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The paper considers the design of control system for variable-frequency synchronous drive with vector
torque control. Such drives are used in units with enough wide speed range and shock loading, for example,
hot and cold rolling mills. Two coordinates generate the torque of the systems under consideration: current
and flux linkage of the stator. This paper provides parameter calculation for the observer of flux linkage state
of the stator of synchronous motor with damper windings. The system is implemented based on the Luenber-
ger observer with error-feedback. Flux linkage is determined within the orthogonal coordinate system d, g
rotating synchronously with the rotor. The complex of a synchronous exited motor and state observer has
been modeled. Modeling results demonstrate that a fractional error of flux linkage generation does not ex-

ceed 0.15 %.

Keywords: Common Luenberger state observer, stator flux linkage, synchronous motor with damper

windings, electric drive of rolling mills.

Introduction

Variable frequency synchronous motors (SM)
with the vector control of electromagnetic torque are
used at main electric drives of the rolling mills [1-3].
It prevents motor dropout of synchronism and allows
motor thrust operation as at DC electric drive at over-
loads in the torque-limiting mode.

As vector control implies operation in coordi-
nates oriented according to one of the magnetic flux
linkage, the SM control system may be designed on
the orthogonal coordinate axes of the stator (a, B) or
rotor (d, g). As a rule, control is implemented for
the simplification purpose as a system rotating to-
gether with the controlled vector, namely, the d, ¢
system. Consequently, this approach enables vector
control due to regulation of scalar values of its projec-
tion of the coordinate axes. In this case, the torque
control may be represented with the formula:

M=2Z,(y,iq = ¥ id)- (1)

A significant disadvantage of this method is
the need for controlling all four changing values,
which complicates the control system. As a solution of
this issue, a rotating coordinate system m, [ is pro-
posed in [4], which axis m is oriented in the direction
of the flux linkage vector of the stator Y, while the
stator current projection i; is put on axis /. Switching
to a new coordinate system helps preventing con-
sumption of reactive power in the synchronous ma-
chine by means of excitation field control. Against
this background, the stator current i; being orthogonal
to the flux linkage ¥ coincides with the stator voltage
vector. Therefore, the torque control is reduced to sca-
lar regulation of the stator flux linkage y_ and projec-
tion of the stator current i;, which form is similar to
control of the DC motor current:

3 .
M=3Z,y,i. )

The equation (2) provides for separate SM torque
control — by the flux linkage and stator current.

Relying on the required torque, the control system
generates stator current setting, which specifies the sta-
tor voltage vector with current controller and corre-
sponding coordinate transformations. Then, the inverter
of the frequency converter generates this vector by
means of pulse-width modulation.

The main problem at implementation of this ap-
proach is complexity of measuring stator flux linkage
y, required for calculation of the SM internal angle.
Strict dynamic requirements to electric drives of
the rolling mills cannot be met without quick-response
feedbacks according to coordinates unavailable for
direct measuring. Under these conditions, the use of
state observer appears to be rather promising, because
it provides estimate of unknown value according to
the known motor coordinates (current, voltage and
rotation rate). The methods of observer selection and
setting for asynchronous motors are thoroughly stu-
died and proposed by foreign and domestic research-
ers [5-7]. The issues of observer computing for
the synchronous motor with a salient-pole rotor and
damper windings have not been practically covered.

Observer of magnetic field state

of synchronous motor stator

The authors of this paper offer description of
state observer of magnetic flux linkage of the stator of
synchronous motor based on the Luenberger observer
with error-feedback.

Two main principles are generally applied at im-
plementation of the state observers for asynchronous
motors (AM): observer with sensors (current meter
and angular position encoder of the rotor) and sensor-
less observer (measuring current and voltage) [8, 9].
In the first case, when designing observer, a mathe-
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matical model of dynamic equilibrium of the AM ro-
tor based on the rotor current is only used:
— dwrd .
0=—K +I4R,; 3)
0="14R, + Aoy, .

Here, observer parameters are computed with due
regard to active resistance of the rotor assumed to be
constant. However, during operation under dynamic
overloads, the rotor winding is greatly heated; its ac-
tive resistance rises. Consequently, observer function-
ing under severe motor operation conditions cannot be
appropriately because of changed initial design pa-
rameters. A solution of this matter is designing com-
plex adaptive state observers.

When designing a sensorless observer, the value of
angular rate of the rotor is calculated with mathematical
method; the equation of dynamic AM equilibrium
based on the stator voltage is used together with (3):

_ v,
Usa_ d;a + IsaRs;

4 “)
Up==2 + IgR,.

A shortage of this method is the need for integra-
tion of differences (U — [R,) and (USB—IsﬁRS) at
determining projections of the stator flux linkage.
As the value of active resistance of high power ma-
chine stator is extremely negligible, voltage drop at
the stator is also low; hence, integration of variables
upon availability of DC components may ultimately
cause the system integral saturation.

To eliminate the above drawbacks of the observer
of powerful SMs of the rolling mill, the proposed ap-
proach combines positive properties of the aforemen-
tioned principles. Accordingly, stator flux linkage is
calculated with mathematical models of a synchronous
machine reflecting its current and voltage and without
notice of a non-linear nature of the magnetic system.
The rotor rotation rate is supposed to be a known
measurable value; the state observer is believed to be
tolerant to its change.

Luenberger observer

The mathematical model of continuous linear-
controlled stationary entity with many inputs and out-
puts is presented in a standard (5) and transformed (6)
view:

X =Ax + Bu,

{ y=0«x, )
where u — multidimensional vector of control actions
(r<1);

y — measurable m-dimensional output (mxn);

x — variables setting the system within the state
space (nx1);

A (nxn), B (nxr), C (mxn) — constant matrices.

x1] _ [Au Alz]_ X1 Bl]_ .
[552] Ay Ay [xZ] * B, "
X
y=10 n[]=x ©6)

where x; — n-dimension vector ((n—m)x1), for which
an observer is designed;

X, — measurable m-dimensional vector (mx1);

I — identity matrix (m>m).

Expression (6) may be written as an equation
system:

X1= A11x1 + Ajaxy + By, 7

{x2= Ayxy + Appxy + Byu. )

According to Luenberger [10], this equation sys-
tem is reduced to the observer of the following type:

X =AnXy T Apx + Biu — KAy (% —x1),  (8)
where X; — considered vector x;;

K — coefficient matrix.

Equation (8) enables deriving a formula for error
calculation:

X=X — X =(A4y — KAy) %, )

The use of the Luenberger observer to deduce
flux linkage of the synchronous machine stator to be
considered below shows that error calculation does
not involve a critical difficulty, because matrix ele-
ments A;; and A,; varydepending on the rotor rate o,
having a real value. Coefficients K shall be selected in
such a manner as to have eigenvalues of the matrix
(A11—KA3) in the left portion of the complex plane to
provide a stable nature of the transient process.

Then, the observer of vector x; with error fore-
casting according to the feedback may take the fol-
lowing form [10]:

X=A % +Apx, +Biu—K (3G —2)=

=A X + Apx; + Biu —

— K (A%, — y + Ayyx, + Bou) =

= (A1 — KAy )%y + (A, — KAyp)x, +

+(B; — KBy) u+ Ky. (10)

This observer contains a derivative of output
values, which is undesirable because it results in in-
tensification of distortions present in initial signals.
There under, the derivative is replaced with a dummy
variable:

£=%; — Ky. (11)

When combining (10) and (11), a final observer
formula may be written as the following equation
system:

&= (A — KAy e + [(Ayp — KAp)+
+(4y; — KAy K]y + (B, — KB))u; (12)
X=¢+Ky.

The structural diagram of the reduced-order Lu-

enberger observer with feedback is shown in Fig. 1.

Observer of current and flux linkage
of SM stator
Equations of SM voltage equation shall be writ-
ten as follows:
(ud =PV, — (Ur‘lfq + Riig;
uq=p\llq - Wr\lfd + Raiq;
0=pv,, + Ry (13)

0=pv,, + Ry

U u=py, + Ry
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Fig. 1. Luenberger observer

The following non-observable and unmeasurable parameters shall be excluded from this equation system: vy,
Wi V5 iyas Iy At a later stage, they may be determined with the known current values i, i, iy and observable pro-

jections of stator flux linkage g, y,. Such transformations are enabled with the current equations for flux linkages
of synchronous machine windings:

V= Lgig + Logiyq + Laais
Y, = Lyly + Laghygs
Vya™ Ladia + Lyatya +Ladlys (14)
¥,y Laglq + Lyghygs
\ ¥, =Ladia + Laaiva * Ly
where Ly= Loy + Logs Ly=Lag + Loas Lyg = Lag + Loyas Lyg= Lag + Loygs L= Loa + Loy
Due to this replacement, the equation (13) will take the following form:

Ug =PV, 0, + Raig;
uq:P‘Ifq—wr‘Vd + Raiq;

Lgg Loya . LogLoya .  Ryq LgRyg . Lag Ryq .

=— + | Lyg+t —=2 + pi, — Ly, + =i, + =L,

) 0 py, ( A pi, » i L v, L Iy Ly i (15)
LygL . R Ly Ry, .
0=—py,+ (Lw+—”" "”’)pl — LoV g
q L}"I q L}"I q Lyq

ur=py,— Lo, pi, + Lafpif+ Reip
Expression (15) shall be presented in a matrix form:

! 0 0 0 0
a1 [0 1 0 0 0
| uq | _1 0 L0a+ Laa Lzryd 0 Laa Layd
0= Lya Lya X
Of 1o -1 0 Lo +fms
uf Lyq
1 0 —L,, 0 Ly |
0 -0, R, 0 0 1
Va] | o 0 0 R, 0 | Y]
v, Ry 0 LqRy, 0 Lad Ry v,
Xp id + Lya Lya Lyq id . (16)
Iy 0 B o Lo g ||l
ir Lyg Lyg ir |
0 0 0 0 Ry

Equation (16) is reduced to a standard typé of n-dimension mathematical model of synchronous motor (6),
where

v, .
xlzw]; x2=lq;u=
q if

86

Bulletin of the South Ural State University. Ser. Power Engineering.
2016, vol. 16, no. 3, pp. 84-92



A60yneeneees U.P., XpamwuH T.P., CuHme3 Habsirodamesiss cCOCMOSIHUSI MOMOKOCUernieHuUst

Kopnunoe I'.I1., Hukonaee A.A. CUHXPOHHO20 3/1eKmpornpueoda NPoKamHo20 cmaHa
[ LoyRya  or (Lyy Loyd + Loplya)
D D
A21 _[_or Lyg M i
0 0 ’
leRyd _ ;- Lad Lzryd J
D D
M R, (Lad Loyd + LJfLyd)+Ryd Ly qu 0 _ Loy (Ryd Laj_RfLoyd) ‘l
D D I
Ra Lyg + LgRyq
Ap= 0 - o 0 [;
(—Ra Lyg Loya + Rya L Log) 0 Re(L LoyatLoa Lyd) * Ryd Lad Lsz'
L D D
B. - [1 0 O].
L=
0 1 oF
Lad Lzryd + Lq/‘ Lyd 0 _ Laszryd
L
Vg
Bz =| 0 Z 0 I,
_ Laa Loyd 0 Lagq Loyd + Lszde
D D

D=(L,Lyq+ LaaLgya) Loy + LoaLoyaloas
O=Lag Loy * Lyg Loa:

Observer parameter calculation
This calculation was performed for a real synchronous motor of the cold rolling mill, which parameters are

provided in Table 1.

Table 1

Parameters of SM of rolling mill
U=2990V L,,=0.891 mH
1,=1.570 A L,y=1.1mH
f=19.25Hz L,,=12mH
Z,=3 Ly=14mH
J=1810kg'm’ L,,=17.7mH
R,=0.0115 Ohm L,=74mH
R,;=0.1198 Ohm L;=18.6 mH
R,,=0.0456 Ohm L,=83mH
R,=0.0348 Ohm O, rared = 120.95 rad/s

Calculation of observer parameters is in deduction of coefficients in the matrix (4;1—KA,;) determining drive

dynamics, where K has the following form:
ki ki ks
=l el (a7
The last formula, using known values of matrix elements 4;; and 4,;, could be presented in expanded form:
—2254.6'k1+514.28-w, k1, — 1425.5'k;;4 —o, — 673.33-0,k;; —2458.1:k,1283.97w, k3

[u), — 2254.6'k5 t514.28-w, kyy — 1425.5ky; —673.33-0,°ky; — 2458.1'k»1+283.97w,'ky3 |

As an observer being robust to variations of the rotation rate within the operating speed range is needed, coef-
ficients ki,, ki3, k1, ko3 are taken to be equal to zero [11]. It enables weakening influence of the rotor rotation rate
®, on observer functioning. As a result, we obtain a characteristic equation for determination of design coefficients
ki, ko

det [sI — (Ay; — KAy)] = 5% +5(2254.6:k; + 2458.1+ky,) +

+ 02(1 — 673.33) - (1 — 514.28) + 2254.6'k;,-2458.1-k», = 0. (18)

In such a way, the expression (18) takes a conventional form of quadratic equation:

s*+as+w’b+c=0, (19)
where

4 =2254.6k;, +2458.1-kyy:
b= (1 — 673.33+4;,)(1 — 514.28k,);
c= 22546k] 1 24581k22
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Coefficients ki, k»; may be easily computed for
roots of the quadratic equation with a negative real
part under conditions @ >0 and w2?b +c¢ > 0. As
w?2b is the only variable in the equation (19), change
of coefficients (observer eigenvalues) at variable
speeds may be estimated according to distribution of
transfer function roots

mfb

s2+as+c

The observer has a rather high immunity at speed
changes within a wide range both at real and complex
conjugate roots of the characteristic equation. A stabi-
lized speed control loop is an essential pre-requisite for
powerful electric drives of the rolling mills [11].

Based on the belief that response speed of the ob-
server shall exceed that of the system, real roots of
the characteristic equation for case ®, =0 are assumed
to be located in the left-hand semi-plane at point —
1,000. This root distribution corresponds to the fol-
lowing coefficient matrix:

With rising |w,.|, roots obtain an imaginary com-
ponent; they are arranged at points —707.1+;707.1 on
a complex plane. Variations of parameters ki;, k1, of
the coefficient depending on the rotor rotation rate are
offered in Table 2 and Fig. 2; here, the rated rotation
rate o, 400 = 120.95 rad/s is taken as a basic value.

Modeling results

At the investigations performed, the proposed
observer of flux linkage rate was integrated into
a mathematical model of the cold rolling mill SM.
The motor is represented with complete SM equations
in transient processes and provides for change of main
engineering coordinates — the static torque. At the mo-
del output, main motor coordinates are computed,
namely — currents (iy4, i, i), voltages (uy, ug, uy) and
rotor rotation rate (®,). The observer is based on
the above mathematical provisions and structural dia-
gram in Fig. 1. Controller parameters comply with
data in Table 2. The model was implemented with the
MATLAB Simulink software.

Modeling results are shown in Fig. 3 at accelera-

K= 0,444 0 O]
0 0,407 0 tion and load rise (changes of torque and rotation rate
Table 2
Observer coefficients
®,, p.U. ki ky
0 0.444 0.407
0.1 0.595 0.032
0.2 0.617 0.0097
0.3 0.622 0.0054
0.4 0.623 0.0039
0.5 0.624 0.0032
0.6 0.624 0.0028
0.7 0.624 0.0026
0.8 0.625 0.00244
0.9 0.625 0.00234
Oy rar 0.625 0.00226
1.1 0.625 0.00221
0,7
0.6
0.5
0,4 kil
0.3
0,2 k22
0.1 /
0
0 01 02 03 04 05 06 07 08 09 1 1.1
or, p.u.

Fig. 2. Dependencies of coefficients k,;, k,, on angular rotation rate of the rotor ®,
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Fig. 3. Curves of changing torque (a), rotation rate (b), projections of stator flux linkage:
design (c) and supplied by the state observer (d)
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Fig. 4. Observer error

are shown in Fig. 3, a, b), where vy, and vy, — projec-
tions of flux linkages calculated with the known for-
mulas (Fig. 3, ¢), yq. and y,. — projections of flux
linkages supplied by the state observer (Fig. 3, d). Fig. 4
shows error of the observer: Ay, = w,, — yg, and
Ay, = Y, — Y, Wb, its relative value does not ex-
ceed 0.15%. Such a high accuracy may be explained
by the fact that parameters in the state observer com-
plied with those of the SM model during modeling.

Conclusions

The paper highlights main principles of designing
up-to-date systems based on the vector method of
generating electromagnetic torque of the variable fre-
quency synchronous electric drive of the rolling mill.

The authors offer the design of observer of mag-
netic flux linkage state of the stator of synchronous
motor based on the Luenberger observer with error-
feedback.

As exemplified in a real synchronous motor, cal-
culation of observer parameters with high immunity is
provided. Results of modeling transient processes at
starting and shock loading SM of the rolling mill are
offered.
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CUHTE3 HABJIIOOATENA COCTOAHUA MOTOKOCLUEMJIEHUA
CUHXPOHHOI'O 3JNIEKTPONPUBOOA NMPOKATHOIO CTAHA

U.P. A6dyneenees, T.P. XpamwuH, I".I1. KopHunos, A.A. Hukonaee

MazHumoeopckul eocydapcmeeHHbIU mexHudeckul yHueepcumem um. I.U. Hocosa,
2. MaeHumoeopck

PaccMOTpEeH CHHTE3 CHCTEMBI YIPABICHHS YaCTOTHO-PEryJIHPYEeMOTO CHHXPOHHOTO SJIEKTPONPHBOAA C
BEKTOPHBIM PEryJIUpOBaHHEM MOMeHTa. [10100HbIe IPUBOIBI HAXOAAT IPUMEHEHHE B MEXaHH3MAX C JOCTATOY-
HO IIMPOKUM AUANa30HOM CKOPOCTH M YIapHBIM MPHIOKEHHEM Harpy3Ku, HalpUMep, CTaHbI TOpsUei U XO0JI0/-
HOI IpoKaTku. MOMEHT B pacCMaTpUBAaeMbIX CHCTEMax yIpaBiieHUs] GOPMHUPYETCsl AByMsl KOOPIAMHATAMH: TO-
KOM M HOTOKOCIICIUIEHHEM CTaTopa. B naHHOM craThe Mpou3BeneH pacyeT napaMeTpoB HaOIOATeNs COCTOs-
HHS IOTOKOCIIEIUICHHUs] MATHUTHOTO TOJISI CTaTOpa CHHXPOHHOTO JABUrarelis ¢ aeMndepHsivu oomotrkamu. Cuc-
TeMa pealM3oBaHa Ha 0a3e HaOmonarens JlroeHOeprepa ¢ oOpaTHOI cBsi3bio 1o ommbke. IToTokocnemeHne
OlpeneNnsieTcs B OPTOrOHANBHON CHCTeMe KOOPIUHAT d, ¢, CHHXPOHHO Bparuaroleics ¢ potropom. IIposeneHo
MOJICTUPOBAaHUE KOMIUIEKCA, BKIIOYAOIIET0 CHHXPOHHBIN IBUTaTeNb ¢ BO30Y)XACHUEM M HaOIIOATENb COCTOS-
HH. Pe3ynpTaThl MOJEIHPOBAHHS OKA3bIBAIOT, YTO OTHOCHTENBHAS MOTPEIIHOCTD ()OPMUPOBAHHS TIOTOKOCIIE-
mwreHns He npessimaet 0,15 %.

Knrouesvie crosa: nabarooamens cocmosinus Jloenbepeepa, nomoKocyenjienue cmamopd, CUHXPOHHbLI
osuzameinv ¢ OeMRGepHbIMU OOMOMKAMU, DNEKMPONPUEOO NPOKAMHBIX CIAHOS.
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