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STABILITY AND ACCURACY OF THE ROBUST SYSTEM FOR STABILIZING THE
ROTOR FLUX-LINKAGE OF AN ASYNCHRONOUS ELECTRIC DRIVE AT RANDOM
VARIATIONS OF THE UNCERTAIN PARAMETERS WITHIN THE SPECIFIED
BOUNDARIES

Purpose. The aim is to investigate the stability and the accuracy of a robust system for stabilizing the rotor flux-linkage of an
asynchronous electric drive at random variations of the uncertain parameters of the object and the regulator within the
specified boundaries. Methodology. To make the research, the mathematical model of the rotor flux-linkage channel of the
vector control system of an asynchronous electric drive with parametric uncertainty was applied. The transfer function of the
H_-suboptimal regulator was calculated using the mixed sensitivity method. This transfer function was used to construct the
regulator structural scheme in the form of a connection of proportional and integrating links and several adders. Analytical
dependences of the coefficients of the regulator's transfer function on the parameters of links of such a connection are
determined. These dependences served to researching the influence of uncertain parameters of the regulator links and the
object on the stability of the robust system and the accuracy of flux-linkage stabilization. Results. Investigations of the robust
system stability and the accuracy of flux-linkage stabilization in the Robust Control Toolbox are done. The curves of the flux-
linkage transient processes and the Bode diagram for the open system at random variations of the indeterminate parameters of
the object and the regulator links within the specified boundaries are constructed. A choice of variable parameters was carried
out by the Monte Carlo method. By the scatter of the obtained curves of the transient processes, the accuracy of flux-linkage
stabilization was determined, and according to the Bode diagram, stability reserves in the amplitude and the phase of the
robust system were determined. A high accuracy of flux-linkage stabilization (deviation less than 1 %) in fairly wide ranges of
changing the uncertain parameters of the object and the regulator, while maintaining the stability of the system with
permissible reserves in amplitude and phase, is established. Originality. For the first time, analytical dependences of the
coefficients of the transfer function of the H,.-suboptimal regulator on the parameters of its structural scheme, which
represented in the form of a connection of proportional and integrating links, are obtained. The method for calculating the
stability of a robust flux-linkage control system and the accuracy of its stabilization at random variations of the uncertain
parameters of the object and the regulator links within the specified boundaries is developed. Practical value. The use of the
proposed method allows, during the design of the regulator, to ensure the selection of its elements from standard series.
References 10, figures 3.
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Ilenv. Ilenvio padomwvr agnaemca ucciedosanue YCMOUUUGOCMU U MOYHOCIMU POOACMHOI CUCHEMbl CMAOUTUIAUUU
HOMOKOCYEeNnNenus pomopa AacUHXPOHHO20 IJIEKMPONPUGOOA RPU CAYYAUHBIX BAPUAUUAX HEONPEOeIeHHbIX RAPAMEmpPOs
ob0vekma u pecynamopa 6 3a0annvix 2panuyax. Memoodonozua. J{na npoeedenusn ucciedo6aHuii  NPUMEHANACH
Mamemamuueckas Mooenb KAaHAAd NOMOKOCUENTIeHUA pPOmopa CUCHEMbl 6eKMOPHO20 YRPAeieHus ACUHXPOHHOZ0
INEKmponpueooa ¢  napamempuueckoi  Heonpeoenennocmolo. Paccuumwvieanace  nepeoamounasa  Qynkuyua H,-
CYOONRMUMAILHO20 PeYIAMOPaA NO MEmooy CMEULanHOIl YY8CMEUmMEeNbHOCIU. Ima nepedamoynas QyHKyua Ucnoab306anacs
0N NOCMPOEHUA CIMPYKMYPHOU CXeMbl Pezyiamopa 6 6ude cOeOUuHeHUA NPONOPUUOHATIbHBIX U UHMEZPUPYIOUUX 36E€HbES U
HEeCKObKUX cymmamopos. Onpedensanuco auanumuyeckue 3a8UCUMOCMU Kodpduuyuenmos nepedamounoi Gynkyuu
pezynamopa om napamempoé 36eHbe6 MAK020 COeOUHEHUA. Dmu 3A6UCUMOCHU CYHCUNU O] UCCAe006aHUA GIUAHUA
HeonpeoeeHHbIX NAPAMempos 36eHbe6 Pecyiamopa u 00beKma HA YCHMOUUUEOCHL POOACMHON CcUCMeEMbl U MOYHOCHDb
cmabunuzayuu nomokxocyennenusn. Pesynomamuoi. Ilposedenst uccnedosanus ycmouuugocmu poOACMHOU cucmemvl u
mounocmu cmadunuzayuu nomokocyenienus ¢ naxeme Robust Control Toolbox. ITocmpoenst Kpusvle nepexooHbIX RPoOUeccos
nomokocyennenun u ouazpamma booe ona pazomkuymoii cucmembsl npu CyuainbIX 6apUAUUAX HEONPEOETIeHHBIX NAPAMEMPOs
00beKma u 36enves pezynamopa é 3a0aHHbIX panuyax. Boioop eapvupyemvix napamempos ocyuiecmenanca no memooy Monme-
Kapno. Ilo pazbopocy nonyuennsix Kpugblx NepexoOHbIX NPOUECCOE ONPedenAnNacy MmMoOYHOCMb CMAOUIU3AUUU
nomokocyennenusn, a no ouazpamme bode — 3anacvt ycmoiiuueocmu no amnaumyde u ¢haze pobéacmmuoil cucmemol.
Yemanoenena evicokas mounocms cmadunuszauuu nomoxocuyenienus (omknonenue menee 1 %) 6 oocmamouno wiupokux
ouana3onax usmeHenus HeonpeoeeHHbIX NAPAMEMpPos 00beKMa 1 Peyiamopa npu COXpaHenuu YCmouuueoCmu cucmemsl ¢
oonycmumpimu 3anacamu no amnaumyoe u ¢aze. Hoeuzna. Bnepevie nonyuenvi ananumuyeckue 3a8UCUMOCHU
KoIpuyuenmoe nepedamounoit ¢ynxyuu H, -cybonmumanvnozo pezynamopa om Rapamempos €20 CMPYKMYPHOU cXeMbl,
nPeOCmaenennoii 8 ude coeOUHeHus RPONOPUUOHATILHBIX U UHmezpupylouux 3eenves. Ilocmpoena memoouka pacuema
YCMOUYUeOCMU CUCmEMbl POOACMHO20 YRPAGNEHUA NOMOKOCUENIEeHUA U MOYHOCMU €20 CHMAOUIU3AUUU NPU CAYYAUHBIX
eapuayuax HeonpeoeieHHbIX napamempos 00beKma u 36eHbes pezyiamopa 6 3adannvix zpanuyax. Ilpakmuueckoe 3nauenue.
Hcnonvzosanue npeonodicennoli memoouKku no3eonsem é npouecce KOHCMPYUPOGAHUA Peyiamopa ofecneuums vloop ezo
Inemenmos u3 cmanoapmuuix paoos. butn. 10, puc. 3.

Kniouesvie cnosa: 3neKTPONPHBOA, BEKTOPHOE YNpaBJeHHe, KAaHAJ MOTOKOCHEIIeHHs, podacTHAasl cHCTeMa CTaGWIN3anum,
YCTOIHYHMBOCTb, TOUHOCTD.

Introduction. In [1] the method of structural a connection of proportional and integrating links for the
synthesis is constructed and the structure of the stabilizing  flux-linkage channel of the vector control system of an
robust H,-suboptimal regulator is obtained in the form of © LN. Khlopenko, S.A. Rozhkov, N.J. Khlopenko
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asynchronous electric drive with parametric uncertainty of
the control object. However, when designing such a
regulator from analog devices (operational amplifiers and
RC-circuit) there are rounding errors of its gain factors
and time constants due to the selection of elements
(resistors, capacitors) of these devices from standard
series. The consideration of such rounding errors in the
calculation model of the regulator with parametric
uncertainty of the object is of fundamental importance for
ensuring the stability of the robust system and the
necessary accuracy of flux-linkage stabilization.

Robust systems of stabilizing the parameters of
asynchronous electric drives are engaged in a number
of domestic and foreign scientists [2-9]. They solved
many problems both in the development of
mathematical methods of research, and in studying the
stability, accuracy of regulation, and the speed of
systems with a given uncertainty of the object.
However, the problem of the influence of the
parametric uncertainty of the robust regulator on the
stability and accuracy of the flux-linkage stabilization
system was not considered. In this connection, the
problem of studying the stability of a robust system
and the accuracy of stabilizing the rotor flux-linking
with the parametric uncertainty of the object and the
regulator within given boundaries seems to be actual.

The goal of the work is study of the stability and
accuracy of a robust system for stabilizing the rotor flux-
linkage of an asynchronous electric drive at random
variations of the indeterminate parameters of the object
and the regulator within given boundaries.

Methods and results of research. The paper [1]
contains a system of equations of state of an object
consisting of a frequency converter and stator and rotor
windings in the normal operator form:
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p is the Laplace operator; E is the frequency converter’s
EMEF; U is the control action; [ is the current in the rotor
flux-linkage channel; ¥ is the rotor flux-linkage vector’s
module; 7 is the time constant of the frequency
converter; Tieq=Licq/Rieq 1s the electromagnetic time
constant of the stator winding, where Rleq:Rl-i-(k,)sz and
Liq=0L, are its equivalent resistance and the leakage
inductance; R;, R, are the active resistances of the stator
and rotor windings; 75=L,/R, is the electromagnetic time
constant of the rotor winding; L,, L, are the inductances
of the stator and rotor windings; L, is the mutual

inductance of the stator and rotor windings;
0=1 — (L1p)*AL; L) is the coefficient of magnetic field
scattering; k,=L1,/L,.

In this paper, this system of equations, together with
the undefined parameters Ky, Rieq, R2, L1, L, and Ly, of
the object, is used to construct a mathematical model for
the stability and accuracy of a robust system for
stabilizing the rotor flux-linkage of an asynchronous
electric drive at random variations of uncertain
parameters within given boundaries.

To construct such a model, the system of equations
(1) is reduced to the canonical form [1]:

px =Ax+Byw+ Byu ;

Z=C1X+D11W+D12M; (2)
y=C2x+D21w+D22u,
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x=(xy, X7, x3)T is the phase vector; yis the one-
dimensional output vector which closes the feedback;
2= (21, Zayerny 27)", W= (W1, Wa..., w7)T are, respectively,
the input and output uncertainty vectors interconnected by
the matrix expression w(p)=A(p)z(p) in which the
uncertainty matrix A(p) has a diagonal form.

The written canonical form of equations (2) together
with the weight functions [10] for control the quality of
the robust stabilization system, allows in the Robust
Control Toolbox to calculate the transfer function of the
H-suboptimal regulator for the nominal object. This
transfer function can be represented in the form

p 24 bip+by 3)
p’+aip’® tazp+tag ’
where k, a1, a;  as, by, b, are the regulator parameters.

We assume that the transfer function of the regulator
(3) retains its form for random variations of the
parameters &, ay, a,, as, by, b,.

Then, expanding (3) into a continued fraction by the
Euclidean algorithm, we obtain the block diagram of the
regulator shown in Fig. 1. It contains the undefined
parameters k, ki, k», k3, T1, T», caused, as already noted
earlier, by rounding errors that occur when designing the
regulator.

K(p)=k

Fig. 1. Structural scheme of H_.-suboptimal stabilizing
robust controller

We replace the structural scheme shown in Fig. 1 by
equivalent circuit under the rules of transformation of
structural schemes. Then we obtain the following
expressions for the coefficients of the polynomials of the
numerator and denominator of the transfer function of the
robust regulator (3):

1 1
by =T—l(k2 —k1)+g(k3 —ky); ay =k +by;
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The system of equations (1) together with (3) and
expressions (4) serves to investigate the stability and
accuracy of the rotor flux-linkage stabilization system
at random variations of the indeterminate parameters of
the object and regulator within given boundaries.

The accuracy of flux-linkage stabilization is
determined by the spread of the curves of its modulus of
transient processes, and the stability reserves by
amplitude and phase - according to the Bode diagram at
various random variations of the undefined parameters of
the regulator k, ki, ks, ks, Ty, T and the object Ky, Rieq, R2,
Ly, L,, Ly, within specified boundaries. In this case, the
Monte Carlo method is used for random choice of
parameters [10]. Calculations are performed in MATLAB
and terminated when, in the steady state mode of the
system, transients do not exceed the boundaries of a one-
percent «tubey.

The procedure for calculating the stability and
accuracy of the rotor flux-linkage stabilization system
at random variations of undefined parameters within
given boundaries is reduced to the following sequence
of actions:

1. The transfer function (3) of the regulator for the
nominal object is calculated.

2. The decomposition of the found transfer function
into a continued fraction is performed.

3. The block diagram of the regulator is formed (see
Fig. 1) corresponding to a continued fraction, and its
nominal parameters ky, k1n, kon, k3n, T1n, 1on are calculated.

4.The transfer function of the object (1) is
programmatically determined.

5. The system is formed by the command of flux-
linkage stabilization from the series-connected transfer
functions of the regulator (3) and the object (1) covered
by a single feedback.

6. The curves of the flux-linkage transients and the
Bode diagram for the open system are calculated with
random variations of the parameters of the object Ky,
Rieqy Ra, L1, Ly, Ly, and regulator k, ki, ky, k3, T1, T
within the specified boundaries.

7. The accuracy of the flux-linkage stabilization is
determined from the scales of the curves of the transients,
and the stability reserves in the amplitude and phase are
determined from the Bode diagram.

The numerical solution was carried out at the
following values of the initial data: 7% = 0.001 s;
R, =2.65Q; Ry, =2.0Q; L, =0.186 H; L,, = 0.189 H;
Ly, = 0179 H; o = 0.0996 -corresponding the
asynchronous electric drive with motor MDXMA100-32.

The nominal parameters of the regulator calculated
from these data turned out to be equal to: k=5.016-10;
k1,=1.436-10% ky,=1.752-10% k3,=3.473-10%; T;,=19.70 s;
15,=1.25610’s.
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Undefined parameters of the object varied in the
ranges £90 %, and the parameters of the regulator &, k» —
in the ranges +3 %, k —in the range +15 %, and k3, T3, T,
in the ranges £20 % of their nominal values.

Fig. 2 shows 20 curves of transients of the rotor
flux-linkage corresponding to random variations of the
undefined parameters of the object and the regulator
selected within the prescribed boundaries by the Monte
Carlo method. They are obtained in the packages of the
MATLAB application for a single step change in the
control action.

As can be seen, the curves of the transients shown in
Fig. 2 do not exceed the limits of 1 % of the tube.
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Fig. 2. Transients of the rotor flux-linkage

Fig. 3 shows the Bode diagram with 20 generated
curves of amplitude L(w) and 20 phase ¢(w) frequency
characteristics with the same uncertain parameters as in
the previous case.
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Fig. 3. The Bode diagram of the open system

From the amplitude L(w) and phase ¢(w)
characteristics presented in this diagram, it is seen that
the system is stable, since the amplitude characteristic
crosses the abscissa axis before the phase
characteristic, finally decaying, goes over the value of
the angle —180°. In this case, the calculated value of

the stability reserve in amplitude is 19.9 dB, and in
phase — 47.9° for nominal values of the object and
regulator parameters for variance of random curves not
exceeding 4 dB for amplitude and 15° for phase
frequency characteristics.

Thus, the results of the calculations confirm the
expediency of using the proposed method for constructing
robust H,-suboptimal regulators from elementary links.

Conclusions.

1. For the first time, analytical dependences of the
coefficients of the transfer function of the H,-suboptimal
regulator from the parameters of its structural scheme
represented as a combination of proportional and
integrating links are obtained.

2. A method is developed for calculating the stability
and accuracy of a robust system for stabilizing the rotor
flux-linkage of an asynchronous electric drive at random
variations of the indeterminate parameters of the object
and the regulator within given boundaries.

3. The results of the calculations show a high accuracy
of flux-linkage stabilization (deviation less than 1 %) and
a low sensitivity of the robust stabilization system to
random variations of uncertain parameters within given
wide enough boundaries.
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