko_lpipﬂ-(kOT;'o)_lip —(q1+q2p_])(i—ip). (36)

Under the simplified control law and the exact work
of the observer, analogous equations will have the form

s ko i 6D

u, =(koTi0) iy —aqni=ip). (38)
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In the full system, taking into account the dynamics of
the observer and the controller, equations (35), (37) are
used to select controller parameters. In the developed
linear system, these equations will describe the operation
of the current loop. The transfer function of the complete
system (35) is equal to one, the simplified system is

. ! _1

i T, +k
Wp)=—= (SO)' - o

p p+|:(TS‘0) +k0‘I1}

(39)

Attention should be paid to the fact that the operation
of the current circuits does not depend on the
imperfections included in the uncertainty vector (27),
namely:

1) a sharp change in the voltage parameters of the
supply network;

2) all errors of the frequency converter (resistances of
keys, delays in their opening and closing, dead time);

3) cross-connections between the parameters of the
torque and magnetizing current contours;

4) changes in parameters (including temperature)
resistances of the circuits

5) changes in the parameters of the circuits
inductances, due to the non-linearity of the control object.

As shown by the numerical simulation of a complete
non-linear model of current loop control systems as part
of VC, taking into account the worst combination of
uncertainties [8], models (35) and (37) reproduce the
control process in both loops with high accuracy, ensuring
the time of the transition process current parameters iz,
igp, which does not exceed 0.001-0.003 s. (Transition time
can be set and guaranteed in advance).

From the expression (6) follows: the nominal
parameter of the electromagnetic moment myg is
proportional to the product iz, To eliminate this non-
linearity, it is customary to fix the values of the
magnetizing current parameter by setting i , = const, as a
result of which the torque program parameter of the
current is determined by expression (18). Based on the
above, iy = iy, = const will be relied upon. In a simplified
system, which provides for the ideal work of observers of
uncertainties and their compensation, equation (35), (37)
describe the operation of a closed loop of current.

With positional control, the displacement, by which
the velocity can be calculated, is measured or calculated
on a mandatory basis. In this case, the same method can
be used to estimate the speed, both in the original
nonlinear and in the equivalent linear system. The
problem occurs when controlling speed in the absence of
information about speed and movement. In the
monograph [11], several methods for estimating velocities
are considered.

Unfortunately, among the known methods, no
methods were found that could be used in the developed
equivalent linear system. Therefore, in a linear system,
the velocity will be considered known. In this regard,
there is no need to estimate the parameters of the stator
and rotor resistances. Therefore, the following are
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methods for estimating velocities and resistances used in
the original nonlinear system.

In a complete (non-linear) system, the synchronous
speed parameter is estimated from the dependence [11]

_ \’I\la eB _\ilﬁ €q

By (40)
Vo +0p

o

The estimation of the flux linkage parameter is
performed with the help of an observer recorded in a
vector form in a winding basis [11]

pi=eo+e5+h(i-y"), (41)

pés =L (-v"). (42)

The rotor speed parameter is determined by the expression

®n —0

w=— 3L (43)
n

i, Ri,

Tig, Lyig,

Wy (44)

The stator resistance parameter is estimated using an
observer with a transfer coefficient / [8]

z =1, {

2

Y 1 Y T T m,
ldqp‘ (Zsﬁ-l:*GLs ldqp‘ j—ldqpudq+RA_0 lck”)‘ +0)07} 9(45)

. 1 P2
Rys =2+l 5oL, iagp | (46)

Ry =Ry + Ry - 47)
To estimate the rotor resistance parameter, we will use
its connection with the stator resistance parameter, due to
the interrelation of the rotor and stator temperature
parameters, as indicated in [8].
R, =Ry (RsRs_Ol ) (49)
In the proposed VC system, the present parameter of
rotor resistance is included only in expression (45).
Estimation of the temperature of the stator 7, and the
rotor 7}, can be done by dependencies
7Awts =Ty +(1%ng()1 _l)ail’ 72” = fts . (50)
Fig. 4 shows a block diagram of a linearized system of
VC IM , which consists of the circuit of the torque current
and the dynamics of the mechanical part of the system.
Block 3 (Fig. 4) takes into account the limitations of
the current parameter in the original system. The element
in the feedback takes into account the possible time lag
that occurs when estimating the speed in the original
nonlinear system. The transfer function of the inertial link
in a straight chain is equal to the function in (39). As can
be seen in the figure 4, the block diagram of the linearized
system VC IM is simpler than the block diagram of a DC
motor of independent excitation (there is no EMF circuit).
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Figure 4 — Block diagram of the linearized system VC AD:

1 — block forming the type of transition characteristics mqo (14), 2 — block forming of uncertainty observer jm (9), 3 — limiting

block of electromagnetic moment parameter value m,

The linearization of the original nonlinear indefinite
system was carried out by applying robust control
methods that compensate for uncertainties. Therefore, all
the parameters of the scheme, except for the given
moment of rotor inertia and the load, are reliably known
and are set in advance.

A simulation of a complete non-linear system of
equations was carried out, which corresponds to Fig. 2,
and the linear system of equations, corresponds to Fig. 4
using the graphic extension package MATLAB for
system SimuLink. At achievement of steady speeds the
load was put and removed. At positive speeds, IM worked
in the motor mode, and at negative speeds — in the
generator mode.

5 RESULTS

In Fig. 5-11, the processes obtained by simulating a
complete non-linear system of equations (index n) and a
linear system of equations (index /) are compared. As
seen in Fig. 5 and Fig. 6, in all modes of operation:
acceleration, stabilization of speed under load in the
motor and generator modes and without load, reverse and
stabilization of zero speed, the vector control system
provides good tracking of a given trajectory. Fig. 7 shows
the change in the parameters of the magnetizing and
moment currents during the operation cyclogram
corresponding to Fig. 5. Fig. 8 illustrates the zero-speed
stabilization process with no load and under load from
0.25 s. to 3 seconds. At the time point of 1.25 s, the
voltage dropped by 30%, and by 2 s. tension recovered. In
Fig. 9 shows a fragment of the process shown in Fig. §.

As follows from Fig. 5-9, overload, load shedding,
failure and recovery of voltage only briefly violate the
stabilization of a given speed. The system is astatic with
respect to the specified actions. All of the above applies to
the original nonlinear system. The linear model, operating
independently, reproduces with high accuracy the change
in both currents and speeds at all points in time, except for
moments of voltage sudden change.

The above confirms the ability to develop algorithms
for vector management of IM with a nonlinear model,
working with a linear model. Herewith you can use well-
designed simple linear methods. Modeling processes
using a linear model requires an order of magnitude less
time than modeling a complete model. To predict the
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behavior of the nonlinear system when the reduced
moment of rotor inertia changes in Fig. 10 and 11, 3
simultaneously simulated processes are shown: with
nominal moment of inertia (curves with index 1), 2 times
larger (curves with index 2) and 2 times smaller (curves
with index 3). The simulation results of the linear system
indicate the robustness of the nonlinear system with
respect to the change in the reduced moment of IM rotor
inertia.

@ | rads
15

{‘JF' @,

@ | rads
200 T T T

150+

o 1 2 3 4 5 6 7 8 975

Figure 6 — Engine speed at acceleration up to 150 rad/s

197



e-ISSN 1607-3274 PapioenexTpoHika, inpopmaTuka, ynpasminas. 2019. Ne
Ne

p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019.

2
2

120

5

Figure 7 — Magnetizing and torque currents
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Figure 8 — Zero speed stabilization
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Figure 9 — System reaction at the voltage drop at zero-velocity

stabilization

6 DISCUSSION
For the system of VC AD with a non-linear mathematical
model, a simple equivalent mathematical model is compiled
that describes the operation of the initial system in all
operating modes quite accurately. The equivalent system
preserves the robustness of the original system with respect
to the inaccuracy of knowing the parameters of the reduced
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Figure 11 — Magnetizing motor currents at different moments of
inertia

moment of rotor inertia, load, friction, resistance of the stator
and rotor, inaccuracy formation of the electromagnetic
moment, voltage spikes, all errors of the frequency converter
(resistances of keys, delays of their opening and closing,
dead time, nonlinearity of the equivalent characteristic),
cross-links between the torque and magnetizing circuits of
the current.

The simplicity and linearity of the equivalent system
allows us to synthesize the control laws of the original
nonlinear system by well-developed linear methods with
significantly less time spent on modeling. This is
especially important when developing control systems for
complex dynamic objects using induction motors.
Numerical simulation of the dynamics of the original
nonlinear and equivalent linear systems showed a good
agreement between transient and stationary processes.
Developed linear control methods with small
modifications can be applied to control using DC motors
and synchronous motors.
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CONCLUSIONS

1. The scientific novelty of obtained results:

— for the robust system under study of vector control
of an object with a substantial non-linearity of properties
and characteristics, simple equivalent models were
compiled that fairly accurately reproduce the operation of
the original system in all modes of operation.
Simplification of models is achieved by considering the
dynamics of the entire system in a synchronous basis,
robust methods of controlling the parameters of currents
and by neglecting really small errors in the work of
regulators and observers of current circuit;

— synthesized models, as well as the original nonlinear
system, have the property of robustness due to the use of
combined control, as the whole drive, and current circuits.
Due to this, equivalent systems, as well as the original,
retain the robustness property in relation to

— inaccuracies of parameters knowledge of the given
moment of rotor inertia, load, friction;

— inaccuracies in the formation of the electromagnetic
moment;

— to all errors of the frequency converter (resistances
of keys, lateness of their opening and closing, dead time);

— cross-connections between the torque and
magnetizing circuits of currents;

— changes (including temperature) resistance contours;

— changes in the inductance of the circuits, due to the
magnetization curve;

— power surges.

2. The practical significance of obtained results.

The simplicity and linearity of the equivalent system
allows us to synthesize the control laws of the original
nonlinear system by well-developed linear methods with
significantly less time spent on modeling. The obtained
results confirm that the linearized vector-controlled object
model can be used to control of IM.
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Kouyp M. I. — xaHxa. TexH. HayK, JOLUEHT KadeOpH eIEKTPUYHUX EIEKTPOHHUX amapaTiB 3amopi3pbKOro HalioOHAJIBHOTO
TEXHIYHOTO YHIBEPCHUTETY, 3aopixoKs, YKpaiHa.

SApumoam C. T. — KaHI. TeXH. HayK, JIOLEHT KadeApu EICKTPUYHHUX MAIIMH 3aropi3bKoro HaliOHAJIBHOIO TEXHIYHOTO
YHIBEpCHTETY, 3aopixoKs, YKpaiHa.

AHOTAIIIA

AKTyanbHicTh. JIoCcTaTHS KITBKICTh CIIOCOOIB peaizaliii alroOpuT™MiB BEKTOPHOTO KEPYBAHHSI € J{y)Ke CKIIaJHUMHU Ta y OLIBIIOCTI
BUIMAJKIB MAalOTh CXHJBHICTh J0 HE30DKHOCTI BEKTOPY pe3yJbTYyIOUHMX MapameTpiB 00’ekTy kepyBaHHsi. Tomy icHye motpeba y
CIIPOILCHHI CKIaJHUX HENiHIHHUX CHCTEMH BEKTOPHOTO KEPyBaHHS Ta 3aCTOCYBAaHHs Ul HHUX JIHIHHUX JHHAMiYHHUX MOJEINei
HENIHIHOTO 00’€KTa 3 BEKTOPHUM KepyBaHHAM. B maHuit yac i cki1agHO1 CHCTEMU BEKTOPHOTO KEpPYBaHHS BiICyTHI JOCHThH TOYHI
eKBiBaJIeHTHI TpocTi Mopeni. Po3poOka HaAifHMX MPOCTUX AWHAMIYHAX MOJENEH JO3BOJHUTH NMPOCKTYBATH BEKTOPHY CHCTEMY
KEpyBaHHS 3 MAKCHMaJIbHUM BHKOPHUCTAHHSM JiHIHHUX METO/IB CHHTE3Y Ta aHaIi3y.

Merta craTTi — po3poOKa JiHIHHOI AMHAMIYHOI MOAeIi HEeNHIHHOTO 00°€KTa 3 BEKTOPHUM KEpyBaHHSIM, SIKa 3 JJOCTATHBOIO IS
MPAKTUKU TOYHICTIO BIITBOPIOE HOTO TUHIMIKY .

MeToan mociizkenHsi. [yl BUPIICHHS [TOCTABICHNX 3aBJaHb BUKOPHCTAHO TaKi METOIM: METOJX IPOCTOPY CTaHIB AJISI OMHCY
pobOTH cHCTEM KepyBaHHs, Teopis (UIbTpallil, 30Kpema, CIOoCTepirayiB, Uil OIHKK BEKTOPIB CTaHy, HEBM3HAYCHOCTCH Ta
izeHTUdiKanii mapaMeTpiB; METOAM MOJAIBHOTO KEepPyBaHHS [UIsi CHUHTE3y CIIOCTEPIradiB i peryjisTopiB; METOA YHCEIbHOTO
MOJICITIOBAHHS JJISI LTFOCTpPALii Ipane3aTHOCTI CHHTE30BAHUX CHCTEM KEPYBaHHS; BEKTOPHE KEPYBaHHS HETIHIHHAM O0EKTOM.

Pesyabratn. /s pmocmimkyBaHOi poOacTHOi CHCTEMH BEKTOPHOTO KepyBaHHA O00’€KTOM 3 CYTTEBOIO HENiHIHHICTIO
BIIACTUBOCTEH Ta XapaKTEPHCTHK CKJIAJIEHI MPOCTI JiHIIHI eKBIBaJeHTHI MaTeMaTH4YHI MOJEINI, IO JOCUTh TOYHO BiJTBOPIOIOTH
POOOTY BHXIZHOT CHCTEMH Y BCiX pekuMax po6oTu. CHPOLICHHS MAaTEMATHYHUX MOJEJICH H0CATaeThCS MUIIXOM PO3IIISLY AUHAMIKH
BCi€l CHCTEMH B CHHXPOHHOMY 0a3mci, poOacTHHX METOJIB KepyBaHHs HapaMeTpaMH, Ta 3a PaxXyHOK HEXTYBaHHs IiHCHO MaJIMMU
noxuOkamu pobOTH peryisTopiB i crmocrtepiradiB. CHHTE30BaHI MoJeNi, Tak caMo, SK i BHXiJHa HeNiHifiHA cuUCTeMa, MaloTh
BJIACTUBICTh POOACTHOCTI 33 paXyHOK 3aCTOCYBaHHs KOMOIHOBaHOTO KepyBaHHSI.

BucnoBku. [IpoctoTa Ta NiHIHHICTh CKBIBAJICHTHOI CHCTEMH J03BOJISIOTh CHHTE3YBATH 3aKOHHM KEPYBaHHs BHXIIHOI HETIHIHHOI
cucteMn a00pe po3pOOJCHUMH JIIHIHHAUMH METOJaMd 3 ICTOTHO MEHIIMMH BHTpaTaMd dYacy Ha MOJENOBaHHA. YucenbHe
MOJICITIOBAaHHS JMHAMIKH BUX1THOT HETHIHHOI Ta €KBiBaJEHTHOI JIIHIIHOI CHCTEM MoKa3ajio JOOpHii 30ir mepexiHuX 1 CTaliOHAPHUX
TIIPOLECIB.

KJIFOYOBI CJIOBA: mozenb, NiHIHHICTD, KEPYBaHHSI, CIIOCTEPirad, pOOaCTHICTb.
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TEXHUYECKOT0 YHHBEPCHUTETA, 3al0pOXKbe, YKpanHa.

Komyp M. H. — kanzx. TexH. HayK, IOLUECHT Kadeaphl MEKTPHUECKUX U 3JIEKTPOHHBIX allapaToB 3al0pOXKCKOr0 HAIOHAIEHOTO
TEXHUYECKOTO YHUBEPCUTETA, 3allOpoKbe, Y KpanHa.

SApeimoam C. T. — kaHx. TeXH. HayK, JOLUEHT Kadeapsl EKTPUYECKUX MAIIUH 3all0pOKCKOT0 HAILIMOHAIBLHOTO TEXHHYECKOTO
YHHBEPCUTETa, 3aII0pOXKbe, YKpauHa.

AHHOTANUA

AKTyalbHOCTB. [Ipn DOCTaTOYHOM KOJIMYECTBE CIIOCOOOB peaa3aliyl alTOPHTMOB BEKTOPHOTO YNPABIEHHS, OHH SIBISTFOTCS
OYEHB CIIOKHBIMU, U B OOJBIINHCTBE CIy4acB UMEIOT CKIOHHOCTh K HECXOAUMOCTH BEKTOpa Pe3yIbTUPYIOIIUX ITapaMeTPOB 00BEKTa
ynpasienus. [losToMy cymiecTByeT HEOOXOAMMOCTh B YIPOINCHUH CIOXKHBIX HEJMHEHHBIX CHCTEM BEKTOPHOTO YIIPABICHUS U
IIpUMEHEHNe [UIS HUX JINHEHHBIX JTMHAMUYECKHX MOJeNied HelIMHeHHOro 00beKTa ¢ BEKTOPHBIM yIIpaBiieHHeM. B HacTosimee BpeMs
JUISL CJIOXKHOW CHCTEMBI BEKTOPHOI'O YHPABJICHUS OTCYTCTBYIOT JOCTATOYHO TOYHBIC SKBHBAJICHTHBIC INPOCTHIE MojenH. PazpaboTka
HAJIeKHBIX IPOCTBIX JAWHAMUYECKUX MOJENEH MO3BOJIUT MPOEKTUPOBATh BEKTOPHYIO CUCTEMY YIPAaBJIECHHS C MaKCHUMaJbHBIM
HCTIONb30BAHUEM JIMHEWHBIX METOJI0B CUHTE3a U aHAIN3a.

Lean craTtbu. Pa3zpaboTka JIuHEHHON NUHAMHYECKON MOJIENTH HEIMHEHHOro O0OBEKTa C BEKTOPHBIM YIPaBICHHUEM, KOTOpas C
JIOCTATOYHOM AJIsI IPAKTUKH TOYHOCTBIO BOCIIPOU3BOINT €r0 JUHUMHUKY .

MeTtoabl ucciaenoBaHus. JlI1 pemieHns IOCTaBICHHBIX 3aJad HCIOIB30BAHBI CIEAYIOMNE METOABI: METOJ IPOCTPAHCTBA
COCTOSIHUH JJIsI OIMCAHUS pabOThI CUCTEM YIPaBICHUS; TEOPHs (HIBTPAlUM, B YaCTHOCTH, HAaOMIOaTeeH, VISl OLEHKH BEKTOPOB
COCTOSIHUSI, HEOIPEISICHHOCTEH 1 MACHTU(HKAIINY TTapaMeTPOB; METO/IBI MOJAIBHOTO YIIPABICHUS Ul CHHTe3a HaOIonaresied u
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PETYIATOPOB; METO YHCIEHHOTO MOJIETHPOBAHMS Ul WINTIOCTPALMH pabOTOCIIOCOOHOCTH CHHTE3MPOBAHHBIX CHCTEM YIIPaBICHHUS;
BEKTOPHOE yNPaBJICHNE HETMHEHHBIM OOBEKTOM.
PesyabTatsl. /i uccienyemoii po6acTHOI CHCTEMBI BEKTOPHOTO YIIPABJICHUS OOBEKTOM C CYTTIOBOIO HEJIMHEHHOCTBIO CBOMCTB
U XapaKTePUCTUK COCTAaBICHBI MPOCTHIC JMHEHHBIC AIKBHBAJIICHTHbIE MAaTEeMAaTHYECKHE MOJENH, KOTOphIE JOCTATOYHO TOYHO
BOCHPOU3BOAAT PabOTy MCXOJHOW CHCTEMBbI BO BCEX PEKMMax paboThl. YIPOLICHHE MAaTEeMaTHYECKHX MOJENCH TOCTUraeTCs IyTeM
paccMOTpeHHs AWHAMHUKHA BCEH CHCTEMbl B CHHXPOHHOM 0Oa3mce, poOACTHBIX METOIOB YIPABICHHS MapaMeTpamMu, M 3a CUer
MpeHeOpeKEeHHsT JeUCTBUTEIHFHO MaJIbIMU MOTPELIHOCTAME PabOThI PEryJIaTOpoB U HabmonaTeneil. CHHTE3UPOBAHHBIE MOJIEIH, TaK
’Ke, KaK ¥ UCXO/Hasl HelMMHEeHHas CHcTeMa, IMEIOT CBOMCTBO poOacTHOCTH 3a cHeT MPUMEHEHHsT KOMOMHUPOBAHHOTO YIIPABICHHUSI.

BeiBoasl. [IpoctoTa M JTMHEHHOCTh SKBHBAJICHTHOM CHCTEMBI MO3BOJSIOT CHHTE3MPOBATh 3aKOHBI YIPABJICHUS HCXOJHOM
HEJIMHEHHOH CHUCTEeMBI XOpOIIO pPa3pabOTaHHBIMH JIMHEHHBIMH METOJAMH C CYIIECTBEHHO MEHBIIMMHK 3aTpaTaMd BPEMEHH Ha
MozenupoBaHue. YUCIeHHOe MOJSIMPOBAaHUE JMHAMHUKH WCXOJHOI HEIMHEWHON M JKBUBAJICHTHOW JIMHEHHOH CHCTEM IIOKa3ajio
XOpolLIee COBNAJICHHUE MTEPEXOJHBIX U CTALHOHAPHBIX MPOLIECCOB.
KJUIIOYEBBIE CJIOBA: mMozens, TMHEHHOCTb, YIIpaBieHHe, HatoAaTenb, po0acTHOCTS.
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