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A Class of Speed-Sensorless Sliding-Mode Observers
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Abstract—A new family of speed-sensorless sliding-mode ob-
servers for induction motor drives has been developed. Three
topologies are investigated in order to determine their feasibil-
ity, parameter sensitivity, and practical applicability. The most
significant feature of all schemes is that they do not require
the rotor speed adaptation, i.e., they are inherently sensorless
observers. The most versatile and robust is a dual-reference-frame
full-order flux observer. The other two schemes are flux observers
implemented in stator frame and rotor frame, respectively. These
are simpler than the first one and make use of the sliding-mode
invariance over a specified range of modeling uncertainties and
disturbances. Main theoretical aspects, results of parameter sensi-
tivity analysis, and implementation details are given for each ob-
server in order to allow the comparison. Experimental results with
the dual-reference-frame observer, considered the most adequate
for practical applications, are presented and discussed. Sensorless
operation with a sliding-mode direct-torque-controlled drive at
very low speeds is demonstrated. It is concluded that the new
proposed observers represent a feasible alternative to the classical
speed-adaptive flux observers.

Index Terms—Sliding-mode observers (SMOs), state observers,
variable-speed drives, variable-structure systems.

I. INTRODUCTION

DJUSTABLE-SPEED drives with induction motors (IMs)
have already evolved as a mature technology. Accurate
sensorless operation is possible at all speeds, except for the
very low ones, where performances tend to be poor. State
observers, employed as sensor replacements, are more reliable
and affordable than the sensors they replace. A state observer is
a real-time model of a real process or system, which produces
an approximation of the state vector of that system and whose
characteristics are somewhat free to be determined by the de-
signer [1]. Usually, an observer has zero-lag filtering properties.
Their accuracy and robustness in face of parameter detuning
and perturbations are critical for the good operation of the
drive [2].
For IM drives, the speed-adaptive observers are widely
employed due to their accuracy. Most adaptive schemes are
Luenberger observers [1]-[4], extended Kalman filters [5], [6],
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or sliding-mode observers (SMOs) [6]-[11]. In all cases, the
rotor speed is used as adaptive quantity. Usually, the speed
estimation is the last step of the estimation process, and it is
affected by noise and errors. The speed estimator is driven by
the observation error, and this causes a lagging estimate of the
speed. When this inaccurate estimate is fed back to the observer,
the flux estimation accuracy deteriorates, and side effects like
limit cycles and/or noise sensitivity may appear, particularly at
low speeds.

This paper presents the results of a research that attempted
to answer a simple question: Is it possible to build observers
which do not employ speed adaptation? Such an observer is
referred to as an inherently sensorless observer and is expected
to provide increased accuracy in a wide-speed-range operation
and to have reduced overall complexity. In drives that do not use
the rotor speed for other purposes (in torque-controlled drives),
a sensorless observer leads to complete elimination of the speed
estimator, and it is preferable to its adaptive counterpart. This
paper compares three new sensorless observers for IM drives.
The first one is a full-order SMO previously developed by
the authors in [15]. The other two are new contributions pro-
posed here. The main theoretical aspects, results of parameter
sensitivity analysis, and implementation details are presented
for each scheme. Representative experimental results with the
observer, considered the most adequate for practical drive sys-
tems, are given and discussed.

II. OVERVIEW OF SENSORLESS OBSERVERS

Although the most popular are the full-order speed-adaptive
observers, several schemes, most of them of reduced order, have
been developed without speed adaptation [11]-[16]. The well-
known voltage-model-based estimator is inherently sensorless
but is marginally stable due to the open-loop integration. The
classical approach to maintain stability is to replace the inte-
grator with a low-pass filter, a solution that fails at frequencies
lower than several times the filter cutoff frequency.

A voltage-model-based observer for high-bandwidth oper-
ation with explicit compensation of the inverter nonlinearity,
measurement offset, and noise is proposed in [12]. It includes
a nonlinear offset estimator that forces the estimated stator-flux
vector on a circular trajectory. Very low speed (7.5 r/min) sen-
sorless operation was reported. This solution requires accurate
knowledge of the inverter characteristics.

A current-model-based sensorless observer is reported in
[11]. This is an SMO that is insensitive to the rotor time con-
stant detuning, using a sliding function based on the estimated
current error which approximates the rotor-flux derivative. Both
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rotor flux and speed are estimated from the sliding function.
Low-speed sensorless operation at 20 r/min has been achieved.

Reduced-order observers, which combine the voltage and
current models, are described in [13] and [14]. In both cases,
the observer gain is selected so as to produce smooth transition
from the current model to the voltage model as the speed
increases. The observer in [13] reduces to inherently sensorless
schemes for particular gain selections. The one in [14] and
[16] is always sensorless, but the current model, used as virtual
reference, is open loop operated, and it is prone to errors. Low-
speed operation at 30 r/min was reported in both cases.

Full-order sensorless observers have not been realized yet,
to our best knowledge. Usually, a full-order observer employs
the time-variable motor models in stator [3] or rotor reference
frame [4]. Although various reference frames and motor models
may be used, the observer is always implemented in a single
frame. Whatever the frame is, as long as full-order models are
involved, at least one term of the model is rotor speed dependent
and the observer must be speed adaptive.

Two conceptual approaches have been identified and investi-
gated in this paper as potential solutions for the development of
inherently sensorless observers:

1) by considering the back-EMF terms as disturbances and
allowing the observer to estimate them in the same way
as for any disturbance;

2) by using two reference frames to implement the motor
model so as the speed-dependent back-EMF terms do not
appear in the respective equations.

The first case takes advantage of the sliding-mode specific
invariance over a specified range of modeling uncertainties
in order to eliminate the speed-dependent EMF terms. All
schemes benefit of the excellent sliding-mode robustness in
face of parameter detuning and other disturbances. The new
observers are analyzed next.

III. STATOR-FLUX-MODEL-BASED OBSERVER
A. Observer Synthesis

Dynamic models of real systems are defined using known
characteristics of those systems, while the unknown ones are
considered disturbances and are not included in the model.
Ultimately, which characteristics are included or not within
the model is a subjective choice of the designer and depends
on the available information and technical and computational
resources. The same reasoning applies for observers, whose
structures may exhibit a large degree of flexibility [1]. Usually,
an observer employs a real-time model of the plant, driven
by the same inputs as the real system. A feedback controller
is used to force the model to track the measured states. The
plant model estimates the states with zero phase-lag due to
the feedforward action provided by input quantities, while the
controller estimates the disturbances with nonzero phase lag.
The new observers presented next consider the speed-adaptive
back-EMF terms as disturbances and implement a feedback
sliding-mode controller that estimates them. Due to the sliding-
mode invariance, the motor states will be accurately estimated.
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The stator-flux-model-based observer (SFMO) uses the state-
space motor model that has stator flux ¢ and stator current i,
as state variables. In rotor reference frame rotating with rotor
speed w;., this model is

d
2, = = Rul, — jurt, +1, M)
d,_ (1, 47.
dits T (T >%
1
La(Tr >¢+ 2

where u, is the stator voltage vector; s and R, are the stator
and rotor resistances; Ly, L,, and L,,, are the stator, rotor, and
magnetizing inductances; Ty = Ls/Rs; T, = L. /R,; 0 =1 —

2 /LiL,;and L2 = L,L,o.

Both equations contain the back-EMF jw,4 . This term
is considered as disturbance, and a controller that is able to
estimate it has been designed. An inherently sensorless SMO
based on model (1) and (2) is
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%%s = - RSZS + Ug — KZ (3)
iq _ 1 1 ; 1 77]}
i~ \To P10 )5t Tl
1 1
+ mﬂs - EKK “4)

where K is the observer gain and the correction vector v is the
output of a PI sliding-mode controller

— 1)) o)

where s = d/dt, Kp and K are the PI gains, S is the sliding
surface, and the sign function is component-wise applied to
S. The PI controller has been included in order to impose the
desired dynamics for the current estimation error. The sliding
controller exhibits good robustness properties and system or-
der reduction. In sliding modes, S = 0, dS/dt =0, and for
Ky # 0, the time constant of the current error dynamics is
Kp/K;. The equivalent control component of Kv function
approximates the back-EMEF, i.e., (Kv)eq = jwrgs — eyps/Trs

v=sgn(S), S=(Kp+K/s)(is

where e, =¥ — 1/}

The stablhty condition for current estimation obtained
from Lyapunov analysis requires the observer gain to be
large enough, so as to dominate the disturbance, i.e., K >
max(|w,s — eys/Tr|), for any operation point. The back-
EMF is always bounded, and a value of K > 300 was adequate
for the motor used. The stator-flux error dynamics, for K; = 0,
is of first order

d 1
a@ws = —iﬁws- (6)

This indicates that 7. defines the convergence rate of the flux
observer, and that rate is not tunable.

Some improvements may be considered. The value of
K =300 is conservative and causes moderate chattering. By
using the saturation function in place of sign function, the chat-
tering was significantly reduced. If the drive uses speed control,
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Fig. 1. Stator-flux-model-based inherently sensorless observer, SFMO.

K may be modified in accordance to reference speed, small
for low speeds, and large for high speeds, taking provisions to
fulfill the stability condition at any operation point. In this way,
the chattering can be further reduced at low speeds.

A block diagram of the inherently sensorless SFMO is shown
inFig. 1, where K; = 1/(Rs+ Ls/T}),and T; = Lgo - K; are
the gain and time constant of the current model (4). If the rotor
flux is needed, it can be calculated with (19). All quantities
are in rotor reference frame. For simplicity, the coordinate
transformations have been omitted from Fig. 1. This scheme
is simple and linear but requires the knowledge of the rotor
position. Therefore, it is best applicable in drives that use some
form of rotor position estimation or a position measurement
device.

B. Parameter Sensitivity Analysis

The sliding mode is known to be robust with respect to
parameter detuning and modeling errors. However, some pa-
rameters, like the resistances, are variable in a rather wide
range. Parameter sensitivity analysis, by means of simulation,
has been carried out in order to determine the actual robustness
of SFMO. The SFMO was integrated within a variable-structure
direct-torque-controlled (DTC) drive. The following torque and
speed profiles have been applied for all simulations.

1) Speed profile: t = 0—2 s: startup followed by high-speed
operation at 300 rad/s; t = 2—4 s: deceleration and low-
speed operation at 3 rad/s.

2) Load torque: t = 0—1 s: no load; ¢t = 1—4 s: full-load
(7-N - m) operation.

The observer gains are K = 300, Kp = 1, and K = 1000,
and the saturation function, instead of the sign function, was
employed in (5) in order to reduce the chattering during the
sliding modes. Initial conditions are zero for all quantities.
Observer convergence rate is not relevant for this particular
application since the drive operation is disabled when the
estimation errors are too large.

The SFMO is insensitive to stator resistance detuning, as
shown in Fig. 2 which gives the stator-flux magnitude and phase
errors for —50% R, error. Similar results have been obtained
for positive errors and for the rotor flux. This outcome was

0.5 T

e,s [Wb]
o

2
Time [s]
Fig. 2. Stator-flux magnitude and phase errors for —50% R detuning.
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.

e\|IS [Wb]
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Fig. 3. Stator-flux magnitude and phase errors for —25% R,- detuning.

expected since the resistive voltage drop Rsts appears in (3)
and (4), with the same sign and the same gain as the assumed
disturbance.

The sensitivity to rotor resistance detuning is shown in Fig. 3,
which shows the same errors for —25% R, detuning. The
estimation is compromised at all speeds when the torque is
nonzero. Stable operation was not possible for errors larger
than 25%.

The sensitivity of SFMO to magnetizing inductance detuning
is shown in Fig. 4 for —25% L, error. At this time, the no-load
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Fig. 4. Stator-flux magnitude and phase errors for —25% L, detuning.

operation is mostly affected, while in loaded operation, the er-
rors are smaller. Increasing the gain K does not help in reducing
these errors, neither for R, nor for L, detuning. This result
was expected since the rotor resistance and the magnetizing
inductance are only present in the current-model equation (4).
Thus, (4) alone needs the compensation for these parameters,
while the feedback correction Kv, which compensates for all
disturbances present in the model, is applied to (3) and (4).
Although not shown, the current error was always zero.

Overall, the SFMO is not very well suited for practical
implementation because it does not offer many advantages.
It requires the knowledge of the rotor position and, despite
correct orientation, shows severe sensitivity to rotor resistance
and magnetizing inductance detuning.

IV. ROTOR-FLUX-MODEL-BASED OBSERVER
A. Observer Synthesis

An inherently sensorless observer in stator reference frame
can be realized in a similar way as the SFMO by using the
rotor-flux motor model (7) and (8). This model is in the stator
reference frame and has the rotor flux ¢ and the stator current
1, as state variables.

*111 L L +<jwr)1ﬁ (7

d 1 L2
L == (—R,— =™ )
arss Lsa( LTTT)ZS
L. (1 1
= —jw, — .. 8
"I <Tr 7 )w’*Lsa“‘g ©

Both equations contain the back-EMF term jwrz/}r. This
term is considered as disturbance, and an estimator has been
designed for it. An inherently sensorless SMO based on model
(7) and (8) is

*1// m;s Tw + Kv )
dA_ L2\ -
as = a( R LT>ZS

1 Lu,

Tt gt - ke (0
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where K is the observer gain and the correction vector v is the
output of a PI sliding-mode controller
v=sgn(S), S=(Kp+K;i/s)(iy—1i,). (11)

During sliding mode S =0, dS/dt =0, and the equiva-
lent control component of the function Kv approximates the
back-EMF, ie., (Kv)eq = jwrt) — ey /Trs ey =1 —1) .
The stability condition for current estimation is similar, K >
max(|wyth, — r|), and a value of K > 300 is adequate.
The chattering that accompanies the sliding mode can be re-
duced by using the saturation function and by implementing a
speed-dependent gain.

The rotor-flux error dynamics, for K; = 0, is

d
30 = (12)

This represents the dynamics of an integrator, which causes
instability in the presence of measurement offset. In order to
avoid this problem, an offset estimator based on the min—max
approach, as described in [12], may be implemented in a real
drive.

A block diagram of the rotor-flux-model-based observer
(RFMO) is shown in Fig. 5, where K, = L2T,./(L, T, Rs+L2))
and T, = K, are the gain and time constant of the voltage
model (10). If stator flux is needed, it can be calculated with
(19). All quantities in Fig. 5 are in stator frame, and no
coordinate transformations are needed. This scheme is simpler
than the SFMO, and its sensitivity to parameter detuning is
lower. Both the SFMO and RFMO offer the advantage that,
when needed, a rotor speed estimate is easily obtainable from
the K'v signal via low-pass filtering and algebraic calculations,
assuming e,,, = 0 or e, = 0.

B. Parameter Sensitivity Analysis

Simulations with the RFMO have been performed in order
to determine the sensitivity to parameter detuning. Identical
operating conditions and the same gains as in the case of the
SFMO were employed.

The RFMO is sensitive to stator resistance detuning, as can
be noticed in Fig. 6, which shows the stator-flux magnitude
and phase errors for —25% R, detuning. Errors are large at
low speeds and moderate at high speeds. The sensitivity is
more severe than for dual reference frame observer (DRFO)
(next section), which is sensitive to R; at low speeds only.
As detuning magnitude increases, the drive becomes unstable,
particularly for positive R, errors.

The RFMO is insensitive to rotor resistance and to magne-
tizing inductance detuning, as can be noticed in Figs. 7 and
8, which show the stator-flux magnitude and phase errors for
—50% R, error and —50% L, error, respectively. In all cases,
similar results have been obtained for positive detuning and
for the rotor flux. In the case of L,, detuning, the rotor-flux
magnitude shows only a very small error. Both parameters R,
and L,, are present in both equations of the model (9) and (10),
and the compensation function Kv is able to correctly estimate
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Fig. 6. Stator-flux magnitude and phase errors for —25% R detuning. Fig. 8. Stator-flux magnitude and phase errors for —50% L, detuning.
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V. DUAL REFERENCE FRAME OBSERVER
i)
N A. Observer Synthesis
0
>
® The dual reference frame observer employs two reference
05 frames, so that the speed-dependent terms within the motor
05 model do not appear in its implementation. This approach is
based on the state-space model that has the stator flux gs and
= the rotor flux ¢ as state variables. In a reference frame rotating
© . . — .
= 0 with arbitrary speed w,, the model is
&
0.5 d 1 Ly,
0 ! 2 3 4 Y. == |5 tiw + e, tu, (13
Time [s] arLs (TSU J ) Yt el T (13

Fig. 7. Stator-flux magnitude and phase errors for —50% R,- detuning.

d Ly, 1 ,
dt=r = LSTT-O'QS - (m +](we - wr)) QW 14)
the errors. Not so for R detuning, which is present in (10) only.
A stator resistance estimator is desirable for RFMO.

Overall, the RFMO has good performance, comparable to The stator-flux equation (13) is independent of w, if it is
that of the DRFO. Its topology is simple, without use of coordi- implemented in stator frame or stator-flux reference frame. The
nate transformations, and accompanied by a stator resistance rotor-flux equation (14) is independent of both w, and w,. if it is
estimator and an offset compensator, it is a serious candi- implemented in rotor frame or rotor-flux reference frame.
date for a sensorless observer position in high-performance A full-order observer with (13) in stator frame (w. = 0)

drives. and (14) in rotor-flux frame (superscript “r”), rotating with
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where v is the correction vector, K = [K; K>]T is the ob-
server gain, and superscript “” denotes estimated variables. g [\ N\
. o = (1] 22
In the rotor-flux frame, the rotor-flux vector is yr = Ypq, and 3 \/ \V/
the real component of (16) is independent of wy,, and w,. The ¢
observer is sensorless since it implements the real component 05
of (16) and uses ¢4 = 0. 0 ! Timg [s] ¢

The correction mechanism is of sliding-mode type based on
the estimation error of stator current

A7)
(18)

Sgn(isd - zsd) + ngn(isq - %sq)
t, =Ly, — L, )/ L.

The gains K7 and K5 are complex values with reference
speed-dependent imaginary components: Ky = kiq + jwykiq
and Ky = kgq + jwykaq. Similar results may be obtained with
constant gains. A PI sliding surface may be used in (17) in
the same way as in (11). The scheme can be simplified by
substituting the rotor flux (19) in (15). In this way, the stator
equation becomes the voltage model (20)

(L, = L24,) /L

= — Ryi, +u, + Kiv.

19)
(20)
During sliding mode S=i,—i,=0, dS/dt=0 and v=0.

The stator-flux error dynamics for constant gains is given by
(21) and the stability condition is given by (22)

%ew — —Kiw=0 Q1)
K L, — KoLy, > max (Jays + bip,|) (22)

where b=(L,/Ls+ Ly/Ly)Ly,/Tr0+jwy Ly, and a=—1L,./
Tso — L?,/L,.T,o. Equation (22) gives a degree of freedom

Fig. 10. Stator-flux magnitude and phase errors for —25% R detuning.

in choosing K and K. Fine-tuning for these gains has been
performed in the simulation.

The DRFO implements (16)—(20) and its block diagram is
shown in Fig. 9. The rotor-flux vector position is computed
from the estimated rotor flux (19) in the stator reference, as
shown in the upper side of Fig. 9.

This selection of reference frames was considered the most
advantageous for a real drive. Other frames may be employed as
well. If the rotor position is available, but the speed information
is not needed, the rotor-flux equation may be implemented in
the rotor frame. In this case, the block diagram in Fig. 9 remains
the same, except for the rotor-flux position calculation, which
may be omitted.

B. Parameter Sensitivity Analysis

The most important disturbances that affect observer accu-
racy are the parameter detuning, modeling errors, and mea-
surement noise. The sliding-mode topology has been selected
in order to increase the robustness with respect to these dis-
turbances. The DRFO sensitivity to parameter detuning has
been investigated by means of simulation. Similar operating
conditions have been simulated.

The DRFO sensitivity to stator resistance detuning is shown
in Fig. 10, which shows the stator-flux magnitude and phase
estimation errors for —25% detuning of Rs. High-speed



3400

0.5

e\|IS [Wb]
o

-0.5
0.5

€ys [rad]
o
=

o
(9]

o
-
i

2
Time [s]
Fig. 11. Stator-flux magnitude and phase errors for —50% R, detuning.

0.5

eys [Wh]
(=]

2
Time [s]
Fig. 12.  Stator-flux magnitude and phase errors for +50% L., detuning.

operation is not much affected, but the low-speed operation is
ruined. Errors larger than 25% in R, cause instability in sen-
sorless operation. Increasing the observer gain K significantly
reduces the error but increases the chattering associated with the
sliding mode. The best way to manage the resistance sensitivity
is to use a stator resistance estimator [see (23)].

The stator resistance is online adapted as

t
Rs = RSO - KRS /(,&rdyq - &rql/d)dt
0

(23)

where 14 and v, are the components of (17).

The sensitivity to rotor resistance detuning for —50% error in
R, is shown in Fig. 11. The DRFO is practically insensitive to
rotor resistance detuning. Small errors can be noticed at startup
only, due to rotor time constant detuning. For both resistances,
similar results have been obtained for the rotor flux and for
positive detuning.

The same estimation errors for magnetizing inductance de-
tuning are shown in Fig. 12, for +50% L,, error, and in
Fig. 13, for —50% L,, error. The DRFO is robust to L,
overestimation at all speeds. Small phase error occurs at low
speeds, but this has low impact on the drive behavior. Since
underestimation of L,, produces inaccurate estimation, the
overestimation of L, is highly preferable whenever its value
is uncertain. It turns out that DRFO has similar parameter
sensitivity to an adaptive full-order observer. However, due to
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sliding mode, the estimation errors are smaller for the same
level of detuning.

VI. EXPERIMENTAL RESULTS

Experiments with the DRFO have been performed. This
scheme has been considered the most appropriate for this phase
of the research due to its flexibility and robustness. It displays
very low offset sensitivity, and a stator resistance estimator was
already available for it. The DRFO was integrated within a
variable-structure control DTC (VSC-DTC) sensorless drive. A
block diagram of this drive is shown in Fig. 14. Apart from the
DRFO, the scheme contains torque and speed observers, the
stator resistance estimator, a PI speed controller, and the VSC-
DTC [15]. As described in [15], VSC-DTC applies the VSC
concepts [7] to IM drives control. It is a switching torque and
flux controller that receives as inputs the torque and flux errors,
as shown in Fig. 14. All flux and speed observers are general-
purpose observers; they may be used for any control strategy,
not only for DTC.

The speed estimator used for all experiments is

dira
dt

i d'l/;rﬁ
B\ a

Ly isq
TT 7/;7"
where 1, is (19), w;. is its speed, and T is the torque.

Observer gains are K = [20 + j0.1w} — 10 + j0.1w}], the
same as used for simulations. It uses the reference speed wy.

W = Wy —We = ,l/}T‘Oc - wrﬁ

(24)
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Fig. 15. Full-load sensorless operation at 3 r/min with DRFO. From top
to bottom: estimated and measured speed, estimated stator- and rotor-flux
magnitudes, and current estimation error.

The drive employs a 4.3-kVA VLT5004 inverter from
Danfoss Drives, Denmark. Inverter dead time and voltage
drop were software compensated. The IM nameplate data
and parameters are as follows: Py =1.1 kW, U;y =380 V,
fsn =50 Hz, ny=1475 r/min, p=2, T.y=7 N-m, R,=
546 Q, R,=4.45Q, Ly=L,=0.492 H, and L,, = 0.475 H.
The motor was mechanically connected to a dc machine with
capabilities of producing load torque at all speeds. A 5000-
line encoder was used for speed monitoring only. The control
hardware uses a dual-processor system with the ADSP-21062
and the ADMCF328 DSP-s from Analog Devices. Sampling
and switching frequencies are 10 kHz.

Experiments were focused on the low-speed-operation per-
formance, since this is one of the most challenging tests for
a sensorless drive. The first experiment demonstrates full-load
sensorless operation at 3 r/min (0.1-Hz electrical reference).
Fig. 15 shows the estimated and real speeds, stator- and rotor-
flux magnitudes, and current estimation error. Since real fluxes
were not measured, the observation accuracy was valued on
the base of speed and current estimation errors. The estimated
speed replicates well the measured one, and its ripple is small.
This is an indication that the flux observer is also accurate,
since the speed was calculated from the rotor-flux estimate. The
current error is also small, confirming the correct sliding-mode
operation of DRFO.

Chattering due to the SMO operation is apparent in Fig. 15,
but this does not significantly affect the drive operation or
the estimation. The flux magnitudes and the estimated torque
have low high-frequency noise content, much lower than a

3401

10

i [rpm]
o

L L Ll

-10
10

n_[rpm]
o

Wi

Vg, W, [Wh]

es[A]
Of

07 5 10 15 20
Time [s]

Fig. 16. Full-load sensorless reversal at 6 r/min with DRFO. From top
to bottom: estimated and measured speed, estimated stator- and rotor-flux
magnitudes, and current estimation error.

conventional DTC drive. Acoustical noise produced by the
drive was insignificant. Overall, the amount of chattering was
not a matter of concern for this application.

The second experiment shows sensorless motoring and brak-
ing operation at £6 r/min (+0.2-Hz electrical reference) in
Fig. 16. The machine runs for 10.5 s at +6 r/min, full-load, in
motoring mode, and then, it is reversed to —6 r/min, while the
torque is maintained almost unchanged (braking mode). Fig. 16
shows the estimated and real speeds, stator- and rotor-flux
magnitudes, and current estimation error. Again, the estimated
speed matches well the measured one in both regimes. During
the reversal, the current estimation error remains bounded
between +0.05-A limits, and the flux magnitude is insensitive
to speed transients, indicating that the observer is not much
affected by the reversal.

Other experiments at very low speeds, including stable op-
eration at 0 r/min, have also been carried out. For all these
extreme conditions, the speed ripple is small (motor rated speed
is 1475 r/min), as noticed in Figs. 15 and 16.

The last experiment shows transient behavior of the drive
during a startup to 1500 r/min. Before £ = 0, the motor was not
supplied. At ¢ = 0, the stator-flux reference was set to 0.9 Wb,
and after 10 ms, the speed reference was set to 1500 r/min.
Speed, torque, and flux magnitude transients during the first
half-second of the startup are shown in Fig. 17. The torque is
limited at 12 N - m, and the speed increases linearly. The current
estimation error is similar to e;s in Figs. 15 and 16. Accurate
torque and flux control can be noticed, and their ripple is much
smaller than in a conventional DTC drive.
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Fig. 17. Startup with DRFO. From top to bottom: Estimated and measured
speed, estimated stator- and rotor-flux magnitudes, and estimated torque.
TABLE 1
OBSERVER COMPARISON SUMMARY
Observer DRFO SFMO RFMO
Complexity High Low Medium
R, sensitivity High No High
R, sensitivity No High No
Ly, sensitivity | Low High No

Overall, the VSC-DTC drive with DRFO displays very good
performance in wide-speed-range operation—the highest speed
tested was 3000 r/min. All experiments confirmed that the
sliding-mode flux observer is very robust with respect to torque
and speed transients.

VII. CONCLUSION

A class of inherently sensorless full-order sliding-mode ob-
servers for IM drives has been proposed and investigated in
order to determine their performances. All are new schemes or
have been previously developed by the authors. The analysis is
focused on theoretical analysis and on comparison of the three
schemes in terms of parameter sensitivity. As summarized in
Table I, the observers have the following significant properties.

The DRFO has the most complex structure. It is sensi-
tive to stator resistance detuning and to underestimation of
magnetizing inductance. It is insensitive to rotor resistance
errors and shows small sensitivity to magnetizing inductance
overestimation. Online adaptation of stator resistance has been
implemented. This observer is appropriate for practical imple-
mentation, and it has been extensively tested in a sliding-mode
DTC drive.
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The SFMO is simpler but requires knowledge of the rotor
position. It is insensitive to stator resistance detuning but shows
high sensitivity to rotor resistance and magnetizing inductance
errors. Therefore, this inherently sensorless sliding observer is
less attractive for practical implementation in a sensorless drive.

The RFMO has the simplest structure. It is sensitive to stator
resistance detuning and to measurement offset and is insensitive
to rotor resistance and magnetizing inductance errors. It is
appropriate for practical implementation, provided that online
adaptation of stator resistance and offset compensation are
employed. Comparison of the SFMO and RFMO with respect
to other inherently sensorless observers will be carried out in a
future paper.

Very low speed sensorless operation was demonstrated with
the DRFO in a VSC-DTC drive. To our best knowledge,
3 r/min is the lowest speed ever reported in sensorless operation
without signal injection. This was possible due to the excellent
robustness and high accuracy of the sliding-mode flux observer.
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