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Globally Stable Speed-Adaptive Observer With Auxiliary States for
Sensorless Induction Motor Drives

Jiahao Chen

Abstract—This letter responds to one question raised in the liter-
ature: whether or not global stability of speed estimation is possible
to attain for sensorless induction motor drives. The answer is affir-
mative, excluding the zero-frequency operation that corresponds
to the unobservable set of motor speed.

Index Terms—Global stability, instability, regeneration mode,
sensorless drive, slow-speed-reversal test.

I. INTRODUCTION

TABILIZATION in regeneration mode is one of the remain-
S ing topics in the very mature field of sensorless induction
motor (IM) drives, which has drawn a lot of attention. Dur-
ing regenerating operation, various instability phenomena will
probably occur, of which several types are summarized in the
survey paper [1].

Global stability of speed estimation has been pursued in the
literature. Particularly, it has been shown that the attempts to
establish a Lyapunov function for the structure of full-order ob-
server [2] or for the structure of model reference adaptive system
(MRAS) [3] will not succeed. Besides, there is also endeavor to
show that the speed-adaptive full-order observer can be made
globally stable by a proper selection of feedback gains based
on the positive real property [4], [5], but the proposed selec-
tion of feedback gains is unrealistic owing to the dependence of
the actual speed [6]. Similarly, a recent work of speed-adaptive
sliding mode observer proposes a time-varying feedback gain
selection that relies on the actual motor speed [7].

As a result, remedies are offered to obtain local stability,
such as the complete stability conditions [8], and the linearized
model based analysis [6], [9]-[11]. Particularly, the relative
stability of speed estimation is further concerned in [11]. In
addition, recent works on developing new MRAS schemes are
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presented for limp-home electric vehicle applications [12], [13],
but regenerating operation is not tested therein.

In this letter, a new structure of the IM model is sought, by
virtue of which the globally stable speed-adaptive observer for
sensorless IM drives (except the zero-frequency operation) is
constructed. Effective experiment is carried out, and the pro-
posed design is found to be able to work during both the motor-
ing and regenerating conditions.

II. ORIGINAL MATHEMATIC MODEL OF IMsS

The electrical dynamics of IM in the stationary a—3 frame
can be described by the following fourth-order equations:

Lypis = us — (1s + rreq)is + (o —wJ) 9,
Py = Treqls — (@l —wJ) 1,

(1a)
(1b)

where p = % designates differentiation operator, w is the (elec-

trical) rotor speed, and o = % is the reciprocal of the rotor
u

time constant; u, € R? and i, € R? denote, respectively, sta-
tor voltage and current vectors; the inverse-I" parametrization
is adopted [14], and r,, Ly, Treq, Ly, and 1, are stator resis-
tance, total leakage inductance, rotor resistance, magnetizing
inductance, and rotor flux vector, respectively; finally,

_ [1 O]JZ [0 —1}
0 1 1 0
In the general theory of adaptive observer design for linear
systems [15], it is required that the regressive vector of the
unknown parameter consists of only known quantities, such as
inputs, outputs, and measured states. Therefore, the fact that
the rotor fluxes (¢),,) are unmeasured, results in an unknown

regressive vector for rotor speed estimation. This is the reason
why those aforementioned attempts for global stability fail.

III. PROPOSED ADAPTIVE OBSERVER DESIGN
A. Adopted Model of IMs

Define the auxiliary states as follows [16]:

’(/}0' = Lais

X = (o —wJ) (Lyis + ) 2)

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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whose dimensions are, respectively, Weber and Volt. The dy-
namics of ¢, and y are derived as

pdj(f =X (OZLS + 7‘5) Z‘s + ijrr + ug
(3)

where L, = L, + L, is the stator inductance. Note that x is
now the unmeasured state, and apparently, the regressive vector
for w relies on the knowledge of voltages, currents, and stator-
side parameters (i.e., s and L, ), which are all presumed to be
available.

PX = Qs — wJus — argis + wrgJig

B. Speed-Adaptive Observer Design

We use a” to designate estimated quantity, and define the
output error € = 1), — 1),. One possible adaptive observer for
(3) can be established as

pl&a =x+ (us — Tsls — aLsis) + JYow + Aie + Ulpw

pX = (us — 1gis) — J (us — T4is) @ + Aoe + V2P

pvt = —a 0t + 0+ Ty,

pv? = —dov! — J(us — 14iy)

p = y,el vt

“

where v!,v? € R? designate the filtered regressive vectors, 7,
is the positive adaptation gain, and A, Ao are the positive feed-
back gains. It is shown in [17, Th. 1] that the stability of the
adaptive observer (4) holds with global and exponential conver-
gence, if the criterion for persistency of excitation (PE)

t+T
a< / Toldt < b 5
t

suffices with positive constants 7', a, b for all ¢.
At steady state, one can calculate v in the d-q frame rotating
at the synchronous speed wy, by

CO -1 .
vhi= oo (Crtempl — Cotemp2) + Ay~ (ugs — Tsigs)
Co _ .
vh = NeEYe] (Crtemp2 + Cotempl) —Ay* (ugs — 7sd4s)
(6)
with

templ = Al)»;l (Ugs — Tsigs) — k;lww (Ugs — Tslgs) + Vo
teme:f)\l)\;l (Ugs — Tslgs) — A;lww (Ugs — Tslas) — Vgo

and C = A;lww, Ci=1-— A;lwwww, and Cy = )\lkglww,
which implies that the synchronous speed w,, should be dif-
ferent from null to achieve PE. In other words, the sensorless
IM drive should avoid zero-frequency operation.

In addition, the computed rotor flux éu can as well be recov-
ered by

@2

Gy = (@2 +0*) " (@l +0J) % — s 7)

IV. EXPERIMENTAL RESULTS

With the above-mentioned speed-adaptive observer (4), the
sensorless control of IM can be implemented (see, e.g., [18]), for
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which the expected performance should include stable operation
in both motoring and regeneration mode.

A. Test Bench Setup

The IM, whose nameplate data are 4 kW, 50 Hz, 1440 r/min,
380 V, and 8.8 A, is driven by a voltage-source inverter. The
load torque is provided by a separately excited dc generator,
and it is computed by 77, = Kj.i10aq With K. the dc torque
factor and 71 o,q the measured armature current. Particularly, the
regenerative load torque is produced by connecting the armature
of the dc generator to the dc bus. The numerical values of the
tested motor and the design coefficients are listed in Appendix.

B. Sensorless Slow-Speed-Reversal Test

The sensorless slow-speed-reversal test is deemed to be an
effective way to test whether a sensorless scheme is still sta-
ble in the regeneration mode [1]. The results of the experiment
using the proposed observer during the sensorless slow-speed-
reversal test are shown in Fig. 1, in which the waveforms of w,
w, i1y (torque producing current), 77, w,, (synchronous speed),
iMs (Magnetizing current), and the phase current are sketched,
and the torque—speed characteristics are also plotted using the
same data of w, w, and T7,. The slow speed reversal takes 40 s
from 100 to —100 r/min, which corresponds to a changing rate
of the ramp speed command of —5 r/min/s. It is observed that
the sensorless drive operates stably in both motoring and regen-
erating conditions, but when w,, becomes near the vicinity of
null, the estimated speed w deviates from the actual speed w
owing to the lack of PE, as highlighted by the shaded window
in Fig. 1(a). The successful zero frequency crossing is due to
the observer’s relative stability near the zero frequency, as well
as the variation in speed command that can be considered as a
nonsteady state excitation. In other words, it works because the
slow speed reversal is not slow enough.

As a matter of fact, the sensorless drive would become unsta-
ble if the changing rate of the ramp speed command is slowed to
—2 r/min/s, as shown in Fig. 2. This should be easily understood
that according to (5) and (6), the adaptive observer will possibly
lose its stability if the motor is under a steady state excitation of
zero frequency. Thus, in the limit when the slow speed reversal
is so slow that the time spent near the zero frequency is long
enough to consider the motor excitation as a steady state zero
frequency excitation, the unstable phenomenon may occur, in

which the speed estimated error (w 20— w) diverges and the
actual slip frequency becomes so large that the torque produced
is very limited.

One may conclude that the proposed sensorless drive can
operate at both motoring and regenerating conditions. Though
dwelling at zero stator frequency is not stable owing to the loss
of PE, zero frequency crossing is possible provided that the
changing rate of the ramp speed command is not too low.

C. Avoidance of Zero Frequency Operation

As shown by the experimental results from Fig. 2, the unstable
operation is predicted by the loss of PE, i.e., zero frequency
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Fig. 1.  Experimental sensorless slow-speed-reversal test with a deceleration rate of 5 r/min/s. (a) Waveforms during the test. (b) Torque—speed characteristics.
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Fig. 2. Experimental sensorless slow-speed-reversal test with a deceleration rate of 2 r/min/s. (a) Waveforms during the test. (b) Torque—speed characteristics.

excitation. Hence, different strategies have been proposed for
avoidance of zero frequency operation [19], [20]. The idea is
to manipulate the slip frequency to avoid zero synchronous
frequency, by selecting flux modulus command according to
proper criteria. However, the performance of those strategies
depends on motor parameters. For motor with smaller rotor
resistance, those methods could become less effective.

Another solution to attain the ability of zero frequency oper-
ation resorts to high-frequency signal injection, which is criti-
cized by its cause to toque ripples [21]. However, the method
based on the injection of a high-frequency fluctuating signal
in the synchronously rotating reference frame [22] claims no
torque ripple exists after the field is orientated. Anyway, signal
injection incurs additional copper, eddy-current, and hysteresis
loss.

As an example, to make sense of the idea of slip frequency
manipulation, we redo the 2-r/min/s-deceleration slow speed
reversal with avoidance of zero frequency operation and the
results are shown in Fig. 3. Let wy; o t%’— denote the slip angular
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Fig. 3. Experimental sensorless slow-speed-reversal test with a deceleration
rate of 2 r/min/s and avoidance of zero frequency operation.
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Fig. 4. Experimental sensorless high-speed step response (—50 r/min to
3000 r/min).

speed. Att ~ 42.5 s, as the speed decreases such that w + wy;
approaches 0 from the above, a negative step change in wy; is
imposed by altering the magnetizing current 7,;,, which helps
the sensorless drive to skip the zero frequency excitation. As a
result, zero frequency operation never practically happens, so
the slow zero frequency crossing will succeed.

D. High-Speed Operation

In Fig. 4, the experimental results of the sensorless drive
operating at flux weakening region are presented. The com-
manded speed is 3000 r/min, which is nearly two times the
rated speed of the tested IM. Current oscillation is observed
when the 3000 r/min command is applied at ¢ ~ 8 s because of
coupling between M -axis and T-axis voltage equations.' Speed

estimated error @ EN w — w exists during the acceleration, while
after reaching steady state, w converges toward O r/min. As a
result, one concludes that the proposed adaptive observer has
the potential to reach a wide speed operating range.

E. Influence of Parameter Uncertainty

1) Leakage Inductance Uncertainty: As stated in [1], the
(total) leakage inductance is not critical, for an erroneous value
does not affect the produced torque. On the other hand, since
we use ¥, = L, 14 as system output, it seems that the leakage

inductance error (ig 2 L, — ﬁg) has a large effect on the out-
puterror e = 1), — 1&0. However, from the experimental results
given in Fig. 5, itis observed that L, has little influence on speed
estimation performance. Specifically, during low-speed opera-
tion, as the leakage inductance value I:U decreases to 5%L,,
a speed estimated error of w = —1.5 r/min is observed; on the
other hand, an overestimated value of ﬁg = 300%L, results in
a speed estimated error of @w = 3 r/min. As for high-speed op-
eration, as the leakage inductance value ranges from 5%L, to

"We denote field-oriented frame as M—T frame, where M -axis is aligned
with the rotor flux vector and 7"-axis is 90° leading to the M -axis.
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300% L, , the average speed estimated error is below 50 r/min.
For both low-speed and high-speed situations, an overestimated
leakage inductance has a severer impact on speed estimation
than an underestimated one.

This result can be explained as follows. Take a look at (1a),
one realizes that for an open-loop current observer, the param-
eter L, is in charge of how fast the current estimation varies,
and then in this case, Ea will cause current estimated error as
well as biased speed estimation. On the other hand, the observer
(4) is per se also a current observer but it is a closed-loop one,
which means that the changing rate of the current estimation
is also determined by the (output error) feedback terms with
A1 > 0. Even if there is uncertainty in ﬁg, the current estimated
error i, — i, will become very limited by using a sufficiently
large X, . Moreover, since L, is unknown, we can only compute
the output error by € = Lyis — Lyis = Ly (is — %s), which is
merely current estimated error scaled by L,. So, the influence
of L, is expected to be small.

2) Stator Resistance Uncertainty: Stator resistance is a criti-
cal parameter for low-speed operation of a sensorless drive [10].
Without exception, the proposed adaptive observer may lose its
stability if exposed to a large error in stator resistance. To see
this, sensorless control experiments under stator resistance un-
certainty are carried out, and the results of overestimated case
and underestimated case are shown, respectively, in Fig. 6(a)
and (d). For both cases, when the stator resistance error is within
[—50%r,50%r], the speed estimation only becomes biased,
whereas further growing of stator resistance error may make the
speed estimation diverge. Practical remedies to stator resistance
uncertainty have been reviewed in [1] and [23].

V. DISCUSSION
A. Rotor Resistance Estimation

There is argument that rotor resistance uncertainty will not
cause stationary torque errors in a direct field oriented controlled
sensorless drive [4], [24], but it will degrade the speed control
accuracy if the sensorless drive is loaded.

Fortunately, one can further show that with the choice of the
auxiliary states (2), the joint estimation of w and ryq is as well
possible by imposing a second-order PE condition.

Denoting = = [1/L, xT]", rewrite the dynamics (3) into the
matrix form

pr = Ax + ¢y + PO

wa =Cuw (8)

T
where C = [I 0], oy = [(ug frsis)T ,O} , 0 =[o,w]” is
the parameter vector, while the homogeneous matrix A and
the linear-in-parameters regressive matrix ¢ are respectively

0 I
A= LD
0 0

_Lsis

Us — Ts Zs

Ly Jig
—J(usg — ryig)
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Fig. 5. Experimental sensorless control under total leakage inductance uncertainty. (a) Low-speed operation. (b) High-speed operation.
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The observer that is adaptive to w and « can be written con-
cisely as follows [17]:
pi = AZ + ¢y + ®0 + KC (z — &) + 10
p) =TYTCTC (2 — )
pY=(A-KC)T+®, YT(0)=0

©))

where T' € R?*? is the diagonal adaptation gain matrix, Y €
R**2 is the filtered regressive matrix, and K = [ki I, ko I]7 is
the feedback gain matrix with k1, ks € R~ . The corresponding
PE condition is

t+T
al < / YT (t)yCcTCY (t)dt < bl.
t

with some positive constants 7', a, b for all ¢.

time [sec]

(b)

Experimental sensorless control under stator resistance uncertainty. (a) Overestimated case. (b) Underestimated case.

To verify the effectiveness of the design, experiment for joint
estimation of 7.4 and w is conducted, and the results are shown
in Fig. 7, where to improve the parameter identification capa-
bility, a low-frequency (1 Hz, 0.05 A) sinusoidal component
is added to the magnetizing current i;;5. To test the system
robustness with respect to rotor resistance uncertainty, we de-
liberately set 7eq to 140%7eq at t = 6.5 s, which causes a speed
estimated error maximum of 11 r/min, and in the meanwhile
we turn on the adaptation of 7.q. As a result, rotor resistance is
identified and the speed control accuracy is improved at loaded
conditions. However, speed ripples result because of the low-
frequency component in ¢ .

Remark: The simultaneous estimation of w, rq, and 7, is,
however, nothing intuitive owing to the nonlinear parametriza-
tion of (3), for which further research needs to be carried out.
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Fig.7.  Experiment for joint estimation of rq and w in regenerating operation
with ' = diag (1e5,7, ),k = A1, and k2 = Ag.

(A review on this topic is given in [11], but no globally stable
scheme is yet given.)

B. Another Adaptive Observer Implementation

According to [25], since (8) is in Brunovsky observer form,
the adaptive observer based on the filtered transformation (z =
x — MO with M € R**?) is devised as follows:

pi=Ai+ ¢y + BBTO+ KC(z — 3)
pd =TBC (2 — 2)

pM = (Lixa — BC) (AM + @)
=2+ M6

(10)

where 37 = C (AM + ®) is the new regressor, I' € R**? is
the diagonal adaptation gain matrix, B = [I ¢l ]T and K =
(A+ kl,yy)B with k, ¢ € R~ (. The PE condition follows as:

t+T
ol < / B(t)A7 (t)dt < bI (1n)
t

with positive constants a, b, T for all ¢.

VI. CONCLUSION

The authors have presented the globally stable speed-adaptive
observer that has not been stressed enough in the literature. By
rearranging the electrical dynamics of IMs, the observer-based
speed estimation can be achieved without any approximation,
whose stability holds in all working conditions excluding the
zero-frequency excitation. The effectiveness of the design is ver-
ified by experimental results, where the slow-speed-reversal test
is carried out successfully and zero-frequency crossing is found
to be possible. Additionally, the influence of uncertainty of sta-
tor resistance or total leakage inductance is analyzed through
experimental results. At last, joint estimation of rotor resistance
and rotor speed is discussed.
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APPENDIX

The IM data acquired by the commercial inverter product
(Mitsubishi FR-A700) are: 7y = 3.04 €2, req = 1.60 Q, L, =
0.0249 H, and L,, = 0.448 H.

The observer coefficients are: v, = 1.2e7 Wb~ 2572, A =
1e3s7 !, and Ay = 1.6e4 s72.
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