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ANALYSIS AND VERIFICATION OF THE OPERATION OF THE STABILIZING
ROBUST CONTROLLER'S ELECTRICAL CIRCUIT OF THE ROTOR FLUX-LINKAGE
CONTROL SYSTEM

On the basis of the classical theory of robust control, the theory of stability and the theory of continued fractions, the
linearized mathematical model, the procedure for calculating and designing an analog electrical circuit of the Ho-suboptimal
robust controller of the flux-linkage control system of the rotor of an asynchronous electric drive, protected by Ukrainian
Patent no.137157, were built. The circuit contains three operational amplifiers, several resistors and capacitors. The proposed
mathematical model, the procedure for calculating and choosing the parameters of the resistors and capacitors of the circuit
take into account the random variations of the object and the controller within the specified boundaries. An analytical
relationship between the transfer function coefficients and the resistances of the resistors and the capacitances of the
capacitors of the controller's electrical circuit was established. On a specific example, by calculation according to the
developed algorithm, the limiting values of the tolerances of the circuit's resistances of the resistors and capacitances of the
capacitors were identified and these values were selected with a margin from the standard series. Analysis of noise filtering by
the electrical circuit of the controller in the Multisim package shows its insensitivity to noise spreads within fairly wide
boundaries. References 10, table 1, figures 4.
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Ha 6a3i knacuunoi meopii pobacmmozo ynpaeninnsa, meopii cmiiikocmi i meopii nanyizoeux 0podie nooyoosano
nineapu3o0eana mMamemamuyna Mooens, npoueoypa po3pPaxyHKy i NPOEKmMYGAHHA AHAI020801 eleKMPUYHOi cxemu
Hoo-cybonmumansnozo pooacmmuozo pezyismopa CuUcmemu YRPAGAiHHA NOMOKO3YENIeHHAM POMOpPA ACUHXPOHHOZ0
eneKmponpueody, wio 3axuujena namenmom Yxpainu Ne 137157. Cxema micmums mpu onepayiiinux niocunreaua, Kinivka
pe3ucmopie i KonoeHcamopie. 3anponoHo08aAHA MAamMeMaAmuuna Mooeilb, npouedypa pOo3paxyHKy i eudopy napamempis
pe3ucmopie i KOHOeHCamopie cxemu 6paxoeyiomov GURAOK0GI eapiayii 00’ckma i pezynramopa 6 3A0AHUX MeHCaAX.
Bcmanoeneno ananimuunuii 36’130k mixc Koegiyicnmamu nepeoaganvHoi (ynkuii i onopamu pe3ucmopie i emHocmamu
Konoencamopie enekmpuunoi cxemu pezyasmopa. Ha konkpemnomy npuknadi po3paxyHKkoGuM WAAXOM 34 po3poOieHUM
anzopumMoM 8UABIEHI 2PAHUYHI 3HAYEHHA OONYCKI6 ONOPie pe3ucmopie i emnocmeil KoHOencamopie cxemu i 30ilicnenuil ix
eudip i3 3anacom 3i cmandoapmuux paoie. Ananiz ginempayii 3a6a0 enekmpuunol0 cxemoro pezyaamopa ¢ nakemi Multisim

nokasye it Heuymaugicmo 00 po3maxis 3aead y docums wupoxux mescax. bion. 10, radmn. 1, puc. 4.

Knrouosi cnosa: acuHXPOHHMIl eJleKTpPONPHUBO,
eJIeKTPHYHA cXxeMa.

Introduction. In the patent [1], an analog electrical
circuit of the H,-suboptimal robust controller of the
flux-linkage control system of the rotor of an
asynchronous electric drive is proposed. Its design was
carried out in the following sequence. First, a
mathematical model of the control object was built and
the transfer function of the controller was calculated, as
in works [2-4]. Then this function was expanded into a
continued fraction [4]. The coefficients of this fraction
were used to construct a circuit diagram of the
controller. This scheme is made in the form of an active
quadripole. This quadripole contains nine resistors and
three capacitors. The nominal values of such resistances
and capacities of such elements are determined in this
work in the process of rounding off their calculated
values to the values of standard series [5], and their
accuracy is based on the calculation of the stability of
the rotor flux-linkage control system with random
variations of the parameters of the object, resistors and
capacitors of the circuit within the specified boundaries.
At the same time, to set the boundaries of random
change in the nominal values of resistances and
capacitances, the rounding errors of their calculated
values and the spread in the values of permissible
deviations by standard series are taken into account. An
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unreasonable choice of these elements of a high-
precision circuit can lead to a significant increase in its
cost, and the choice of low accuracy — to a loss of
efficiency. A compromise between cost and accuracy
can be achieved theoretically only in the process of
analyzing the stability of the flux-linkage control system
with random variations of the nominal parameters of
real circuit elements. However, such an analysis cannot
be carried out without determining the analytical
relationships between the coefficients of the transfer
function of the controller and the parameters of the
resistors and capacitors of the circuit, which vary
randomly within the specified boundaries. Due to the
linearity of the mathematical model of the robust flux-
linkage control system [4], such formulas cannot be
obtained exactly [6, 7]. Therefore, it is necessary to
quickly check the operation of the circuit. It can be done
in the interactive package Multisim. Such a check makes
it possible to evaluate not only the operability of the
designed circuit, but also the level of noise inhibition by
this robust controller circuit [8].

The above approach allows solving the considered
problem of analyzing and checking the operation of the
electrical circuit of the controller. It was proposed by us
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in [4]. However, in this work, only the relationship
between the coefficients of the transfer function of the
controller and the parameters of its structural scheme was
taken into account. Therefore, in this work, this
relationship between the coefficients of the transfer
function of the H,-suboptimal robust controller and its
electrical circuit is taken into account when analyzing and
checking the operation of the circuit.

The aim of the work is to analyze and check the
operation of the stabilizing H,-suboptimal robust
controller's electrical circuit of the rotor flux-linkage
control system.

Research methods and results. Consider an
undefined control object [4], consisting of a frequency
converter and stator and rotor windings of an
asynchronous electric motor. Represent the equations of
its state in the normal operator matrix form (1):

px = Ax + Bu; )
y=0Cx,
where
1 Ll 0
I, Ty,
A= 0 - ! En ;
Tleq Rlequeqln
0 0 -——
L T ]
K U, 4
B{o 0 M} . Cc=[1 o o];
chEn

where p is the Laplace operator; x=(x;, x,, x3) is the
phase vector, where x|=¥/¥,; x,=I/l,; x;=E/E,; ¥ is the
rotor flux-linkage vector's module; [ is the current in the
rotor flux-linkage channel; £ is the EMF of the frequency
converter; u=U/U,, is the control action; U is the controller
output voltage; y is the one-dimensional vector of the
output, along which the feedback is closed; T%., K. are the
time constant and gain coefficient of the frequency
converter; Tieq=Licq/Rieq 1s the electromagnetic time
constant of the stator winding, where Rleq:R1+(k,)2R2 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 stator and rotor windings; L, is the mutual inductance
of stator and rotor windings; k=L»/L; 6=1 — (L1,)*AL1L,)
is the coefficient of magnetic field scattering.

The extended system of equations [4] with uncertain
parameters of the object K, Rieq, R, L1, Ly and Ly,
corresponding to Eq. (1) is represented in the form (2):

px = Ax+ Byw+ Byu;
z=C1x+D11w+D12u; (2)
y= C2)C+D21W+ Dzzu,

where
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where z = (z1, zp,..., z7)T, w = (W, Wp,..., 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 system of Eq. (2) is used to numerically
determine the transfer function of the H,-suboptimal
controller using the mixed sensitivity method [9]. This
transfer fractional-rational function for the nominal object
has the form (3):

P’ +thp+b

K(p)=k—F— NG
agp- tap taptas
where k, by, by, ag, a1, a,, az are the some coefficients, the
values of which are determined during the numerical
solution of the problem.

The transfer function (3) vanishes at the point p = .
Therefore, it can be expanded by the Euclidean method
into a continued fraction. Then, after multiplying the
numerator and denominator of this fraction by a scale
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factor p, it can be represented in the vicinity of the point
p = by a ladder RC function (4):
kp
1 )
1

(4)

cap+

n+
cHp+
rn+

1
1
ap+—

3
where k, = kp.

As is known, the coefficients of this function
correspond to the calculated values of the resistances
(r; values) of resistors and capacities (¢; values) of
capacitors.

The relationship between the coefficients of the
transfer function (3) and the ladder RC function (4) is
determined in the process of folding the fraction (4) into a
fractional rational expression and equating the
coefficients of this expression with the corresponding
coefficients of expression (3). As a result of such
transformations, the following relations between them
were found (5):

To make relationship between the coefficients of the
ladder circuit (4) with the resistances and capacitances of
the electrical circuit of the robust controller, expressions
(6) are used:

c=Cl;, n=Rl; ¢,=C2

n = R2, 3 = C3, 3= R3,
where R1, R2, R3 are resistances of resistors; C1, C2, C3
are capacitances of capacitors.

If among the coefficients (6) of the ladder RC
function there are negative capacitance ¢; with index i and
negative resistance r; with index £, then they are replaced
by expressions of the form:
R4
75 (7

Moreover, the indices in the right-hand sides of
Eq. (7) denote the numbers of capacitors and resistances
of the circuit according to Fig. 1; R4=R5 and R6=R7; the
fractions in Eq. (7) are irreducible, because the resistances
of the circuit are selected with tolerances.

The written Eq. (7) with negative parameters of
capacitance and resistance correspond to active circuits
based on operational amplifiers studied in [10].

(6)
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1_3 ZJFE +g ZJFE ’ RC function (4) with the resistances RS and R9 of the
operational amplifier of the circuit is described by the
by ( 1 +L+L} ao =Gt equation (8):
Ce3\ s 13 nn H _R9 3
MR ®
11
a :—(r—+clbl } (5) Relations (6) — (8) make it possible to construct a
KA basic electrical circuit of the controller. This circuit for
111 1 1(1 1 i = k =2 is shown in Fig. 1. It contains negatrons of
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Fig. 1 Electrical circuit of a robust controller

The choice of the resistances of the resistors and
capacitances of the capacitors of the electrical circuit is
carried out in the process of rounding the calculated

values of the RC function coefficients (4) to the values of
the standard series, and their permissible deviations are
determined from the calculation of the stability of the
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robust rotor flux-linkage control system with random
variations in the object parameters (1) and controller (4)
within the specified boundaries. In this case, the
resistances R4...R7 of the circuit resistors are selected
from design considerations, and their accuracy from the
same stability calculation.

The procedure for calculating and selecting the
parameters of resistors and capacitors of the electrical
circuit of a stabilizing robust rotor flux-linkage controller
consists of the following sequence of actions:

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

2. The decomposition of the found transfer function
into a continued fraction is performed and the ladder RC
function (4) is compiled.

3. The coefficients of the ladder RC function (4) are
rounded to the values of standard series [5].

4. The transfer function of the controller (3) is formed
programmatically according to Eq. (5) — (8).

5. The boundaries of the change in the nominal
parameters of the object, the resistances of the resistors
and capacitances of the capacitors of the electric circuit of
the controller are set, taking into account the rounding
error of their calculated values to the values of the
standard series [5], as well as the accuracy of manufacture
and cost.

6. A software system for the stabilization of the rotor
flux-linkage consisting of the series-connected transfer
functions of the controller (3) and the object (1), covered
by a single feedback is made.

7. Curves of flux-linkage transient processes for a
closed system and a Bode diagram for an open control
system are calculated with random variations in the
parameters of the object and the controller within the
given boundaries.

8. The accuracy of stabilization of the flux-linkage is
determined by the ranges of the curves of steady-state
transient processes of the rotor flux-linkage, and by the
Bode diagram the stability margins in amplitude and
phase were determined.

9. The calculation according to items 5 — 8 is repeated
until a compromise in the choice of the controller's
electrical circuit element's tolerances and their cost is
achieved.

The calculations were performed at the following
nominal values of the initial data of the object (1):
Ty = 0,001 s; Ry, = 2,65 Q; Ry, =2 Q; Ly, = 0,186 H;
L,,= 0,189 H; Ly, = 0,179 H; 6 = 0,0996, corresponding
to an asynchronous electric drive with a MDXMA100-32
motor.

Calculated from these data, the nominal values of
the parameters of the robust controller (3) turned out to be
equal: k£ = 5,016:10%; b, = 148,963; b, = 1,0612-10%;
ap=1; a,=1,451-10% a, = 1,262:107; a5 = 3,532-10". The
calculated values of the resistances and capacitances of
the ladder RC function (4) at p = 10~ corresponding to
these parameters were: ¢; = 10 uF; r1 = 6,963 Q;
¢y ==197 uF; r; =-5,709 Q; ¢; = 12,56 mF; r3 = 28,79 Q.
These values were rounded to the values of standard

series [S]. These series, rounded values of quantities to
the values of series, rounding errors and recommended
tolerances of the series are shown in Table 1.

Table 1
Selection of resistances and capacitances of the circuit
. . A row Rounding | Recommended
Designation|according to|Value N o
[5] error, % | row tolerance, %

R1 E96 6,98 | 0,24 2
R2 E96 5,69 0,33 2
R3 E24 30 —4,2 5
R4 E24 100 0 5
RS | Q E24 100 0 5
R6 E96 100 0 2
R7 E96 100 0 2
RS E24 100 0 5
R9 E24 510 -1,7 5
Cl F E24 10 0 5
c2 | * E24 [ 200 | -1, 5
C3 | mF E24 13 3,5 5

The undefined parameters K¢/Kg n, Ricq, R2, L1, Ly
and L, of the object (1) varied within the range of £90 %,
the resistances R1, R2, R6, R7 — in the range of £3 %;
R3, R4, RS, RS, R9 and capacitance C1, C2, C3 — in the
range of £10 %. These errors of elements overlap the
values of row tolerances recommended by [5] and other
guiding documents approximately twice.

Fig. 2 shows 20 curves of the rotor flux-linkage
transient processes corresponding to random variations of
the undefined parameters of the object and the controller
selected by the Monte Carlo method within the given
boundaries. They are obtained in the MATLAB
application packages with a single abrupt change in the
reference action.

As seen, the curves of transient processes shown in
Fig. 2 do not go beyond the boundaries of 3 % tube.

Step Response(20 samples)
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121

o
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Amplitude
(=]
o
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0
0 005 01 015 02 025 03 035 04
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Fig. 2. Rotor flux-linkage transient processes

Fig. 3 shows a Bode diagram with 20 generated
amplitude L(w) curves and 20 phase ¢(w) frequency
response curves with the same undefined parameters as in
the previous case. From the amplitude L(w) and phase
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@(w) characteristics presented in this diagram, it can be
seen that the system is stable, since the amplitude
characteristic crosses the abscissa axis earlier than the
phase characteristic, finally falling off, going beyond the
angle value of —180 degrees. In this case, the calculated
values of the stability margin in amplitude is 19.2 dB, and
in phase is 50.6 degrees for the nominal values of the
parameters of the object and the controller with scatter of
random curves not exceeding 4 dB for amplitude and
15 degrees for phase frequency characteristics.

Bode Diagram
50 ,

o
T

Magnitude (dB)

-180 -

Phase (deg)

=270

-360 : .
107 10° 102 10*
Frequency (rad/s)

Fig. 3. Open-loop Bode diagram

Checking the operation of the circuit, which is
shown in Fig. 1, was carried out in the Multisim
package. Its modeling was carried out with random
variations in the resistances of resistors and capacitances
of capacitors of the specified accuracy. A constant
voltage of 1 V and a harmonic signal with a frequency
of 20, 50, 5000 Hz and an amplitude of 0.5 V were
applied to the input of the circuit, which approximated
the limit values of interference during the operation of
the controller in the flux-linkage control system (for
example, sensor noise, contacts in connectors,
electromagnetic fields, interference with the frequency
of the supply network, etc.). The voltage filtered by the
controller was recorded at the output of the circuit.
Recording of these voltages was carried out
continuously with a multimeter (Fig. 4).

As expected, the electrical circuit of the
H,-suboptimal robust controller provides high-
precision noise suppression. In this case, both with
accurate and with rounded values of resistances and
capacitances, the same voltage value of 11.8 V is set at
the output, regardless of the frequency of the
interference at the input. This voltage is approximately
an order of magnitude less than the steady-state value
calculated by Eq. (3) at p = 0, because at the output
from the circuit it is always determined with an
accuracy to a constant factor.

uyv
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C

Fig. 4. Dependence of voltage U at the input (sinusoidal line)
and output (straight line) on time #:
a—20 Hz; b —50 Hz; ¢ — 5000 Hz

Conclusions.

1. For the first time, analytical dependences of the
ladder RC function coefficients on the resistances of the
resistors and capacitances of the capacitors of the
H-suboptimal robust controller's circuit diagram were
obtained, which allow, together with the control object
within the ranges of the specified boundaries of the
change in the undefined parameters of the object, the
resistances and capacitances of the controller, to carry out
calculations and analysis of stability of the stabilizing
flux-linkage system and the selection on this basis of
resistors and capacitors of the circuit from the series of
preferred values, taking into account the margin of
tolerances.

2.Based on the calculation and analysis of the
stability of the robust flux-linkage control system and
the obtained analytical expressions describing the
relationship between the coefficients of the transfer
function of the robust controller and the resistances of
the resistors and capacitances of the capacitors of the
electrical circuit of the controller, the limiting values
of the tolerances for the selection of resistors and
capacitors of the circuit from the preferred series,
identified by a specific example.

3. The analysis of the filtering of sinusoidal signals of
various frequencies by the electric circuit of the regulator
in the Multisim package carried out using the same
example, taking into account the selected limit values of
the tolerances of resistors and capacitors, shows its
insensitivity to these signals.
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