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SMALL SPEED ASYMPTOTIC STABILITY STUDY OF A SPEED

VECTOR CONTROL SYSTEM FOR AN INDUCTION MOTOR
THAT CONTAINS IN ITS LOOP A GOPINATH OBSERVER

In this paper we analyze the asymptotic stability of a vector control system for an induction
motor with short-circuited rotor that contains in its loop a Gopinath observer. The studied control
system is based on the direct rotor flux orientation method (DFOC) and the stability study is based
upon the linearization theorem around the equilibrium points of the control system, emphasizing
the estimated variation domain of the rotor resistance for which the control system remains asymp-
totically stable when the prescribed speed of the control system is close to zero. The stability study
is made in both the continual and discrete cases. The mathematical model of the vector regulating
system is made using a value dA.—gA. linked to stator current. In order to mathematically describe
the DFOC control system we will consider the following hypotheses: the static frequency con-
verter (CSF) is assumed to contain a tension inverter; the static frequency converter is considered
ideal so that the vector of the command measures is considered to be the entry vector of the induc-
tion motor; the dynamic measure transducers are considered ideal; the system and axis transforma-
tion blocks are considered dynamically ideal; the mathematical model of the vector control system
will be written in an dA—gA. axis reference bounded to the stator current.

B craThe aHAMM3MPYETCs aCUMIITOTHYECKAas CTAOMIBHOCTh BEKTOPHON CHCTEMBI YIIPABIICHHS
JUIl aCHHXPOHHOTO IBHTATENsl C KOPOTKO3aMKHYTHIM POTOPOM, KOTOpasi COAEPKHT HaOoaaTeNnb
lonuna. PaccMoTpeHHas cuctemMa yrpasiieHus: 0a3upyeTcst Ha IpsIMOM METO/Ie OPUEHTAIINH ITOTOKa
potopa (DFOC), a uccnenoBanue CTabMIBHOCTH OCHOBAHO Ha TeOpeMe JIMHeapH3alliK BO3JIe TOYEK
paBHOBECHUS CUCTEMBI yIpaBiieHusl. [Ipy 5TOM akIIeHT clieflaH Ha Tpe/roaraeMoi 00JacTi U3MeHe-
HUS CONPOTHUBIICHHUS POTOpA, I KOTOPOH CHCTEMa YIIPABJICHHUS OCTACTCS aCUMIITOTHUECKH YCTOM-
YHMBOM, KOTI/Ia MpEAICaHHasi CKOPOCTh CHCTEMBI yIpaBiieHus Onm3ka K Hyimo. VccnenoBanue cra-
OWJIBHOCTH MPOBOJIIIIOCH B HETIPEPHIBHBIX M B TUCKPETHBIX CTydasx. MaTeMaTHYeCKas MOJICIb BEK-
TOPHOM CHCTEMBI PETYIIMPOBAHUA CO3/aHa C HUCIOJB30BAaHUEM 3HAYCHHU dA.—gA., CBA3AHHBIX C
MOTOKOM cTaTopa. JIJisi MaTeMaTH4eCKOro onucanus cucremsl yrnpasienuss DFOC, ucxonum u3 ciie-
IYIOIIMX TPEIIONIOKEHHUI: CTaTUYeCKUil mpeodpa3oBatenb 4acTtoThl (CSF), kak mpexmonaraercs,
COJICP)KUT MHBEPTOP HANPSHKCHHOCTH; CTATHYCCKUN MPeoOpa3oBaTellb YacTOTHI CUHTAIOT HICAThb-
HBIM TaK, YTOOBI BEKTOp YIpaBJCHUS ObLT BEKTOPOM BXOJa ACHHXPOHHOIO JIBUraTeNs; JMHAMMYIC-
CKHe MPpeo0pa3oBaTelld U3MEPEHHBIX 3HAUCHHUH CUMTAIOTCSA MICATBHBIMU, CHCTEMa U OJIOKH IPeo0-
pa30BaHMsI KOOPIUHAT CUMTAIOTCS JUHAMUYCCKU HIICaIbHBIMHI, MATEMATHICCKAsk MOJICTTh BEKTOPHOM
CHCTEMBI YIIpaBJIeHus OyZleT co3aHa B 0CSIX dA—qg\., CBS3aHHBIX C TIOTOKOM CTaTopa.

1. Introduction. This paper approaches a
difficult problem within vector driving systems
for induction motors namely the asymptotic sta-
bility study in a Lyapunov manner. The difficulty
is brought by the mathematical model of the non-
linear analyzed system that makes the Lyapunov
stability analysis methods difficult to apply. The
novelty of the paper consists in obtaining the
method and the form of the linerized mathemati-
cal model on which the analysis of the asymptotic
stability is made. The shape and structure of the

mathematical model depends on the actual com-
ponents within the analyzed control system and
the way in which the state values are selected. In
this paper we present the analysis of the asymp-
totic stability of a vector control system for an in-
duction motor with a short-circuited rotor that
contains in its loop a Gopinath observer. The ana-
lyzed control system is orientated according to
the estimated rotor flux by the Gopinath observer.

We have realized the stability analysis for
low speeds, emphasizing the influence of the iden-
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tified rotor resistance within the stability of
the control system. We have obtained the
variation range of the identified rotor resis-
tance for which the control system remains as-
ymptotically stable.

2. The Mathematical Description of the
Vector Control System. In order to mathe-
matically describe the DFOC control system we
will consider the following hypotheses:

The static frequency converter (CSF) is
assumed to contain a tension inverter.

The static frequency converter is consid-
ered ideal so that the vector of the command
measures is considered to be the entry vector of
the induction motor.

The dynamic measure transducers are con-
sidered ideal.

The system and axis transformation blocks
are considered dynamically ideal.

The mathematical model of the vector
control system will be written in an dic—gh.
axis reference bounded to the stator current.

Based on these hypotheses the block dia-
gram of the direct vector control system that
contains a Gopinath type rotor flux estimator in

its loop is presented within fig.1 and the DFOC
field orientation block within fig.2.

Some of the equations that define the vec-
tor control system are given by the elements
which compose the field orientation block and
consist of:

e stator tensions decoupling block (C,Uy);

e couple PI regulator (P/_M.) defined by
the Kj, proportionality constant and the 7, in-
tegration time;

e PI flux regulator (P/ ) defined by the
K, proportionality constant and the 7,, integra-
tion time;

e mechanical angular speed P/ regulator
(PI_W) defined by the K, proportionality con-
stant and the T, integration time;

e current P/ regulator (PI I) defined by
the K; proportionality constant and the 7; inte-
gration time;

¢ Flux analyzer (4F).

The other equations that compose the
mathematical model of the speed control sys-
tem are those given by the relations that define
the stator currents — rotor fluxes mathematical
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model of the induction motor as well as the
equations that define the mathematical model
of the observer for the Gopinath type rotor flux.

All these expressions can be put together
as a 12 differential equations system with 12
unknown values. In order to offer a coherent
presentation of this differential equations sys-
tem, we have used the following notations:

The state vector of the control system will be

X= [Xi]i:1,12

where X =iy 5 X Tigs X3 = Waa s
X4 =Wamne s X5 =0p5 X1 =Wan, > Y12 = VYam,
The input vector of the of the control sys-

tem will be
u= [”1”2”3]T

where u, =y .; u, =, ; uy, =M,

Under these circumstances the 12 differen-
tial equations system that define the mathe-
matical model of the vector regulating system
can be written as follows

X0 = FxO0), M

and the

where
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X2

*
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3k
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Where L, Lr, L,, are the stator, rotor and
mutual inductance, Ry, R, are the stator and ro-
tor resistance and o is the mutual coefficient of
leakage.

In the relations above we noted with «*»
the identified measures of the induction motor
and k is the proportionality coefficient Gopinath.

Under these circumstances the mathemati-
cal model of the speed vector control system is
fully determined as being defined by the non-

+2,X5X.

linear differential equations system given by (1)
whose initial condition is x(0)=0.

3. The Asymptotic Stability Study of
the Control System. In order to realize the
analysis of the asymptotic stability we will
consider an induction motor that has the fol-
lowing characteristics:

e clectrical parameters

R, =0,371[Q]; R, =0,415[Q2];

L, =0,08694[H]; L, =0,08762[H];

L, =0,08422[H].
e mechanical parameters
z,=2; J=015[kg-m"];
N-m- s}

rad

F= 0,005[

On the other hand, following the auto-
mated regulators tuning within the speed con-
trol system we obtain the following constants:

K
K, =5013834; T, =—¥—:
v V23747

K, =59881; T, K
754,4176

K
K, =10,1988; T, = —M .
M M 1020
K
K =10; T =—©
@ 350

Under these circumstances by imposing
the entry vector of the control system to be of
the following type

uy =y, =0,69[Wb];

I rad |
2m — Wrm T "m N ’
300 s

(2)
uy =M =M, =93,269[N - m],

where n,, =100m[rpm] with m =0,15 and the
proportionality coefficient between the self
values of the motor and those of the observer
being k = 0,3 by solving the non-linear system
f(x,u)=0 using the Newton method having
as the start point the vector:
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Fig.3. The self values of the matrix 4;; M,=My

X =[0 0 uy Ouy 0 0 00 0 u O]
we obtain an equilibrium point x,, = b,, where:
b, = [bml‘]i:ﬁ-

From those stated above by the lineariza-
tion of the system (1) around the equilibrium
point x,, =b, obtained for an u*=[uu,,u;]"
entry vector defined by (2) we obtain:

Ax(t) = A; Ax(t) + B; Au(t)

where A4;, B; matrixes are:

|9y :
AL - {axl (bm’u ):| 5

i=1,12; j=1,12
B, {_ﬁff (bm,u*)}
Ouy,

Next, in order to study the asymptotic sta-
bility of the equilibrium points x,,=b, we will
analyze the self values of the 4; matrix so that
if they have a strictly negative real part the
Xm=b, equilibrium point is asymptotically sta-
ble for the linerized system (3). Under these
circumstances according to the linearization
theorem” in a vicinity of the equilibrium point
Xm=b,, the non-linear system (1) is asymptoti-
cally stable.

3)

i=1,12;k=1,3

* Voicu M. Tehnici de analiza a stabilitatii sistemelor
automate. Editura Tehnica. Bucuresti, Romania, 1986.

As the self values of the 4, matrix are pre-
sented within fig.3, it results that the equilib-
rium points x,=b,, of the linerized system (3)
are asymptotically stable and according to the
linearization theorem the equilibrium points
xn=b, are asymptotically stable in certain vi-
cinity for the non-linear system (1).

Also in fig.3 for a more in depth study of
the asymptotic stability of the (1) system we
emphasized the self values of the control sys-
tem that does not contain a Gopinath observer.

From those presented above one may no-
tice that the self values consist of the self val-
ues of the control system that does not contain
a Gopinath observer as well as the self values
of the Gopinath observer. The only self values
that modify when a new entry vector is im-
posed are the self values of the Gopinath ob-
server.

One may notice that inclusion of the
Gopinath observer does not alter the self values
of the control system that does not contain it.

Thus, one can conclude that we can study
the asymptotic stability of a control system that
contains in its loop a Gopinath observer by in-
dependently studying the asymptotic stability
of the control system that does not contain a
Gopinath observer and asymptotic stability of
the Gopinath observer.

For a more detailed study of the asymp-
totic stability, next we will present the 4, ma-
trix self values under identical testing condi-
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tions with those above with the difference that
uy =M =My =0[N-m].

As with the previous case from fig.4 one
may notice that the x,,=b,, equilibrium points of
the linerized system are asymptotically stable
resulting that in certain vicinity these points are
asymptotically stable for the non-linear system
defined by (1).

Next, we will emphasize the influence of
the estimated rotor resistance when studying
asymptotic stability of the equilibrium point
xo=by of the non-linear system (1) in a certain
vicinity of this point.

The equilibrium point is obtained for an
entry vector like u = [u1u20u3]T defined by (2),
namely for a speed of n, = 0[rpm] .

Based on this study we can obtain infor-
mation related to the range of variation of the
estimated rotor resistance for which the non-
linear system (1) remains asymptotically stable
around the x, = b, equilibrium point.

As the self values of the Ap matrix are
presented in fig.5, it results that the non-
linear system (1) around the equilibrium
point xo=b, is asymptotically stable for an es-
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Fig.5. 4, self values by rotor resistance for n0=0[rpm] Mr=My
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Fig.6. 4, self values by rotor resistance for n¢=0[rpm] M,=0
timated rotor resistance in range of D;= 2

= {R:;0,9 IR, < R: <148R.}, becoming asymp-
totically unstable for an estimated rotor resistance in
range of D, = {R;1,48R. <R. <091R.}.

Next we will present the influence of the es-
timated rotor resistance to the asymptotic stability
of the non-linear system (1) when the entry vector
is u = [uuyus]" defined by (2) with the differ-
ence that uy =M =M, = 0[N -m]. The self val-
ues of the A; matrix are presented in fig.6.

As the self values of the Ap matrix are pre-
sented in fig.6, it results that the non-linear system
(1) around the equilibrium point xo=b, is asymptoti-
cally stable for an estimated rotor resistance in range
of D ={R.;0,1R, <R. <2,61-10°R.}, becom-
ing asymptotically unstable for an estimated rotor
resistance n range of D, =
={R:2,61R, <R <O0,IR}.

On the other hand in case we realize the
digitization of the (3) linear system we obtain:

x(k+1)=F,x(k)+ Hu(k), 4)

where the F;, H; matrixes are obtained from
the 4;, B, matrixes using one of the two digiti-
zation types:

e simplified digitization:

e complete digitization:

T2

where: T is the sampling time.

Proceeding in a similar manner the self values
of the F;, matrix in case the entry vector is de-
fined by (2) and the F; matrix is obtained by
using  simplified  digitization using a
T =53,3[usec]sampling time were considered.

From this consideration we can see, that
the x,=b, equilibrium points are asymptoti-
cally stable for the discrete system (4) in case
the F; matrix is obtained through using the
simplified digitization method.

This conclusion also remains valid when
the F; matrix is obtained through the complete
digitization method both where the resistant
couple is present or absent.

Next we will present the influence of the
estimated rotor resistance over the asymptotic
stability of the discrete non-linear system
when the entry vector is u =[uu,u;]" and is
defined by (2). This study was conducted for
a sampling time of 7 =53,3[usec] in case of
simplified digitization. After the study we ob-
tained the information that the xo=b, equilib-
rium point remains asymptotically stable for
the (5) linear system for a variation of identi-
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fied rotor resistance ranging from D, =
={R;0,91R. <R <148R.}.
The xo=by equilibrium point becomes as-

ymptotically unstable when the variation of the
identified rotor resistance varies from D, =

—{R.;1,48R. <R, <0,91R.}.

When the study of the influence of identified
rotor resistance variation is done for an entry vec-

tor of the u = [uu,u;]" type defined by (2) with
the difference that u; =M ,= M = 0[N -m] then
the stability domain for which the xo=by equilib-
rium point is asymptotically stable is

D, ={R.;0,1R, <R, <306,39R.} and the insta-

bility domain is D, = {R,;306,39R, <R. <0,IR,}.

On the other hand the domains that define
the upper and lower limits of variation of iden-
tified rotor resistance for which the xo=b, equi-
librium point remains asymptotically stable for
the (5) discrete linear system diminishes with
the increase of the sampling time.

4. Conclusions. In this paper is presented
under a unitary entity the mathematical model
of the speed vector control system that has in
its loop a Gopinath observer. This mathemati-
cal model allows for external stability study as
well as internal stability study of the control
system.

After the study we observed that the ana-
lyzed regulating system is asymptotically stable
for the imposed speed range (0...1500)[rpm]
both, when a resistant couple is lacking or pre-
sent as M=My. This conclusion is valid in both
the continual and discrete cases where the sam-
pling time is 7" =53,3[pusec].

From those presented above we can say
that the Gopinath observer adds self values to
the control system that does not contain it in its
loop without modifying the other self values.
This conclusion is only valid when the matrixes
that are the basis of projecting the Gopinath ob-
server are the same size with those of the in-
duction motor.

In this paper we determined the upper and
lower variation limits for the identified rotor re-
sistance for which the xo=b, equilibrium point
remains asymptotically in both the discrete and
continual cases.

After the study we obtained the following
information emphasized within Table 1 for the
continual case ant Table 2 for the discrete case.

Table 1
Continual case
M=My M=0
LI 0,91R. 0,1 R,
LS 1,48R, 2,61-10°R,
Table 2
Discrete case
M=My M=0
LI 0,91R. 0,1 R,
LS 1,48R. 306,39R,

Where, through L/ we noted the lower
limit and through LS we noted the upper limit
of variation of identified rotor resistance.

From the tables above one may notice that
the upper limit for the discrete case decreases
compared to the upper limit of the continual
case when the resistant couple is null. The up-
per limit stays the same in both the discrete and
continual cases when M,=M,.

The lower limit for the discrete case is the
same as the lower limit of the continual case in
both the lack or presence of the resistant couple.

Also, from the tables above one may no-
tice that the upper limit in case of lacking resis-
tant couple increases compared to the upper
limit in case of having resistant couple and the
upper limit in case of lacking the resistant cou-
ple decreases compared to the lower limit in
case of having resistant couple. This conclusion
remains valid for both, the continual and dis-
crete cases.
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