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SUBOPTIMAL NONLINEAR CONTROL OF ARMATURE CURRENT
LOOP AT DIRECT TORQUE CONTROL

Synthesis of nonlinear suboptimal regulator, which provides high quality of DC motor torque control, is per-
formed. Investigation of system with regulator synthesized using numerical modeling method is made,; an analysis of
obtained results is performed.
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CYBONITUMAJBHOE HEJIMHEMHOE YIIPABJIEHUE KOHTYPOM TOKA
AKOPS ITPA ITPAAMOM YIIPABJIEHUHA MOMEHTOM

Buinonnena npouedypa CUHmME3A HENUHEIHO20 Cy60anMa]ZbHOZO peecyrimopa, 0666‘7’!@“!%80)0%}620 6blCOKOE€ Kauve-
CmMeo pecyiupoeanusli Momerma osuzameinsi HOCMOSIHHO20 MOKA. OCymecmeﬂeHo uccnedo8anue CUcmemvl ¢ CUHme3upo-
BAHHBIM pecyisimopom Memooom Ljud)pO@OZO MO@eJlMpOGaHMﬂ, np0u3eeOeH AHAIU3 NOJTYYEHHbIX Pe3Ylbmamoe.

Knrwueswvie cnosa: npueod NOCMOAKHO20 MOKa, pecyiuposanue momenma, memoo bennmana- ﬂ}myﬂoea, uHeapu-
AHMHOE 6J1024Cernue, aﬂekmponpueod pasmomku, pecyiuposanue HamAidCeHus, nepemomxa 6yma2u, cma6uﬂu3az4uﬂ mo-
Ka AKop:s

A. B. Toponos, kaH/l. TEXH. HAYK

CYBOIITUMAJIBHE KEPYBAHHS KOHTYPOM CTPYMY SAKOPA
PHU NMMIPAMOMY YIHPABJIIHHI MOMEHTOM

Buxonano cunmes neninitino2o cybonmumanibHo2o peyiamopa, wo 3a0e3neuye UcoKi NOKAZHUKY AKOCMI pe2yiio-
BAHHA MOMEHMY 08USYHA NOCMILIHO20 cmpymy. 30TICHEHO O0CNIONCeHHs CUCeMU 3 CUHME308AHUM Pe2yIAmopoM Me-
mooom Yyudposozo MoOeno8an s, NPOBEOEHO AHANI3 OMPUMAHUX Pe3YTbIMAMIs.

Knwuosi cnoea: npugsoo nocmitinoco cmpymy, pez2ynosanusa momenmy, memoo bBerimana-Jlanynosa, ingapianmue
BKIAO0EHHS, eleKMPONpU800 PO3MOMYBAHHS, Pe2yIt08AHH HAMANCIHHA, NepeMoOmy8anHs oymazu, cmabinisayis cmpymy
AKOps

Introduction. In recent years more and line speed for colored printing. Despite this, in
more important is the increasing of productivity the majority of printing machines, this approach
of printing presses. One of the most important is not used because of higher cost.
elements of the drive units is “feeder” or un- In case of machines where the effect of the
winding mechanism, providing stabilization of "telescope" is not critical using of tension con-
the torque, and therefore the tension of un- trol or speed with dancer (potentiometer) feed-

wound paper [1]. back control system is appropriate. The disad-
There are four basic approaches to the regu-  vantage of this approach is the inability to work
lation of tension in printing machines: in contact winding machines, as well as a sig-
— torque sensorless control; nificant complication of mechanical parts be-
— control of tension force; cause of using of an external torque meters.
— motor speed control with dancer feed- Therefore, under the general trend of wind-
back; ing machines mechanics simplifying and using
— winding systems with line speed control of complex variable speed drives, regulation
and diameter roll feedback. systems of motor torque without tension feed-

In drives with high requirements for roll back are used. They are almost indispensable in
winding density under wide range of the radius contact winding machines, easy to setup and
changing of winding material regulation system operation. Also, these systems are used in un-
with control of linear velocity and roll diameter winding mechanisms drives, especially in the
feedback is used. This approach eliminates the case of low-density material rewinding.

effect of the "telescope" (extrusion of the inner At the same time, the accuracy of tension
layers roll outward), provides high accuracy of stabilization for this approach depends entirely
© Topomos A.B., 2013 from the quality of motor torque control. There-
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fore, in such systems DC machines, in which
the torque is proportional to the armature cur-
rent, are still very widely used [2, 3]. Note that,
in the contact winders winding radius is small,
so the excitation control is not in use and the
magnetic flux of motor is constant.

Winding quality of paper is determined by
the minimum response time of the system to
disturbances, so current control loop maximum
performance is mostly needed. It should be
noted that this is not taken into account the re-
quirements for dynamic precision, which will
adversely affect the integrity of the winding
material in high and ultra-high speeds process-
ing. For maximum performance and static accu-
racy nonlinear circuit element like "relay char-
acteristic with hysteresis" is intro—duced [4, 5].

The problem of such approach is the occur-
rence of oscillations in the current loop, which
provides oscillations of motor torque and bad
quality of rewinding, even a loss of paper. So,
the aim of paper is torque regulator synthesis,
which ensure of absolute stability of system.

Selection of regulator synthesis proce-
dure. The block diagram of the control circuit
current takes the form shown in Fig.1:

There are next designations at fig.1:

. — armature current setpoint; U, o — current
feedback signal; K, ,7,,

stant and output voltage of thyristor converter;
R,— equivalent resistance of the armature;

U

E. — gain, time con-

T, — time constant of armature; CR — current
regulator; u, — output voltage of current regu-

lator; I, —armature current.
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Fig. 1. Mathematical model of the loop current
with switching element with hysteresis

It should be noted that, since the stabiliza-
tion of tension for winding machines carried by
the armature current is close to the nominal, the
model does not take into account the work of
the converter in discontinuous currents mode,
pulsating behaviour of the inverter output volt-
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age, and the impact of dynamic components of
current during acceleration and braking motor .

There are many approaches to solve the
problem of synthesis of regulators to ensure
absolute stability of the highly nonlinear system.

One promising area is the use of analytical
design of suboptimal controllers by Bellman —
Lyapunov method applying the concept of in-
variant embedding [5]. This method allows us to
solve the problem of synthesis of high-
dimensional objects, but is suitable only for
systems with univocal nonlinearities.

Thus, to solve the problem of synthesis of
the regulator with the above method, "relay with
hysteresis" characteristics should be replaced
with model containing only univocal nonlinear-
ity.

"Relay with hysteresis characteristics" in
the following expression is described:

C-sign(o —-b),c <0;
/(o) ={ . : (1)
C-sign(c+b),0>0.

It may be noted that, depending on (1) the
sign of the derivative, sign of the hysteresis is
changed only, and it can be accounted by the
function. The expression (1) becomes:

f(o)=C- Sign[O' + bsign(o")] .2

The block diagram of the current control
circuit with (2) to the form shown in Fig. 2 is
transformed.

The transition from the mathematical model
of the current loop with hysteresis characteris-
tics to a model with univocal nonlinearities can
be used for the synthesis of suboptimal control
law by method of dynamic programming using
the concept of invariant embedding [6, 7].

Synthesis procedure of current regulator.
Mathematical model of the armature current
loop as a system of nonlinear differential equa-
tions is:

I, =-T'1,+R,T,)"E;

E,=-T''E,+K,-T.'-C-

: sign[a + bsign(o")]
To solve the problem of analytical design of
suboptimal controller (ADSC) we use the pro-

cedure of '"instantaneous" linearization by
method of "secants".

3)

c
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Fig. 2. Mathematical model of the current loop with univocal nonlinearities in the circuit

So, the univocal nonlinear function is re-
placed with a variable gain line. System of lin-
earized differential equations describing the
dynamics of the loop current, takes the form:

ja _Te_l .Ill + (Re 'T€)71 'EC;

E,=-T,-E.+K, -Te;-C-K,(c)- (4)

'G+Kc 'Te-1 CKI(G)sz(O-)Ja
there K,(o), K,(o) — coefficients of the "in-
stantaneous" linearization of relay characteristic
with two positions.

The second equation contains the derivative
of the control action, to avoid we introduce an
additional variable, and it will be considered as
a new control action.

In this case o as new state variable is
taken. Thus, the system of linearized differential

equations (4) in the normal Cauchy form is re-
written:

X, =-a,-x, +a,- x,;
X, =—ay-X,+b -x;+b,-0; (5)
X, =0,
there X, =1,; X,=E_; X, =0;
a,=T';a,=(R,-T,) ;a,=T";

b =K, T,"-C-K,(0);
b,=K_-T.'-C-K,(c)-bK,(5).

Let make ADSC procedure using invariant
embedding conception, consistently in few
stages.

At the first step we find solution of AD for
linearized system (5) and quadratic functional
“in  small”, that is at K (o)=K, and
K,(c)=K,,. In this case, we arrive to solution
of the matrix Riccati equation in form
O+K-A+A" - K-K-B-R"'-B"-K=0 and
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find coefficients of K matrix. Control equation
at solving task “at small” takes a form
Y =-K,- X, there K,— optimal gain matrix.

Second step. We find the solution for lin-
earized system (5) and quadratic functional “in
large” at K,(c)=K,, and K,(c)=K,,, and
besides K|, > K,, and K,, > K,,. Control equa-
tion at solving task “at large” takes a
formX, =-K, - X .

Third step. New admissible controls are de-
fined and stinting of "instantaneous" control
actions o, ando;, correct for different regions
of phase space, is made. Regulator coefficients
k,,k,,k, are functions of state variables, so let
suppose  that variation of parameters
Ak, ,Ak, ,Ak, are new control actions. There-

fore, control law "in the large" becomes:
3 3

_(Z kixi + Z Akixi) : (6)
i=1 j=I

Nonclassical minimized functional (gener-
alized criterion of Krasowski AA), meets the
requirements of the dynamic accuracy and
minimum costs for control, is [8]:

!
0,

© 3
. 2
min J, = o.x; +
YR {; t
’ (7)
2 2 3 2
D e, Ak 4D e Ak dt.
j=1 J=1
X, =—aX, + a,x,;
X,=—a,-x,+b -x;-b,-
(8)

: (i kx, + iAkl.xi);
i=1 j=1

X, = —(Zslk,.xl. + iAkfxi),
i=1 j=1
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For the system (7) and the minimized func-
tional (8) Bellman equation functional has form:

min[ a,x; +a,X; +a,x; +c,Akl +
Ak Ay

+ e, Ak} + e, Ak + Zc Ak’

j=1

jOp[

+6—V-(—alxl +c12x2)+8—V-(—a3 X, +(9)
X Ox,

+b, -x,—b, - Zk,x,)—— Zk
i=1
—(bz j ZAkx =0.

Substituting (6) into (5), we obtain:
Implementing minimization procedure, we
obtain expressions for the optimal values of
control variables variations:
ov

Ak, = ié_VJFL_ -x,,i=13.(10)
7\ 2¢, ox, 2¢ o,
After exclusion Ak; and Ak,

iopt

ov 8V

6x2 Ox,

we obtain a

modification of the Hamilton — Jacobi - Bellman
equation:

3 oV
2
Zaixi + 8_ (—ax, +a,x,)+
i=1 1

+8—V-(—a3-x2+bl-x3—

ox,
3

—b,- Dk, ,)——Zk

i=1 3 i=1

Suppose that the solution of equation (11) is
a quadratic form:
Z kU iy

(12)

Further ADSR procedure reduced to finding
the coefficients of the quadratic form. Finally,
the equation of the regulator in the general form
will be:

(11)

V(x,,%,,X;)

—(Zk,x, +Z—x (Zkﬂx )+

l J=1

+z - xiz (Z kj3xj )7
i=1 C; j=1

there k,,, k; — coefficients of the quadratic

(13)

form obtained by "stitching" solutions, j=13;
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k. — coefficients of the quadratic form, obtained

with solving the problem "in small", i =1,3.

Reseach of quality of proposed solution
The research of dynamic characteristics of the
armature current control loop with relay control,
as well as synthesized nonlinear control was
carried out by numerical modeling. In this case,
the character of setpoint on the tension from an
external controller was modeled as a step signal.
Transients of armature current using relay
(curve 1) and the synthesized nonlinear control-
ler (curve 2) are shown in Figure 3.
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Fig. 3. Transients of armature current using
different regulators

It can be seen that in the case of using relay
regulators oscillation mode may occurs. When
using a non-linear synthesized controller of ar-
mature current motor torque fluctuations, disap-
pears.

Conclusions. Applying of the Bellman-
Lyapunov method using invariant imbedding
has significantly improved the quality of the
transient process on the armature current, and
therefore the torque of the paper tension of un-
winding mechanism. So, we used the method of
the "instantaneous" linearization and a replace-
ment of relay with two positions with hysteresis
by mathematical model with univocal nonlin-
earities. Further improving of transients quality
is possible due to using of classical quadratic
quality functional where solution of Gamilton-
Yacobi-Bellman equation would be presented as
a sequence of exponent forms. However, it will
lead to a significant complication of the synthe-
sis procedure and the need for including of high
degree components of state variables into con-
trol law.
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