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Abstract: The study discusses the problem of speed and flux estimation for the induction motor (IM) drive and presents the
design of two sliding mode observers (SMO) with compound manifolds. Both observers are developed using the IM model in
the stationary reference frame. The first observer is a single-manifold SMO – it estimates the motor fluxes and yields an
approximate value of the speed; however, it is not a converging observer. The single-manifold design is transformed into a
double-manifold observer by adding extra feedback terms – this leads to a fully convergent observer that also yields an
accurate estimate of the speed. The observers are designed using compound manifolds, which are chosen as a combination of
the estimated fluxes and current mismatches. Observers with compound manifolds have been rarely investigated because they
cannot be designed using a standard procedure; however, they are shown to have interesting properties. Observer uniqueness
is also discussed. The methods proposed are suited to a sensorless IM drive control algorithm where the speed, the flux
magnitude and the rotor flux angle are needed. The theoretical developments are supported with simulations and experiments.

Nomenclature

ωr, ωs rotor electrical speed and synchronous speed
np number of pole pairs
Rs, Rr stator, rotor resistances
Lm, Ls, Lr magnetising, stator and rotor inductances
η inverse of rotor time constant
λr rotor flux magnitude
α, β stationary reference frame quantities
d, q rotational reference frame quantities
^, * estimated and reference quantity

1 Introduction

The induction motor (IM) is used in various industrial and
manufacturing processes, especially to drive pumps,
compressors and fans. It is also used in high-performance
applications like windmills and hybrid electric vehicles. The
squirrel cage motor is very robust, requires almost no
maintenance and has a wide torque–speed characteristic.
In applications where accurate speed or torque control is

required, the IM is usually fed by a three-phase inverter and
is controlled using field-oriented methods (vector control).
Field-oriented control allows accurate control of the motor
torque and speed and is preferred over scalar (V/Hz) control.
The most popular method for IM vector control is based on

rotor field orientation. With this, the rotor flux vector
establishes the direction of the d-axis of the synchronous
reference frame. The main advantage of rotor field

orientation is that the synchronous currents id, iq are
decoupled at steady-state (but not during transient); as a
result, they can be easily controlled to their reference values.
For that, it is typical to use current control schemes based

on proportional-integral controllers, with or without
dynamic decoupling [1–6].
To implement the rotor field-oriented control scheme, the

angle of the rotor flux is required. This can be obtained by
direct field orientation (DFO) or by indirect field orientation
(IFO).
The IFO method is based on integrating the motor’s slip

equation in the synchronous reference frame – for that, it is
required to measure the speed and to calculate the slip
speed. It is well-known that the angle obtained by IFO is
sensitive to the value of the rotor resistance used.
The DFO method obtains the flux angle using the tan−1

function and the projections of the rotor flux on the
stationary reference frame. It is typical to estimate the α, β
fluxes of the IM model using an observer.
Many such observer designs are available [1–26].

Depending on the approach, these are obtained using linear,
non-linear or sliding mode (SM) design methods and
perform state or state and speed estimation. Some methods
combine estimation with adaptation [3, 6, 8], whereas others
also involve parameter estimation [20, 24]. A separate class
is that of SM observers (SMOs) [10–15, 17–21, 24–27]; in
this case, the estimation is done using discontinuous
feedback terms. The SM motion may be enforced on single
or multi-dimensional manifolds – SM methods allow for
order reduction and provide robustness to uncertainties.
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Working with a general n-dimensional system of the type

ẋ = Ax+ Bu
y = Cx

{
(1)

It is easy to design a SMO if matrices A, B, C are constant
(time-invariant) and if a partition of the state vector x
(assumed m-dimensional) is available through measurement.
Using the generic method presented in [10], the resulting
observer typically has m manifolds and the SM motion is
enforced at their intersection.
For the IM in particular, the stator currents are measured

and they are also states of the model; then, it is common to
use the current mismatches as the manifolds of the observer.
However, the state-space system corresponding to the IM is

time-varying (since the speed ωr appears in matrix A).
Therefore the generic SM design method cannot be directly
used. In addition, for sensorless implementations, the speed
ωr also needs to be estimated.
The paper discusses the problem of state and speed

estimation for the IM. In the first part, an SMO based on a
single compound manifold is presented. It is shown that
this observer does not fully converge; despite that, it yields
the correct fluxes and a relatively accurate speed estimate.
It was previously believed that this was a convergent
observer and that its speed estimate was 100% accurate [10]
– the theoretical analysis and the experimental
implementation shown in the paper are both novel.
In the second part, the single-manifold design is augmented

with additional feedback terms and this is transformed into a
double-manifold SMO (DM SMO). The paper examines the
properties of this design and shows that the estimates
converge and the speed obtained is fully accurate.
Some considerations regarding the uniqueness of these

observer designs are also presented.
The main contributions of the paper are: first, it corrects the

analysis of the observer in [10] by showing that the current
estimates do not converge and the resulting speed estimate
is theoretically inaccurate; it also shows that, for the motor
considered, this inaccuracy is small. It presents
experimental waveforms and clarifies the behaviour of this
observer – in a real implementation, this does not work.
Then, the paper explains how to transform the
single-manifold observer into a double-manifold design.
The paper discusses the pairing of manifolds used by the
double-manifold observer – it is shown that this observer
design is unique. Finally, the paper presents a sensitivity
analysis: it is found that this observer is rather sensitive to
the value of the magnetising inductance; however, its
estimates (especially the fluxes) are quite insensitive to the
rotor resistance used.

2 Review of SM methods for the IM

In sensorless IM control, the problem is to estimate the speed,
the flux magnitude and the rotor flux angle of the motor. From
a theoretical point of view, if the motor parameters are known,
several approaches can be used to obtain these variables.
From a practical point of view, there are two additional

challenges: first, since the IM parameters vary with
operating conditions (temperature, saturation, skin-effect),
how to obtain accurate and reliable estimates in this case.
Second, since some estimators employ complex or
practically unreliable approaches (adaptation, parameter

estimation, ideal integration), how to make the algorithms
work well in a real implementation, in wide speed range,
especially on digital signal processors with limited accuracy.
Generally, model-based estimation methods require

accurate knowledge of the plant parameters. For the IM,
both resistances depend on temperature (and this can vary
by 100–150 °C from cold to hot). The magnetising
inductance depends on the flux level in the machine – it is
well-known that Lm saturates at high load.
To improve the estimation accuracy, the stator temperature

can be measured using thermocouples; then, an updated value
of RS is used in the algorithm. The magnetising inductance
can be approximately mapped to the operating conditions –
the work in [24] gives a quadratic formula for Lm as a
function of id; however, for a given motor, the coefficients
of the quadratic must be obtained.
The SM methods for the IM in [15, 20] offer simultaneous

estimation of the rotor fluxes, speed and rotor time constant.
They are constructed based on the stationary frame model
of the IM and assume that the speed and the rotor time
constant vary slowly. The estimation is done by cascading a
SMO with an adaptive linear observer: ωr and η are
obtained through adaptation (the mathematics is difficult
and adaptation is always questionable under noise
conditions). Note that under the same assumptions but with
known fluxes, the model reference adaptive system
(MRAS) method in [25] leads to singularity; then, only the
speed (but not the rotor time constant) can be estimated.
The practical accuracy of these methods depends heavily on
the quality of the experimental setup (accuracy of current
and voltage sensors, type of digital signal processor (DSP)
used) and on the ability to make the observers work under
pulse-width modulated (PWM) noise and dc offsets.
Some other SM methods only attempt to estimate the fluxes

and the speed. The observer in [15] obtains the rotor fluxes by
integration of the equivalent controls; flux estimation requires
an accurate Lm but is insensitive to the rotor resistance.
However, the accuracy of the speed estimate depends on Rr.
The methods in [16, 17] are similar in terms of model and

approach, however, the insensitivity of the flux estimates to Rr
is lost. The estimation/control method in [18] is looking to
regulate the speed and the flux magnitude of the IM drive –
the SM manifolds used are non-linear and depend on the
speed and the load torque in order to satisfy the control
objectives (as a result, the observer is more difficult to
design).
The adaptive SMO in [19] designs the manifolds using the

current mismatches; the speed is obtained using
Lyapunov-based adaptation. The method offers good
robustness to parameter variations. In [13], three sensorless
SMOs and their parameter sensitivity analysis are presented.
As expected, their accuracy depends on the values of Lm
and Rr used.
Finally, note the sequential estimation approach proposed

in [21, 22]. The idea is to first estimate the speed; then, to
feed the speed estimate in a SMO (constructed on the
stationary frame model of the IM) that obtains the motor
fluxes. It is shown that, with a special gain design, even if
the speed is inaccurate, the DFO estimated rotor flux angle
is correct – thus, the field orientation of the drive is
guaranteed. The same result is obtained in [23] where a
time-varying observer that was designed using non-linear
methods is shown. Finally, two flux/speed SMOs with
compound manifolds are shown in [10, 20] – the work here
was mainly inspired by them.
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3 Induction motor model

The model of the IM in the stationary reference frame with the
notations from [10] is

dla
dt

= −hla − vrlb + hLmia

dlb
dt

= vrla − hlb + hLmib

dia
dt

= hbla + vrblb − gia +
1
sLs

va

dib
dt

= −vrbla + hblb − gib +
1
sLs

vb

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(2)

Note that ωr is the rotor electrical speed; this is related to the
shaft speed as: vr = npv

mech
r . The parameters σ, β, γ are

defined as

s = 1− L2m
LsLr

, b = Lm
sLsLr

,

g = 1
sLs

L2m
L2r

Rr + Rs

( ) (3)

4 Single-manifold SMO for speed and state
estimation of the IM

The equations of the single-manifold SMO (SM SMO) are

dl̂a
dt

= −hl̂a − v̂rl̂b + hLmia

dl̂b
dt

= v̂rl̂a − hl̂b + hLmib

dîa
dt

= hbl̂a + v̂rbl̂b − gia +
1
sLs

va

dîb
dt

= −v̂rbl̂a + hbl̂b − gib +
1
sLs

vb

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(4)

The speed estimate v̂r is of the form

v̂r = v0 · sign s1
( )

(5)

where ω0 is a constant design gain. The manifold s1 is

s1 = l̂a!ib − l̂b!ia (6)

In (4), the voltages vα, vβ and currents iα, iβ are measured
quantities. The estimation mismatches are defined as:
!la = l̂a − la, !lb = l̂b − lb, !ia = îa − ia, !ib = îb − ib.
By subtracting (2) from (4), the mismatch equations are

d!la
dt

= −h!la − v̂rl̂b + vrlb

d!lb
dt

= v̂r
!la − vrla − h!lb

d!ia
dt

= hb!la + v̂rbl̂b − vrblb

d!ib
dt

= −v̂rbl̂a + vrbla + hb!lb

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

To study the existence of the SM motion, s1 is differentiated,

this gives

ṡ1 =
dl̂a
dt

!ib + l̂a
d!ib
dt

−
dl̂b
dt

!ia − l̂b
d!ia
dt

(8)

In (8), replace the derivatives from (4) and (7), the result is

ṡ1 = −h l̂a!ib − l̂b!ia

( )
− v̂r l̂a!ia + l̂b!ib

( )

+ hLm ia!ib − ib!ia
( )

+ bvr l̂ala + l̂blb

( )

+ bh !lbl̂a − !lal̂b

( )
− b l̂ 2

a + l̂ 2
b

( )
v̂r

(9)

Note that in (9), the speed estimate v̂r appears twice. The term

−b l̂ 2
a + l̂ 2

b

( )
v̂r is very important. Assuming that this

observer estimates the fluxes, −b l̂ 2
a + l̂ 2

b

( )
= −b l̂

∣∣ ∣∣2, 0.

Then, since this coefficient is reliable (non-zero and always

negative), with high ω0, the term −b l̂ 2
a + l̂ 2

b

( )
v0 sign

(
s1
)

can be made as large as desired – this should enforce the
SM motion on s1.
On the other hand, the term −v̂r l̂a!ia + l̂b!ib

( )
may be

undesirable since the presence of a second switching term
on the right side of (9) could disturb the SM motion already
in place. However, if the observer converges or if the

current mismatches are small, the term l̂a!ia + l̂b!ib

( )

should be zero or very small. By rewriting (9), this becomes

ṡ1 = f h, b, l̂a, l̂b, !ia, !ib,
( )

− b l̂ 2
a + l̂ 2

b

( )
+ l̂a!ia + l̂b!ib

( )[ ]
v0 sign s1

( ) (10)

The function f is

f = −h l̂a!ib − l̂b!ia

( )
+ hLm ia!ib − ib!ia

( )

+ bvr l̂ala + l̂blb

( )
+ bh !lbl̂a − !lal̂b

( ) (11)

Since f cannot tend to infinity ( f has a finite upper estimate), if

b l̂ 2
a + l̂ 2

b

( )
+ l̂a!ia + l̂b!ib

( )
. 0, then, the SM motion can

be enforced on manifold s1.
If the design gain ω0 is chosen to satisfy

b l̂ 2
a + l̂ 2

b

( )
+ l̂a!ia + l̂b!ib

( )[ ]
v0 . f

∣∣ ∣∣, the manifold

and its derivative will have opposite signs (s1 · ṡ1 , 0). As
a result, the manifold is attractive and s1→ 0. After SM
occurs, s1 = 0 identically. It means that

l̂a!ib − l̂b!ia = 0 (12)

From a theoretical point of view, s1 = 0 does not necessarily
imply that !ia = 0 and !ib = 0. It will be shown immediately
that (12) can be obtained with a set of non-zero fluxes and
current mismatches.
Consider the vectors of the estimated flux and current

mismatch shown in Fig. 1 (the angles θ and θ1 are
arbitrary). Then, their stationary reference frame
components are
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l̂a = l̂ · cos u( )
l̂b = l̂ · sin u( )

{
!ia = !I · cos

(
u1
)

!ib = !I · sin
(
u1
)

{
(13)

Replacing (13) into (12), the expression of s1 becomes

s1 = l̂ · cos u( ) · !I · sin u1
( )

− l̂ · sin u( ) · !I · cos u1
( )

= l̂!I sin u1 − u
( ) (14)

Based on (14), note that it is possible to have s1 = 0 with
!I = 0; for that, it is required that sin(θ1 − θ) = 0. This can
happen if either θ1 = θ or if θ1 = θ + π (Fig. 1).
At this stage, the observer is simulated in order to study its

behaviour. The IM drive is run in speed control mode: the
motor is started towards a speed of 500 rpm and accelerates
to 1000 rpm at t = 0.5 s. The load torque is 0.8 Nm. The
observer is implemented with a 50 μs sampling time.
The simulations of this observer confirm the theoretical

analysis. The SM motion occurs and s1 tends to zero. The
estimated fluxes of the observer tend to the real fluxes
(note, however, that a theoretical proof of this cannot be
done). The currents do not converge; therefore, the current
mismatch vector is different from zero.
Fig. 2 shows the estimated against the real fluxes – they

match. Manifold s1 switches around zero; the current errors
shown in Fig. 2 are non-zero and sinusoidal.

Fig. 3 shows the angle of !I against the angle of l̂ and the
speed estimate against the real speed. The angles are 180° out
of phase (this corresponds to Fig. 1c).

This finding is one of the novelties in the paper. It was
previously believed that this observer fully converges. The
analysis in [10] assumes that, once SM occurs, the current
mismatches are equal to zero and further concludes that the
estimated speed tends to the real speed. This is inexact.
Note that since θ1 = θ + π (as shown by the simulations),

the term l̂a!ia + l̂b!ib becomes

l̂a!ia + l̂b!ib = −l̂!I sin2 u( ) + cos2 u( )
[ ]

= −l̂!I (15)

Then, working with (10) in the SM regime, the equivalent
control is calculated by enforcing s1 = 0 and ṡ1 = 0. This is

vr,eq = ve

lal̂a + lbl̂b
l̂ 2 − 1/b[ ]l̂!I

+ h
l̂a!lb − l̂b!la
l̂ 2 − 1/b[ ]l̂!I

(16)

In practice, the equivalent would be obtained by low-pass
filtering the switching manifold (5) – this represents the
speed estimate of the observer. Based on (16), ωr,eq→ ωr if
the fluxes converge and if !ia, !ib are zero. Since the
estimated fluxes tend to the real ones, the second term in
(16) is equal to zero. The current mismatches !ia, !ib are
non-zero (however, with a reasonable tuning for ω0 they are
relatively small).
For a typical IM, the magnetising inductance is much

bigger than the leakage inductances. Then, σ. is small and β
is large (e.g. σ = 0.09 and β = 32.5 for the motor
considered). As a result, 1/β is small and the term
− 1/b[ ]l̂!I in the denominator of (16) is much smaller than
l̂ 2. Therefore the equivalent control ωr,eq given by (16) is
quite close to the real speed of the motor (Fig. 3).
Additional simulations were attempted with smaller values

of β in order to determine whether this is a major factor in the
accuracy of the speed estimate (16). It was found that β has a
small influence.
In conclusion, the observer based on the single compound

manifold s1 offers a simple design and has interesting
properties. Although it does not fully converge, it yields
accurate fluxes and a sufficiently accurate speed estimate.
Its experimental reliability remains to be seen.

Fig. 1 Flux and current mismatch vectors of the SM SMO

Fig. 2 Fluxes, current errors and manifold of the SMO
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Note that three other manifolds similar to (6) can be
obtained by combining the fluxes l̂a, l̂b with !ia, !ib.
However, s1 is the only manifold that leads to a valid
observer. We have verified analytically and by simulation
that the design based on s1 is unique.

5 DM SMO for speed and state estimation of
the IM

The proposed DM SMO is obtained by augmenting the
design given by (4) with additional feedback terms – these
are also switching terms. The objective is to obtain an
observer that enforces the SM motion at the intersection of
two manifolds. If SM occurs and the manifolds are
simultaneously equal to zero, this should improve the
estimation properties of the SM SMO.
The manifolds chosen are

s1 = l̂a!ib − l̂b!ia

s2 = l̂a!ia + l̂b!ib

{

(17)

If SM could be enforced on these manifolds, then, s1 = 0,
s2 = 0. This is equivalent to

−l̂b l̂a

l̂a l̂b

[ ]
!ia
!ib

[ ]
= 0

0

[ ]
(18)

Since det L( ) = −
(
l̂ 2
a + l̂ 2

b

)
= 0. (assuming that the fluxes

converge), system (18) has unique solution: !ia = 0, !ib = 0.
Therefore the current estimates of this observer would be
guaranteed to converge.
Note that, manifold s2 is the only viable pairing option for

s1 that leads to a non-zero determinant. Since the SM SMO
based on s1 is unique, it follows that the DM SMO based
on the pair s1, s2 is also unique. The equations of the
proposed DM SMO are

dl̂a
dt

= −hl̂a − v̂rl̂b + hLmia

dl̂b
dt

= v̂rl̂a − hl̂b + hLmib

dîa
dt

= hbl̂a + v̂rbl̂b − gia +
1

sLS
va − kl̂au2

dîb
dt

= −v̂rbl̂a + hbl̂b − gib +
1
sLs

vb − kl̂bu2

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(19)

where k is a design parameter. The switching terms are

v̂r = v0 · sign(s1)
u2 = M · sign(s2)

{
(20)

In (20), ω0 and M are design gains. Note that this is similar to
the observer in [20]. After subtraction, the mismatches are

d!la
dt

= −h!la − v̂rl̂b + vrlb

d!lb
dt

= v̂rl̂a − vrla − h!lb

d!ia
dt

= hb!la + v̂rbl̂b − vrblb − kl̂au2

d!ib
dt

= −v̂rbl̂a + vrbla + hb!lb − kl̂bu2

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(21)

To examine whether SM occurs, the two manifolds are
differentiated and the derivatives are replaced. The
derivative of s1 is

ṡ1 = −h l̂a!ib − l̂b!ia

( )
− v̂r l̂a!ia + l̂b!ib

( )

+ hLm ia!ib + ib!ia
( )

+ bvr l̂ala + l̂blb

( )

+ bh !lbl̂a − !lal̂b

( )
− b l̂ 2

a + l̂ 2
b

( )
v̂r

(22)

The derivative of s2 is

ṡ2 = −h l̂a!ia + l̂b!ib

( )
+ v̂r l̂a!ib − l̂b!ia

( )

+ hLm ia!ia + ib!ib
( )

+ bh !lal̂a + !lbl̂b

( )

− bvr l̂alb − l̂bla

( )
− k l̂ 2

a + l̂ 2
b

( )
u2

(23)

Note that the switching term u2does not appear in (22). The
above expressions can be rewritten as

ṡ1 = f1 − b l̂ 2
a + l̂ 2

b

( )
· v0 · sign(s1)

ṡ2 = f2 − k l̂ 2
a + l̂ 2

b

( )
·M · sign(s2)

⎧
⎨

⎩ (24)

By inspecting expressions (22) and (23), the functions f1, f2
are a combination of the estimates, the observer mismatches

Fig. 3 Angle of current mismatches against angle of the estimated fluxes and estimated against real speed
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and also involve the speed and the motor parameters. If the
estimates are finite, both functions have an upper estimate
(they do not tend to infinity). Based on (24), if the gains ω0
and M are chosen high enough, assuming that
l̂ 2
a + l̂ 2

b = 0, the switching terms on the right side of (24)
will be such that

b l̂ 2
a + l̂ 2

b

( )
· v0 . f1

∣∣ ∣∣

k l̂ 2
a + l̂ 2

b

( )
·M . f2

∣∣ ∣∣

⎧
⎨

⎩ (25)

Then, s1 and ṡ1 have opposite signs; the same for s2 and ṡ2. As
a result, the manifolds are attractive and s1→ 0, s2→ 0; then,
SM will occur at the intersection of these manifolds. Once
SM starts, we can assume that s1 = 0, s2 = 0 identically.
Note that ω0 and M are the only design gains of the
observer (k can be incorporated into M) and the only
condition that they need to satisfy is (25).
Unlike in MRAS-type estimators, for the proposed SMO it

does not matter whether the drive runs in motoring or
regeneration. The value and sign of ωr (positive or
negative) affects the magnitudes of f1 and f2. However, it is
only required to know the maximum of these functions in
order to design appropriate (high enough) gains that satisfy
(25). Then, SM occurs, the current mismatches are zero and

the flux estimates are obtained. Once the flux components
are available, the flux angle is computed and the
field-oriented control algorithm can be executed.
The simulations of this observer are done under the same

conditions as before. Fig. 4 shows the manifolds s1, s2 –
they both tend to zero since SM occurs. The estimated
fluxes tend to the real fluxes. The current estimates
converge and the mismatches !ia, !ib tend to zero as per (18).
Working with the expression of s1 during the SM regime,

since !ia = 0, !ib = 0, it follows that l̂a!ia + l̂b!ib

( )
= 0. As

a result, there is only one term that depends on v̂r in (22).
With s1 = 0 and ṡ1 = 0, the equivalent control is obtained as

vr,eq = vr

lal̂a + lbl̂b
l̂ 2 + h

l̂a!lb − l̂b!la
l̂ 2 (26)

Since the fluxes converge, the second term in (26) is 0 and the
other term is 1. Therefore it is clear that ωr,eq→ ωr (Fig. 4).
The estimated speed tends to the real speed with a rate that
depends on the rate of decay of manifold s1. If !la and !lb
are always zero and the SM motion on s1 is not perturbed,
ωr,eq matches ωr exactly. Note that this is the speed estimate
of the method and is obtained by low-pass filtering the
switching manifold s1. Unlike the approximation (16) of the
SM SMO, the speed estimate of the DM SMO is fully
accurate.
Regarding the design of ω0, note that, according to (25), it

is required that b l̂ 2
a + l̂ 2

b

( )
· v0 . f1

∣∣ ∣∣. Then, for a drive

that operates at variable flux level and variable speed ( f1
depends on speed), an adequate value for ω0 can be found.
Another necessary condition is ω0 > ωr. Since the speed
estimate is obtained by filtering the switching term
v0 · sign s1

( )
, if the drive operates at high speed, ω0 should

also be proportionally high. However, if the same drive is
now required to operate at low speed, the high value of ω0
is problematic (produces chattering) and should be reduced.
In fact, the observer performs best with a speed adaptive
value for ω0 that satisfies the conditions above. This idea
was explored for other SMOs (e.g. [28]).
Also, note that the SM motion of s1 is free of the switching

term M · sign s2
( )

. However, the motion equation of s2
contains the term v0 · sign s1

( )
(this term, for example, actsFig. 5 Experimental setup

Fig. 4 Manifolds s1, s2 and the speed estimate of the DM SMO
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as a disturbance when the observer runs under improper
parameters). Then, ω0 should not be overdesigned (e.g. if
the drive runs at 300 rad/s, it is detrimental to use a value
of ω0 more than 1.5–2 times higher than that).

6 Experimental results

The experimental setup consists of a Dayton 2N863M
three-phase squirrel cage motor (see specifications in
Table 1), a Texas Instruments TMS320F2812 DSP, and a
Spectrum Digital metal-oxide semiconductor field-effect
transisitor inverter (Fig. 5). An autotransformer was used to
adjust the dc bus voltage and an isolation transformer was
used to protect the hardware. The waveforms are captured
with a 200 MHz LeCroy oscilloscope.
The control algorithm was implemented in 32 bit fixed

point math using a single interrupt. The sampling time is
66 µs (the inverter switches at 15 kHz). The output
waveforms are generated using the second PWM state
machine of the TMS320F2812 chip. These signals are
low-pass filtered with RC circuits and are captured using
the scope channels (three signals can be captured at one
time). The phase currents are measured with resistors
mounted on the lower legs of the inverter. The motor
voltages are computed from the measured dc bus voltage
and the PWM duty cycles.
Since the motor used in the experimental setup does not

have an encoder, an estimate of the IM speed is obtained
from the slip (27) – this will be compared with the speed
obtained from the proposed methods.

v̂r = ve −
Lm
Tr

1

l2r
l̂aib − l̂bia

( )
(27)

Also, since the fluxes cannot be measured, the estimated
fluxes of the observer are compared with the fluxes
obtained from the voltage model observer (VMO)
corresponding to the method in [26].
In the experiments shown, the IM drive runs in

field-oriented speed control mode and the observer is
validated. The base quantities of the experimental setup are:
VB = 179.7 V (peak); IB = 3.75 A (peak); ωB = 377 rad/s;
λB = LmIB = 1.1137 Wb.
The DM SMO is implemented first. System (19) is

discretised using Euler’s method; the per-unit equations are

l̂a,k+1 = A1l̂a,k − A2v̂rl̂b,k + A3ia
l̂b,k+1 = A2v̂rl̂a,k + A1l̂b,k + A3ib

îa,k+1 = îa,k + A4l̂a,k + A5v̂rl̂b,k − A6ia + A7va
−kA8l̂a,ku2

îb,k+1 = îb,k − A5v̂rl̂a,k + A4l̂b,k − A6ib + A7vb
−kA8l̂b,ku2

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(28)

The constants A1 through A8 are: A1 = 1 − ηTS; A2 = ωBTS;
A3 = ηLmTS(IB/λB); A4 = ηβTS(λB/IB); A5 = βTSωB(λB/IB); A6
= γTS; A7 = (TS/σLS)(VB/IB); A8 = λB/IB.
Note that k is a design gain. With k = 0, the switching term

u2 disappears from the equations of the currents in (19); then,
the DM SMO becomes the SM SMO. Therefore a single
software implementation allows investigation of both
observers presented in the paper.
In the experiment, the motor runs in speed control mode at

about 800 rpm with a load of 0.2 Nm. The observer gains are
ω0 = 7 pu, M = 3 pu, k = 1. The SMO is implemented using
the well-known linear approximation of the sign function in
[10]; the threshold is equal to 0.05 pu.

Fig. 6 shows the currents, fluxes and flux angle of the DM
SMO. The estimated current matches the real current quite
well. As expected from (18), !ia = 0 (!ib = 0 also). The
β-axis waveforms are similar and are omitted. The estimated
fluxes are shown in comparison with the fluxes obtained
from the VMO in [26] – they match in both magnitude and
phase. Therefore the estimated rotor flux angles shown also
correspond.

Fig. 7 shows the accuracy of the speed estimate of the DM
SMO. The IM drive runs in vector control mode and the
motor goes through acceleration, deceleration and speed
reversal with 0.2 Nm load.
The speed estimate of the DM SMO is shown along the

speed estimate obtained with (27). Both signals have been
filtered with 15 rad/s low-pass filters. It can be seen that the

Table 1 IM specifications and parameters

rating ¼ hp pole # 4

speed 1732 rpm voltage 220 V

Rs 10.9 Ω
Lls, Llr 0.015 H
Lm 0.30 H
Rr 5.57 Ω

Fig. 6 Currents, fluxes and the rotor flux angle of the DM SMO

Fig. 7 Accuracy of the speed estimate of the DM SMO
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speed estimate of the observer is fairly accurate both during
transient and at steady state.
Since the SMOs are constructed based on the motor model

in the stationary reference frame, the paper shows the plots of
the stationary frame (α − β) currents and fluxes. The plots in
Fig. 6 show that estimated fluxes of the DM SMO are accurate
– in conclusion, this validates the theoretical development and
the simulations.

Fig. 8 shows the transition from the DM SMO to the SM
SMO – for that, the gain k in (28) is changed from 1 to
0. Fig. 8 shows three zones associated with this transition;
note that the SM SMO does not behave well.
In Zone I, the DM SMO runs at steady state, the estimated

current, the estimated flux and s1 are shown. They all look as
expected and s1 = 0.
At transition, k = 0, therefore the SM term u2 vanishes and

the resulting observer is SM SMO. It can be seen that îa starts
having high magnitude whereas l̂a tends to zero. They are
both unusable. Note that in Zone II, s1 = 0 still; however,
this is not because the SM motion is enforced on s1, but
rather because both l̂a and l̂b are zero. With that, the term

b l̂ 2
a + l̂ 2

b

( )
+ l̂a!ia + l̂b!ib

( )
in (10) should also be zero.

Under these conditions, the SM motion does not exist.
Finally, in Zone III, the current estimate, the flux estimate

and the manifold s1 all collapse. The observer triggers on
noise and the waveforms are pretty much random.
The experiment shows that the SM SMO is not a reliable

method for state and speed estimation of the IM drive. The

theoretical analysis of the SM SMO was based on the
assumption that the fluxes converge. It can be seen that,
under experimental conditions, this is not the case.
Several other values for the gains were tried; it was also

tried to start the drive using the SM SMO; however, this
observer has not performed. However, note that this
provides a useful starting point for the development of the
DM SMO.

Fig. 9 shows the currents, fluxes and the estimated rotor
flux angle during a − 0.3 to 0.3 p.u. speed reversal at 0.1
Nm load. The estimated fluxes and current id shows some
oscillation as a result of the zero-crossing. Note that the
fluxes are still useable and are not affected by the
regeneration mode of the drive.
The DM SMO was confirmed to work and appears to be

accurate. Experimentally, it was seen that if the gains ω0 and
M are too small, the SM motion does not occur; however,
the observer will not recover even if the gains are increased.
Also, the double switching action is problematic if the dc
offsets and noise levels are high – in this case, the DM SMO
is less reliable than an observer with continuous feedback.
Fig. 10 shows more experimental results of the drive–

observer system at acceleration (0.2–0.7 pu) and
deceleration (0.7–0.2 pu). The load torque is ∼ 0.2 Nm.
Fig. 10a shows the currents id, iq and the flux magnitude l̂r.
Fig. 10b shows the flux components l̂a, l̂b. Fig. 10c
shows the plots of l̂a as a function of l̂b. At steady state,
this is a perfect circle; at transient deceleration, the circle is
slightly distorted and then it recovers.

7 Sensitivity analysis

This section investigates the sensitivity of the DM SMO to the
variation of the IM parameters. The variation of the rotor
resistance Rr and of the magnetising inductance Lm is
considered. The variation of Rs is not considered (if needed,
Rs can be estimated using stator-mounted thermistors). The
observer is implemented using the rated parameters while
the plant is detuned: Rr is increased up to double the rated
value; Lm is reduced to half its rated value (this corresponds
to a practical situation).
The motor runs at 1000 rpm with 0.8 Nm of load. Fig. 11

shows the flux angle estimation error Du = û − u, the speed

Fig. 8 Manifold s1, estimated current and estimated flux at
transition from DM SMO to SM SMO

Fig. 9 Currents, fluxes and the rotor flux angle of the DM SMO during speed reversal
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error Dvr = (v̂r/vr) and the flux magnitude error
Dlr = (l̂r/lr) at steady state.
Simulations show that the observer is rather sensitive to Lm

and is quite insensitive to Rr. At the start of the investigation,
the SM gains ω0 andM are tuned such that the observer works
well with rated parameters (ω0 = 240 and M = 40). Then, the
IM parameters are detuned. It is seen that if Lm saturates
down to ∼ 25% of its rated value, the observer performs
very well and the estimates are accurate. However, beyond
that range, the SM motion is perturbed and the estimates
are not reliable. Therefore, it is required to use a rather
precise value of Lm. Note that a quadratic mapping of this
as a function of id was proposed in [27].
Simulations show that the observer is quite insensitive to the

variation of Rr. If Lm is in the 25% accuracy range, a variation
of Rr of up to 100% produces very little drift in the estimates.
Fig. 11 shows the errors: the angle error is very small (2°),

the magnitude error is virtually inexistent and the speed error
is no higher than 12%.

To summarise: if the magnetising inductance used by the
observer is within 25% of the real Lm, the rotor resistance
of the motor can be as high as double the rated Rr (used by
the observer); then, the angle error is within 2°, the flux
magnitude error is zero and the speed error is within 12%.
These properties are not necessarily unique but are
consistent with those of a good observer.
Generally, the dependence of the speed estimate to the rotor

resistance is typical of sensorless estimators – note that this
corresponds to (27), which follows the equation of the IM
in the synchronous reference frame. Regarding the
insensitivity of the fluxes to Rr, there are other estimators
that exhibit this property, for example, the well-known VMO.

8 Conclusions

The paper discusses the problem of speed and state estimation
for the IM and presents a single- and a double-manifold SMO

Fig. 10 Acceleration/deceleration
a Currents and flux magnitude
b Stationary frame fluxes
c l̂a as a function of l̂b

Fig. 11 Angle, speed and flux errors of the DM SMO under improper parameters
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for speed and state estimation. Both observers are designed
using the stationary reference frame model of the motor and
use special manifolds. It is shown that, theoretically, the
single-manifold observer does not fully converge; despite
this, it estimates the fluxes and yields a relatively accurate
speed estimate. Its experimental implementation shows that
this method is not viable – the observer does not work at
all. The double-manifold observer is obtained as an
extension of the first design by adding extra feedback
terms. Since the SM motion is enforced at the intersection
of the manifolds, the currents are guaranteed to converge.
The estimated fluxes and speed are accurate. It is found
that, under improper parameters, this observer is sensitive to
the variation of the magnetising inductance and is quite
robust to the value of the rotor resistance. The theoretical
developments are confirmed by the experimental results –
the method yields fairly accurate estimates.
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