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On the Stability of Full Adaptive Observer for
Induction Motor in Regenerating Mode

Erik Etien, Claude Chaigne, and Nadia Bensiali

Abstract—This paper, which deals with the stability of adaptive
observers for induction motor in the regenerating mode, proposes
a new approach that is consist of describing the error system in
state space representation. With this formulation, it is possible to
establish a cartography of unstable eigenvalues in the torque/speed
plane, thus simplifying the stability analysis. Moreover, a new
stability criterion is defined and used to realize stabilizing designs
based on feedback gain as well as on the speed adaptation law.

Index Terms—Induction motor drives, observers, regenerating
mode, stability.
NOMENCLATURE

Stator current space vector.
Rotor flux space vector.

7:5 - isd + ]qu

ﬂR = rlzbrd +j7vzjrq

Prof Rotor flux modulus reference.
Wyl Slip frequency.

w Electrical rotor speed.

Ws = We] + W Stator frequency.

R Stator resistance.

Rp Rotor resistance.

Ly Magnetizing inductance.

L, Leakage inductance.

I. INTRODUCTION

TABILITY of initial full adaptive observers in regenerating

mode is now a well-known problem [1], [2]. Since the early
90s, many solutions have been proposed based on stabilizing
feedback gains [3]-[6], adaptation laws [7], [8], or gains/laws
association [9]. These designs are generally the result of a
stability study based on Routh—-Hurwitz criterion applied to
a transfer function representation of errors. However, each
solution seems to be a particular case, and no general analysis
is discussed. However, recently, efforts have been made in this
direction [10]-[12]. In [10], the Lyapunov function leading to
the speed adaptation law is considered in a more general form,
and authors concluded that probably no solution to stability
problem can be found. In [11], a common framework based
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on the positive real property is proposed, and design rules for
the feedback and adaptation gains are defined. In [12], the link
between reduced and full observers is made, and the concept of
complete stability is introduced. This leads to stability condi-
tions, taking feedback gain and adaptation law parameters into
account. This method is very efficient in checking the influence
of feedback gains and/or speed adaptation law parameters on
stability. In this paper, the stability problem is tackled using
a state representation, which leads to a simplified analysis. In
Section II, models used in this paper are presented, and a cartog-
raphy of unstable eigenvalues (UEVs) in the torque/speed plane
(mapping method) is derived. It can be noted that mapping
has been used in previous works in order to study combined
controller/observer stability [13]. In this paper, only observer
stability is investigated, and the main experimental results are
implemented in a sensored control. From the state representa-
tion, the simplified instability criterion can be easily derived,
and analytic expressions of stability limits are found. Then, a
new interpretation of the stabilization process consists of re-
ducing the instability area to the unobservability line wy = 0 is
presented as the main contribution of this paper. Our approach
avoids using the Routh—-Hurwitz analysis [12] or Lyapunov
inequality [11], which can be difficult to use in the case of
uncertainties in parameters for example. Although the problem
of the parameter variations is not addressed in this paper, the
proposed method seems to be a powerful tool for the stability
analysis in this case. In Section III, two feedback gain designs
leading to an unstable region reduced to the unobservability line
ws = 0 are studied. In Section IV, the design of the speed adap-
tation law is discussed. In this case, another solution leading to
the reduced unstable region is again given and compared with
previous designs through simulations and experimental results.

II. STABILITY ANALYSIS OF CLASSICAL
FULL ADAPTIVE OBSERVER

A. Linearized Model

The induction motor model is described by the following
state equations in the synchronous rotating reference frame and
using complex notations:
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The classical full adaptive observer is expressed as

o TR

$1= - (Lrio) Lt (£ -09) 3,

1
+ =u, + GS i

a7 P 1 i~ -~
i = Rl — (£ 4304 ) 0+ Gre,

o= e— K 4
w=—-Kie— K,ge

Q

&‘&

t

where e=S{e e}, €= (i, ~ 1) Ga= {g‘gd

—0sq
gsq 9sd ’

and G, = {grd _grq} . The superscript * stands for complex

9rq 9rd
conjugate. The complex number e /¢ is traditionally added
to obtain stable behavior in regenerating mode with a correct
tuning of the angle ¢ [14]. In [1], considering ¢ = 0, the
classical speed adaptation law was obtained from Lyapunov
theory using the following assumption:

bp— ¥
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According to (3), the set of equations in (1) can be written as

|,
»

:*(%+jws)l.s+i (%fjw)yR+L%gs
= Bric = (& +jwa ) ¥y

w=0.

B2 &l %=
I

“4)

By subtracting (1) to (2), the error vector e = [e; €y T

€]
is defined with e; = (i, — i), ey = (1, — ¥ ,), and e, =
(w — @). The estimated rotor flux is assumed to be correctly
controlled and satisfy LE Rd0 = Urer (the subscript O stands for
the operating-point quantities). By linearizing the resulting
system (e = e + 0e) and expressing in a component form, a
linearized model is defined by

e = Aide + Byou, (5)

where de = [de;q Oeiq dey, ey, dey]t and dup =
[ws 6w]T. Matrices El and El are given in (38) at the end of
this paper, under the assumption of known parameters.

It is well known that, when G5 = G- = 0 and ¢ = 0, this
observer is unstable in the regenerating mode. In the following,
it is shown that this property is easily verified using state space

representation.

B. Unstable Regions

1) UEVs localization: The stability of the system in (5) can
be studied by defining set (D) containing the UEVs of the
matrix A;. Unstable regions in the plane {wp,wso} can also
be highlighted providing a powerful tool for stability analysis.
The domain (D) of unstable EV is defined by

Dwowsi0) _ {)\i (;1\1 (Wm UJle))/?R{)‘i (121\1 (LUQ, wslo)) > 0}}
(6)
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TABLE 1
PARAMETERS OF 1.1-kW FOUR-POLE 400-V 50-Hz MOTOR AND LOAD
Stator resistance Rg 10.75%2
Rotor resistance Rg 3.62Q2
Magnetizing inductance L ps 420mH
Leakage inductance L. 60mH
Total moment of inertia 0.040kg.m?
Rated speed 14707 /mn
Rated current 2.6A
Rated torque TN.m
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Fig. 1. Unstable EV in the {wo, To} plane: K; = 30 and Gs = G, = 0.
Regions of unstable EVs can be plotted in the {wp,wso}
plane or in the {wo,Tro} using the relationship 770 =
(PY2 wsi0/RR). As illustrated, let us consider the induction
motor whose parameters are shown in Table I. For the classical
observer corresponding to the particular case Gy = G, = 0,
¢ =0, K, =0[1], and K; = 30, unstable EVs are A\ and A5,
as shown in Fig. 1 (in all graphs, values appear in per unit).
Two well-known unstable regions in the regenerating mode are
highlighted. It can be noted that each part of this region is
allocated to one unstable EV: )\, is never unstable in the same
operating point as that of \5. This property will be used in the
following sections.

For a smaller value K; = 1 (see Fig. 2), unstable regions in
the regenerating mode are identical, but EV's that compose these
regions are different (A4 and )5 in this case). Consequently,
changing parameter K; does not affect the region localization
in the {wo,Tr0} plane, but only the EVs repartition inside.
Furthermore, two unstable regions appear in the motoring
mode. Too small values for the parameter K; can lead to
unstable behavior in the motoring mode even around the nom-
inal operating point. Now, let us consider the influence of the
parameter K. With K, # 0, the last row of the matrix in (38)
becomes

~ K
A1(57 :) = [KPWSOwref (Kz - 7_,p> d)ref
o (pr0wrcf> prrcf B Kp’l/}rcf (7)
Lo’ TRLO' Lo’ '



ETIEN et al.: STABILITY OF FULL ADAPTIVE OBSERVER FOR INDUCTION MOTOR IN REGENERATING MODE

!

Fig. 2. Unstable EV in the {wo, T} plane: K; = 1 and Gs = G, = 0.

Unstable E.V, K;=1, K,,=0.5
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Fig. 3. Unstable EV in the {wo, Tro} plane: K; = 1, K;, = 0.5, and G5 =
G, =0.

As shown in Fig. 3, the proportional term K, allows elim-
ination of the unstable regions in the motoring mode without
modifying the repartition of unstable EVs in the regenerating
mode.

2) Relationship With Complete Stability: Harnefors and
Hinkannen [12] have established some analogies between re-
duced and adaptive observers. It allows the determination, with
correct hypothesis, of the complete stability conditions for all
operating points {&y, wsio }, including the regenerating mode.
Obviously, the case wso = 0 must be kept apart. A completely
stable observer must verify both conditions in (39), shown at
the end of this paper. In fact, complete stability and UEV local-
ization are two equivalent approaches. On one hand, conditions
in (39) are calculated for wy varying from —0.2 p.u. to 0 and
wslo varying from 0 to 0.08 p.u. Each couple {wq, wsip }, which
leads to unstable results of [; < 0 and 5 < 0, is plotted in the
{wo, Tro} plane in Fig. 4. On the other hand, UEVs are directly
calculated from (38) and plotted in the same figure. Both meth-
ods lead to the same results except for the upper limit of the
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Fig. 4. Unstable regions in the {wo,TLo} plane: K; =1, K;, =0, G5 =
Gr =0, and ¢ = 0. Markers “0” corresponding to UEV calculation and

markers “x” stemmed from conditions in (39).

domain. As shown in the following, this limit, which is defined
by wsp = 0, corresponds to null EVs which are not considered
as unstable in both conditions in (39). However, with the state
space representation, it is possible to find which EV is unsta-
ble for a particular operating point. In the complete stability
approach, the stability is gathered in both terms /1 and ls.

In this section, it is shown that, by expressing the error sys-
tem (5) in state space representation, the stability can be studied
by plotting UEVs in the {wo, 770} plane. This approach is
different from the classical methodology using transfer function
representations associated with the Routh-Hurwitz criterion
and leads to a simplified analysis. With this tool, several meth-
ods for the determination of analytical expressions of stability
limits (Section II-C) or observer designs (Sections III and IV)
can be investigated.

C. Determination of Unstable Regions’
Analytical Expressions

This section shows how the state space representation can be
used to establish analytical expressions of stability limits for
the system in (5). To achieve this, the sign of the determinant
det(A;) is expressed considering the property

det(A;) =] A (8)
i=1

The system will be stable if all the five EVs have negative real
parts. One consequence is that the instability can be proved if

~

det(Ay) > 0. ©)

The study of the sign gives a good indication on the area of
instability. However, the inverse condition det(A;) < 0 does
not imply stability because some EV values can change sign
simultaneously. Considering Fig. 2, the proposed instability
criterion (9) can be used in the regenerating region where no
EVs change sign simultaneously. However, in the motoring
region, EVs A3 and A, are unstable for the same operating point.
In this case, the sign of det(A;) will not change: In this region,
the criterion is not efficient.



1602

Unstable E.V, K;=1

o
1.5¢
1t
0.5r
S o
—(0 .5
_1(fumm n)xg
I +7\«4
ok
_1-5(im-nmm
<2 15 1 15 2

Fig. 5.
G, =0.

Unstable EV in the {wo,Tro} plane: K; =1, K =0, and G5 =

Now, the proposed criterion is used to find stability lim-
its in the regenerating mode defined by det(A;) = 0. This
leads to

~ K2
det(Ay) =~ 1kt 0170 Ry + Rp(Las+ Lo Jwso] =0.
Ly L2
(10)
Both solutions are
wso =0 or
— (11
TR
These solutions can be expressed in terms of wgy and 17
2
T, =—P %wo noted (D-), inobservability line
N (12
— _pY¥ret [ _LymBs " Rs
Tp, = —P3 (1+ Mate i ) wo named (Dy).

These two lines are shown in Fig. 5 and define the limits of un-
stable regions in the regenerating mode but not in the motoring
mode. Also, Fig. 3 shows that unstable regions are not modified
by adding the proportional gain K, in the speed adaptation
law. It can be verified by seeking the conditions which lead to
det(A;) = 0 when the last row of (38) is replaced by (7). The
calculation yields to the result in (10) confirming that unstable
regions in the regenerating mode are not influenced by the
gain K.

In order to illustrate this design, a classical rotor field
oriented control (RFOC) (see Fig. 6) is simulated with a
1.1-kW four-pole induction motor whose parameters are given
in Table I.

The rotor speed is kept constant at a small value, and at
steady state, the load torque is increased with a slow ramp from
0to 1.5 p.u.in 20 s. Fig. 7 shows the simulation results obtained
with the classical open loop observer (G5 =0 and G, = 0).
As expected, the actual speed diverges from reference inside
the region defined by D; and D,. The same test is made in
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Fig. 6. Block diagram of sensorless RFOC IM simulator.
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Fig. 7. Simulation results. Test in the regenerating mode in the {wo, 70}
plane: K; =1, K =0, and Gs = G = 0. Rotor speed is kept constant:
wo = —0.1 and wp = —0.2 (quadrant 2) and wp = +0.1 and wg = +0.2
(quadrant 4). Ramp of load torque from O to 1.5 (quadrant 2) and from 0 to
—1 (quadrant 4) during 20 s.

the fourth quadrant (wy > 0 and T7¢ < 0) with similar result.
Experimental tests are presented to validate simulations. The
1.1-kW four-pole induction motor (see Table I) is fed by a
frequency converter controlled by a dSpace DS1104 PPC/DSP
board. The measured rotor speed is used as a feedback signal
for the control. The observer is simulated independently, and
estimated variables are not used for the RFOC. Results are
shown in Figs. 8 and 9 and confirm that the observer is unstable
in the regenerating mode.

Expressions in (12) are similar to those defined in [4] and [8]
where transfer functions on a five-parameter model are used.
The state space representation simplifies the stability analysis
and allows finding solutions for the stabilization of the observer,
as shown in Sections IIT and I'V.

In the following, the stabilization is interpreted as the reduc-
tion of the unstable region defined by D; and Ds. By examining
the relationship in (12), it can be noted that (D5), which is de-
fined by wso = 0, is equivalent to the inobservability line. Then,
the well-known inobservability condition defined for the motor
model (1) is transformed into the stability condition for the error
system in (5). The line Dy translates an intrinsic property of
the motor which cannot be influenced by the observer design.
However, the line D; depends on observer parameters and can
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Fig. 8. Experimental results. Test in the motoring mode in the {wo, T}
plane: K; =1, K;, =0, and Gs = G = 0. Rotor speed is kept con-
stant: wo = —0.05, —0.2, —0.6, —1, and — 1.5 (quadrant 3) and wo =
+0.05,+0.2,+0.6,+1, and 4 1.5 (quadrant 1). Ramp of load torque from
0to 1 (quadrant 1) and from O to —1 (quadrant 3) during 100 s.
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Fig. 9. Experimental results. Test in the regenerating mode in the {wo, To }
plane: K; =1, K; =0, and Gs = G = 0. Rotor speed is kept constant:
wo = —0.2 and wg = —0.4 (quadrant 2) and wo = 40.2 and wp = +0.4
(quadrant 4). Ramp of load torque from O to 1 (quadrant 2) and from 0 to —1.5
(quadrant 4) during 100 s.

be aligned with Dy to obtain the smallest unstable region. In
this case, the determinant can be expressed as

det(A;) = aw?, = 0. (13)

III. STABILIZATION USING FEEDBACK GAINS G4 AND G,

In this section, several designs leading to condition (13)
are studied. In [6], the authors have proposed the particular
9sd _gsq:|,GT: |:grd 0 :|,and¢:0.
Jsq 9sd 0 9rd
Considering K, = 0, the condition det(gl) = 0 leads to

structure Gy = [

det(!&) = Kwyo {wso [Lar(Rs + Rr + gsalo) + RrLo|
- WO(LMRS + LMngLO' + LMgrd)
+FiRLagsq}

(14)
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Fig. 10. Conditions /1 and l2: —1 < wo < 0 and 0 < wg)g < 0.08.
with K = —(K;92;/LaL2). The first solution is wso = 0,

defining line D2. The second term of the product depends on
feedback gain G- and defines line D; to be superposed on Dy
by calculating g4, gs4, and gsq. A solution is

9rd = — Ry
9sa = kRp/Ln (15)
Jsq = kwo, where k > 0.

This solution is close to the solution proposed in [6] with a five-
parameter model. By inserting (15) in (14), we find
det(A;) = Kw?) [LysRs + Ly Rr + (k+1)RgLy] = 0
(16)

which confirms that the proposed design allows alignment of
D, with Ds. Theoretically, this observer is stable in all operat-
ing point except ws = 0 if parameters are perfectly known. This
stabilization can be verified by using conditions of complete
stability (39). In Fig. 10, conditions /; and [, are plotted
for —1 pu. <wp <0 and 0 < wgo < 0.08 p.u. It leads to
positive values in all the considered domains in the regenerat-
ing mode.

In practice, the term g, depends on wp which is unrealistic
because, in sensorless control, the actual speed is not available.
Then, wy is replaced with &y, considering that the estimated
speed tracks the real speed closely. Consequently, due to this
approximation, the proof of global stability cannot be guar-
anteed. Therefore, an equivalent expression independent of wy
must be found. Let us consider an operating point in the vicinity
of Dy leading to wyy =~ 0. In this case, the previous design
becomes

9rd = *Rs
gsa = kRr/Ln
9sq = kwy = k(ws()

a7

— wq0) & —kwgo, withk >0

which is independent of wg. By inserting (17) in (14), it

holds that
det(A;) =

Wi (LyRs + LyrRr + RrLy) = 0. (18)
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Fig. 11. Simulation results. Top: tests in the regenerating mode in the

{wo,Tro} plane, where K; =1, K;, =0, G5 =0, and G, as in (15).
Bottom: G- as in (17) at the bottom. Rotor speed is kept constant: wg = —0.1
and wo = —0.2 (quadrant 2) and wo = 40.1 and wg = 40.2 (quadrant 4).
Ramp of load torque from 0 to 1.5 (quadrant 2) and from 0 to —1.5 (quadrant
4) during 20 s.

Moreover, with wgio = Rr(isqo/Uref) and ref = Lasisdo,
gain g, can be expressed as

RR Z.sqo

9sq = (19)

LM isdo .
The feedback gains in (17) are replaced in (38) in order to derive
the UEVs. Results are shown in Fig. 11, with corresponding
simulations for both feedback gains (15) and (17). In both cases,
the drive is stable in the regenerating mode, confirming that the
unstable region is reduced to line D,. Note that new unstable
regions are emerging in the motoring mode for solution (17).
Fig. 12 shows tests for varying stator resistance. The design
(15) provides a closed loop that is very sensitive to parameter
variations. In the first case [Fig. 12(a)], the stator resistance
used in (2) is equal to the nominal value Ry, = Rs. The
observer is stable as expected. In the second case [Fig. 12(b)],
a +3% error is imposed on the stator resistance Rgops. In
this case, the observer is very sensitive and becomes unstable
despite of the small error.

In the following, a feedback gain independent of wy is sought
9rd  —Grq :|

R grq grd ’
and ¢ = 0. With K, = 0, the condition det(A;) = 0 leads to

_Kiwgef
Lul?
—+ wO(—L]L[RS - LMgrd) + RRgTq] = 0.

[S]. An appropriate structure is G5 = 0, G, =

det(jﬂ = wso [wso(LaprRs + Ly Re + LarLy)

(20)

The first solution is wysy = 0, defining line Ds,. The second
term of the product depends on feedback gain GG,- and defines a
line D; to be aligned with Dy by calculating g,, and g,4. An
obvious solution leading to (13) is

rg =0
(520,
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Note that, for the inverse choice G, = 0, G, = {Z‘qd _ggsq } ,
sq sd
¢ = 0, and K, = 0, an equivalent condition to (15) is
9eg = 22)
Gsd = — llij .

This design is similar to the proposal in [4] (gsq¢ = —0.25R;).
Simulation tests with nominal parameters provide the same
results as those shown on the top of Fig. 11. Therefore, the
unstable region is again reduced to D- but with a feedback gain
G which is now independent of the real speed w. Unfortunately,
the design (21) leads to a system that is marginally stable. This
observer is not applicable in a real context where parameters
are not well known. Tests with stator variations lead to similar
results as those shown in Fig. 12.

Both studied cases show the difficulty to design a feedback
gain reducing the unstability region to Dy and providing a
robust EV placement robust to parameter variations. In the
following, the reduction of the unstable region to D5 is per-
formed by acting on the speed adaptation law. By this way,
the feedback gain can be used for an eventual robust EV
placement.

IV. STABILIZATION USING ADAPTATION LAW
A. Design of the Speed Adaptation Law

In this section, a modified speed adaptation law is determined
in order to reduce unstable regions to the line Ds. Several
adaptive observers use a modified adaptation law in order to
stabilize state estimation in the regenerating mode. The most
general law is obtained by adding a complex number in the
estimated speed equation [9].

SH

Go=_ (L i N I TS 1
datls = (T;, +3w5) (PR ol e ]u)) Yt ;U
d 7~ - 1 o~ N
A= Rl — (& + 0 ¥y

w=-KS {eijqbgi@;} .

&=

(23)

Considering that e 7% = cos ¢ — j sin ¢, Prg = 0, and Yy =
Uret, We find

. ~k
R {e_mgiyR} = rer(COS G.€;q — SN P.€;4). (24)
After linearization, the error state matrix 21 becomes
— teo mr tin 0
w50 % T tmn
A= Rp 0 —%R “+wslo 0
0 Rr —Wslo  — % d)ref
- i’(/}ref sin (b Kiwref Cos ¢ 0 0 0
(25)

For ¢ =0, (25) is equivalent to (38) with G, =G, =0
and K, = 0. As in Section III, the parameter ¢ reducing the
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Fig. 12. Simulation results. Test in the regenerating mode: K; =1, K;, =0, and Gs and G, as in (15). Rotor speed is kept constant: wo = +0.2
(quadrant 4). Ramp of load torque from 0 to —1.5 (quadrant 4) during 20 s at ¢ = 15 s. (a) Rgops = Rs. (b) Rsobs = 1.03Rs. Errors are expressed in the

fixed reference frame.

unstable region to the inobservability line Dy is sought. The
stability limits are defined by det(A;) = 0 with

Kiwgwso

Z 26
s (26)

det(A;) = —

where
Z = Ws0 [COS QS(LJ\JRS +RRL0' +RRLZ\/I) —sin ¢LJ\4L(TWSIO}

— cos oLy Rswo +sinpRrRs.  (27)

The first solution is wgg = 0, defining line Ds. The angle
¢ must be calculated first to transform Z into a line (Dy)
and second to superpose D; on Ds. The proposed solution
allows elimination of the term sin 9 Rr Rs — cos ¢ L Rsw, by
choosing

(28)

L
Gopt = tan ™! (w(]){ M) .

R

The corresponding regions of unstability can be derived by
substituting (28) in (27). The determinant (26) becomes

det(4;) = Kw?, [LyuRrRs + Ly Ry
+ LoR}% — L3 Lowowsio] - (29)
Let us consider a domain where

L3 Lowowso < LayfRrRs + R%(Las + Ly). (30)

_1 Ly
d=tan éwo), K;=30

2 520 24 120 24 530 124 50 020 50 030 20 30 1S4 26 020 20030 30

o : : 2 g . i

B"‘Q 0 OSSO0 DBDOOD L 0002200000230 00002300,
C

Fig. 13. Simulation results. Tests in the regenerating mode in the {wo, T7o }
plane for different values of parameters K; and Kp: ¢ = ¢opt. Rotor speed is
kept constant. Ramp of load torque from O to 1.5 (quadrant 2) during 20 s.
Top: K; = 30. Bottom: K; = 1000 and K, = 100. Markers “o0” locate
unstable regions.

In this region of the {wp,wgso} plane, the determinant
det(gl) is expressed as (13), and the observer can be con-
sidered as stable. Top of Fig. 13 shows in the same plot the
unstable EV corresponding to the design ¢op¢ in the {wo, Tro}
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Fig. 14.  Simulation results. Tests in the regenerating mode in the {wo, 70}
plane for ¢popt = — tan™ 1 (ws1o Lar/ RR) plane. Rotor speed is kept constant.
Ramp of load torque from O to 1.5 (quadrant 2) during 20 s: K; = 30. Markers

TR

0” locate unstable regions.

plane and tests at constant speed with increasing load torque.
In a restricted domain, unstable regions in the regenerating
mode are reduced to the line wsg = 0. In the motoring mode,
unstable regions appear, while this was not the case for ¢ =0
(see Fig. 1). It confirms that ¢ must be chosen as ¢ = 0 in the
motoring mode and ¢ # 0 in the regenerating mode [9]. The
stable region can be increased, making K, # 0, as shown at
the bottom of the figure.

As discussed in the design described in Section III, the angle
(28) can be expressed using only measured signals

s10L

Gopt A~ — tan ! (“’gﬁ) 31)
ie.,

tan(gopt) = _lsao (32)

lsdo

Finally, the solution is

Popt = —tan™" (“) : (33)

1sdo

In conclusion, ¢, can be approximated by the angle of
the current phasor i, in the synchronous rotating reference
frame. From (24), the new speed adaptation law is now de-
fined by

_K wref

w= i (34)
dt o]l

(isdeiq - isq eid)

with HZSOH = \/ Zzdo + igqo'

The corresponding unstable EVs and tests at constant speed
with increasing load torque are simultaneously shown in
Fig. 14. In comparison with the solution (28), the stable domain
is increased. These tests lead to stable operations in the regen-

erating mode. Corresponding experimental results are shown
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®g
Fig. 15. Experimental results: ¢opt = —tan_l(isqo/isdo). Tests in the
regenerating mode in the {wo,Tro} plane: K; =1, K, =0, and G5 =
G = 0. Rotor speed is kept constant: wg = —0.2 and wg = —0.4 (quadrant

2) and wg = +0.2 and wg = +0.4 (quadrant 4). Ramp of load torque from 0
to 1 (quadrant 2) and from 0 to —1.5 (quadrant 4) during 100 s.

in Fig. 15. In comparison with Fig. 9, the stabilization can
be verified. However, these results are obtained with a good
tuning of the stator resistance. In some cases, this resistance
must be intentionally overestimated to achieve stability, as men-
tioned in [9].

B. Analysis of a Similar Design

In [8], the proposed speed adaptation law uses the term e,
which is defined by

with k as a parameter to be determined. By expressing (35)
in component form and after linearization, the following state
error matrix is obtained:

1 _1 wo
Kz Two  TE T 0
_ _ 1 _wo 1 _ rer
-~ Wso T; L, + TrRLo Lo
Ay = Rr 0 - Hwao 0
1
0 RR —Wslo TR wref
kKi'l/)rcf Kiwrcf 0 0 0

(36)

It is easy to see that (36) is a particular case of (25) with
a small ¢. In this case, cos¢ — 1, and sin ¢ — ¢; then, k =
lim(¢) 0. From (28), it holds

LMwo
Rr -

k’ = Hm((bopt)(boptﬂo = — (37)

This parameter is equivalent (in a four-parameter representa-
tion) to the gain proposed by Rashed et al. By replacing (37)
in (36), unstable EVs can be calculated. The resulting unstable
regions in the {wp, 7o} plan are close to those shown in
Fig. 14.
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7% — Y9sq +wso + gsq ﬁ +f72 0
N —Ws0 — gsq _% — sy _%g +TR1LG' _%
Al = RR — Gry +grq *i +wsio 0 (38)
—9r, RR — Gry —Wslo _é wrcf
A51 A52 A53 A54 A55
where
A51 = djref sin (b [Kz - Kp(Rs + RR)/LO'] - prrefwso Ccos QS
A52 - wrcf COS QZ) [Kz - Kp(Rs + RR)/LJ] + prrcfwso sin ¢
Asy = — pwrefwo COSs ¢/La + Kp’(/}ref sin (bRR/LMLO'
A54 - pwref COS d)RR/LMLa + prrefwo sin ¢/Laa
A55 = — P¢Eef COSs d)/LU.
+€":q0 +i€¢qo
By = “Cig T T, a0
+e'¢'q0 _e¢qo
—Cao Cipao
I = (9saLo+gra+Rs)(atwo tan ¢)+(gsq Lo +9grq+(wo+wsio) Lo ) (wo—a. tan ¢) >0
L= gsaLo+(RRr+Rs)—(gsq+wsio+wo) Lo Las tan ¢ ’ (39)

l2 — (w0+w510)[(gs<i+u)Lf”_(w510+gsq)[’0 tan ¢+(RR+RS)]+(.‘/sqLa+g'rq)(a+W0 tan ¢)_(gs<iLa +9'r'd+Rs)(WO_U~ tan ¢) > 0

(wotws10)(9sd Lo +(RrR+Rs)—(gsq+wsio+wo) Lo tan ¢)

where a = (Rr/Lr)

V. CONCLUSION

This paper has presented stability conditions of full adaptive
observers in the regenerating mode. It has been shown that
observer stability can be interpreted as the restriction of the
unstable region to the inobservability line ws = 0. Moreover, a
criterion defining stability limits has been proposed. Its main
interest is the design of stabilizing feedback gains or speed
adaptation laws. A correct use of this criterion can be resumed
as follows.

1) Calculate the determinant det(A;), including gain G
and/or parameters ¢ under literal form. N

2) Find the design leading to the condition det(A;) =
aw?) = 0if it exist.

3) Calculate A;’s EV, taking into account stabilizing gain G
and/or parameters ¢.

4) Represent UEV in the {wo, T} plane.

The most popular designs lead to the sought region reduction.
However, in many cases, observer stability is very parameter
dependent. In particular, it seems difficult to design a feedback
gain allowing either region reduction or a robust EV placement.
From our experience, this sensitivity does not allow exploitable
experimental results. In particular, any reproductibility can be
obtained because the required precision on parameter knowl-

edge (few percent for R,) cannot be held for a long time
without additional compensation systems. With the proposed
method, the stability of simultaneous estimation of speed and
stator resistance can be easily performed. Without resistance
estimation, the most reasonable way seems to be the following.

1) The reduction of the unstable region in the regenerating
mode by an appropriate design of the parameter ¢.

2) The design of a robust EV placement in order to make
the observer as insensitive of %5 variations as possible.
The idea would be to exploit the conditions of positive
realness proposed in [11] but using a Lyapunov inequality
rather than equality. More precisely, it could be inter-
esting to consider the Linear Matrix Inequality (LMI)
version of the positive real lemma [15]. Indeed, the LMI
approach is adapted in the presence of parametric un-
certainty (such as R;), particularly through the polytopic
description [16]-[18].
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