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Speed Observer Structure of Induction Machine
Based on Sliding Super-Twisting
and Backstepping Techniques

Marcin Morawiec

Abstract—This article presents an analysis of the two
speed observer structures which are based on the back-
stepping and sliding super twisting approach. The observer
stabilizing functions result from the Lyapunov theorem. To
obtain the observer tuning gains the observer structure
is linearized near the equilibrium point. The rotor angular
speed is obtained from nonadaptive dependence. In the
sensorless control system structure the classical Pl con-
trollers and transformation to the multiscalar variables are
applied. The theoretical derivations are verified in exper-
imental waveforms. Comparison of both speed observer
structures is presented for nominal speed, load torque in-
jections while regenerating mode, very low speed range
and the uncertainties of nominal parameters of induction
machine.

Index Terms—Induction motor drives, observer, variable
speed drives.

[. INTRODUCTION

HE INDUCTION machine (IM) is a popular motor used
T in all industrial applications, especially for electric drive
systems, to drive pumps, in transportation (train and trams) and
in electromobility (electric or hybrid vehicles), in floating vessel
[35]. The popularity of these machines is associated with a lower
cost than permanent magnets machines and highly mechanical
and thermal robust [1]. In transportation or in electromobility a
speed sensor is necessary for safety reasons but in these applica-
tions redundancy can be guaranteed by a sensorless option (what
is safer than only using the speed sensor which can be demaged).
The name ““sensorless” means a system without rotor electrical
speed measurements. In addition to the rotor speed, the rotor flux
vector components should be reconstructed. The rotor speed can
be measured by a sensor (an encoder), but there is a risk asso-
ciated with the loss of reliability of the control system structure
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which influences the whole electric drive system stability (sensi-
tivity to vibrations, limited high-speed performance, installation
issues, or measurements disturbances). In the sensorless control
structure, an observer that reconstructed the rotor flux vector
components as well as stator current vector components is typ-
pically used. The state variables of the observer can be estimated
in (dq) reference frame as well as in (a/3) stationary reference
frame. The sensorless methods can be categorized into two
groups. First one is based on high frequency injection [2]-[6] and
the second one on techniques based on the mathematical model
of the IM [7]-[30]. The approach based on the mathematical
model of IM is popular but often a problem appears when the
parameters of the IM are detuned or uncertain. Therefore, in
the literature, in addition to classic solutions such as: nonlinear
full order observers [7], [8], extended Luenberger observers [8],
extended Kalman filters [9], model reference adaptive system
(MRAS) [11], [12], there exists the methods of observers or con-
trols named “robust.” The group of robust estimators includes:
based on backstepping approach [13], [14], adaptive [15], model
predictive [16] the interconnected observers [17], [18] and
above all based on the sliding-mode techniques [18]-[24]. The
interconnected observer is rather complicated to introduce to
industrial applications [16], [17], however, it gives good sen-
sorless control performance, especially at low rotor speed range
[17]. Sliding-mode approach has attractive advantages, such as
fast response characteristics and robustness to disturbance. The
satisfactory properties of the sensorless control are achieved in
[20] in which the first-order sliding-mode (FOSM) was imple-
mented but with the observer-backstepping technique. Due to
the structure of FOSM the chattering has occurred. Therefore,
in many applications it is better to use the high-order sliding
mode (HOSM) [22]-[24], by which the chattering effect can be
minimized. HOSMs presented in literature can be divided into a
few groups: exact differentiation via sliding mode technique [25]
which was named supertwisting algorithm (STA) and applied to
observation in [26] and to estimations of state variables of IM
[17], [22], [27] the homogeneous differentiators presented in
[27]-[28].

The backstepping based speed observer were presented for
example in [13] and [14]. Despite the use of the robust approach,
the problem of reproducing observer state variables at low speeds
has not been solved. The structure proposed in [13] works stable
near to zero rotor speed but for the case of regenerating operation
the properties of the speed observer are not sufficient. Behavior
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of the others structure for example MRAS or adaptive full-order
observer (AFO) in the regenerating mode are similar to [13]. The
introduction of the appropriate modification presented in [31] to
the AFO or MRAS structures makes them slightly more robust
near to zero rotor speed operation and for regenerating modes.
The better properties are achieved if the sliding-mode approach
is included with the backsteppig approach what was noticed
by Morawiec and Lewicki [20]. However, the sliding-mode
approach is not necessary and it does not guarantee the stable
work for the regenerating machine mode. In [20], the algebraic
dependence from which the rotor speed is reconstructed was
accordingly modified. As a result of proposed modification
in [20], stable operation was achieved in the zero speed and
the range of stable operation for the regenerating mode was
increased. Proposed in [20] observer structure contains the large
number of differential equations, tunning gains and is more
complicated than the AFO speed observer structures [11], [15],
[31], [32]. The main motivation of this article is to propose
the speed observer structure of IM which has the simpler form
than [20], [22]-[24] and better properties, especially in terms
of the regenerating mode. The problems of stable work of a
speed observer system at regenereting mode range and very low
speed of machine were presented in many papers [17]-[20],
[23]-[24], [31]-[32], [36]. In the sensorless control system and
for the regenerating mode range close to zero speed (0.1 p.u. or
smaller) the stator voltage amplitude and frequency is very small.
As shown in [37], the IM can be unobservable (for the stator
frequency equal to zero). Therefore, the two propositions of the
speed observer are introduced. The first one is based on the
backstepping technique and the second is based on the STA
algorithm. Due to the structure of the speed observer the back-
stepping structure can be significantly simplified, what is shown
in Section III. However, the backstepping approach itself does
not cause that the speed observer will be robust on a disturbances.
The proposed extension of the observer structure by the vector
“S” gives possibilities of using the STA algorithm, which is much
more resistant to observer structure disturbances (for example
uncertainties of IM parameters, problems with the generating of
very low stator voltage by a voltage source inverter at low speed
range or unobservable working points of IM—the chattering
effects due to sliding-mode can prevent it). Furthermore the rotor
electric speed value can be obtained from the new algebraic
equation in which the “robust term” is added. Comparison of
properties of both structures with the new speed estimation
manner will be presented for the same scenarios. Therefore, the
main contribution of the article is to present the speed observer
structure which is robust on the machine uncertainties of pa-
rameters, working stable at very low or zero rotor speed range,
in regenerating mode and is “quite” simple to use in industrial
applications.

[I. MATHEMATICAL MODEL OF IM

The differential equations of IM model, expressed in station-
ary reference frame (af3) takes the following form [20], [22],

1123
[33]
dig . di,
e (Rt ) — 02 (1)
dap, ) .
Yr _ —a3Y, + jwr, + a4t 2)
dr
dw, 1
= — Te — T 3
7 J( ) 3)
where:

is, U, Y, are the current, voltage and the rotor flux vectors,
respectively,
L, Ly, R,

Ry Ly,
) = —,a)y = —, 43 = —, Q4 = .
Wy Wy L.’ L,

“

The following assumptions are taken into account: the IM
parameters (4) are known and constant, the stator current vector
components i,,, isg can be measured, the stator voltage vector
components U, U3 are the control variables, rotor flux vector
components ¥, ¥z as well as iy, isg and the rotor angular
speed w,. are estimated by the speed observer structure.

In further considerations, vector S will be taken into account,
defined as follows:

S = —a3, + jwr P, + agts. (5)

Operation domain D is defined as follows:

PP, R X TP are, respectively, the maximum
values of the rotor flux vector, stator current vector, rotor speed,
and load torque such that |t),| < R, |45 <P, |w,| <
Wi Ty | < TP (TP = 0.745 p.u. for ¢ = 1.1 p.u.).

[ll. SPEED OBSERVER OF IM EXTENDED TO INTEGRATORS

The approach which is based on the augmentation of a system
by an integrator has been named in [29] (Lemma 2.8) integrator
backstepping. According to this lemma the system & = f(x) +
g(2)u can be augmented to integrator

= f(z)+g(x)§ (6)
£=u (7

and there exists the continuous and differentiable control law
u = «(x) which can be treat as the virtual control and the track-
ing error z = £ — a(x). There is a smooth function, positively
defined and radially unbounded V (z, £, z) such that

Vi(z, & z2) < —W(z,&2) <0 )

where W (z, &, z) > 0 is positive define in z = & — a(x) and
guarantees the global boundedness of state variables as well as
convergence of (x, &, z) to zero in finite time (or to the largest
invariant set as it was presented in [29]). The backstepping
method presented above allows to extend the observer model
of the IM to an integrator.

Authors of this article propose two different approaches to
obtain the stabilization functions for the same observer structure.
The observer model will be rewritten in stationary reference
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frame («f3). The differential equations of the proposed observer
have the following form:

disa ) A
dr = al(_RsZsa + usa) - GJZSa + v (9)
d'sz . A
i = a1(—Rsisp + usg) — a2Sg + vg (10)
d%/;m A
=5, o 11
ir Sa + vy (11)
dl;r R
TT'B = Sp +vyp (12)

where on the left side of differential equations stabilizing func-
tion are included (marked by v g, Vya,3) and s, 38, Usa,s are
known or measured.

The observer structure (9)—(12) is stable if the appropriate
stabilizing functions will be determined. In order to stabilize
structure (9)—(12) the following integrators structure should be
considered:

dSe & ) .

? :*Soz(QS +a2a4)*wrSB+Rra2(*Rslsa +usa) + Usq
(13)

dSs . A .

? :—Sg(a3+a2a4)+wrSa JrRraz(*RSZSg +u55) + vsp

(14)

where w,. is marked as known value.

Taking into account (21)—(23), integrators structure (5), (13),
and (14), the tracking errors of the state variables of the proposed
observer (9)—(12) have the form

disa _ )5, 1 v, (15)
dr
dig -
o0 = —aS5 + vg (16)
dipra,
dr :Sa-i-vwa (17)
dijrﬁ
= 18
il (18)
dS,, - 5
i = —Sa(az + axay) — wySg + Vsa (19)
ds . .
d—f = —Sg(az + aras) + w,So + vsp (20)
where
;Zsa = 'zsa - Z'saa ;/:SB = %35 - 7:353 (21)
and 7;7“04 = 1217"o¢ - q/jrou 7/;7"6 = 772}7"[? - 1/%;3 (22)
So =84 —Sa, Sg =85 — S5 (23)

On the other hand, it is possible to extend the observer struc-
ture (9)—(12) (taking into account the integrator backstepping

lemma) to the integrators with errors dynamic

dSs -
dSa _5 2
o = s (24)
dSs -
o8 _5 2
T = lsp (25)
Comparing (19), (20) to (24), (25) one obtains
Vsa = isa + ks(Su (a3 + azas) + w,S3) (26)
’US[S = Esﬁ —+ ks(gﬁ(aj, =+ a2a4) — Wrga) (27)

where vg, and vgg are stabilizing functions the integrators
structure (13), (14), and k; > 0.

Using above comparison between integrators structures it is
not necessary to apply the further backstepping procedure [29]
[which significantly reduces the mathematical procedures and
simplifies the observer structure—the observer structure does
not need to be extended with an integrator (24), (25) because of
the “S” vector differential equations and new obtained functions
(26), (27)]. In the next step, the other stabilizing functions will
be achieved by using the Lyapunov stability theorem.

The quadratic of Lyapunov function has the form

Vi =05 (zza +ilg +Ule + 025+ SE 4 Sg) . (28)

The derivative of (28) with taking into account (15)—(20) and

(26), (27), takes the form

V1~: 259(—6125'& +Ua~) +~%55(—a253~+ ’Ug) + &Ta(ga—i-vwa)
+1pr3(Sp + vys) + Salisa) + Splisg) <0

The observer structure is asymptotic stable if =
Vo = —¢s(1 — a2) Sy (30)
vg = —cs(1 — ay)Ss (31)
Vg = —kySa (32)
vys = —kySp (33)

and (26), (27), where cg, ky, > 0.

Further considerations should demonstrate that for system (1),
(2) the estimation errors of the proposed observer can exponen-
tially converge to zero in finite time ¢ > ¢; (under condition of
no disturbances of the system). If to proposed observer structure
(9)-(12) and (13), (14) the following uncertainties terms are in-
troduced: Aa; < Aaj™, Aay < Aaﬁax, and Aag < Aad®*
(where index max means the maximum value of an uncertainties
coefficient). Since system (1), (2) stays in operation domain D,
hence if

Ve = max {—cs(l — )5 — Aai} + b4 34)
vg = max {—cs(l — ayS8p) — Aai} +ds (35)
Ve = max { —ky.Sa = Aay | + 6y (36)
vpg = max {—kySp + Aay } + 8y 37)
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Vgq = Max {Em + ks(ga(cm + azaq) + wrgg — Aas)}—i—és
(38)

vgp = max {553 + k:s(gﬁ(a3 + azaq) — WSy — Aas)}+55
(39)

withdy, 08, 0y, 05> Oandforgsa,g < €l7§a7ﬂ < €2,%ra < €3,
€1,,3 < 1 are sufficient small reals, there is assumed (c;, kw) ~
1, the derivative (29) has the following form:

VYra

‘./l :*60 |Z‘sa|*5ﬁ |isﬁ|*5wo¢ S —Hy Vvl
(40)
where ;1 = min(v/284, V285, v20y, V265) and value ks > 0

can be determined from

J)rﬁ

— Oy

(gg(,ga +236‘§f3)
(52 + 83) (03 + a204) — Aag™(Sa + 5)|

ks = 1)

The condition (40) implies the convergence of vectors values
%s to i, 1,[A)r to ¢,- and S to S in finite time, noted as 7».

Remark 1: The estimation errors (23) stabilized observer
structure (9)—(12) should be determined as follows:

Sa = goz - (7a372)ra - CDTQ;ZJTB + a4%so¢) é Soz - Soz (42)

Sﬁ = Sﬁ — (—aﬂ&rg + O:)Tz[}'r‘a + a4255) 2 S'g —S5. (43)

Remark 2: Speed of convergence of the proposed observer
structure is depend on the tuning gains ¢, > 0 and 0 < ky < 1.
It is easy to prove that for ky, > 1 the observer structure will
be unstable, for example taking (17), (18), for ky, = 2, hence
1/;7"04 = —ga and 17;7"6 = —55.

Remark 3: Value of estimated rotor speed results from vector
(8 x p,.) and scalar (S - 1p,.) multiple of vector (S, 4),.) and in
the proposed integrators structure (13), (14) w, = @, estimated
from the dependence

N Sﬁwra_sawrﬂ - a4(isﬁw7’a_isawrﬂ) + Cf(S . wr)

r

72“Oz + 1/)72«/3
(44)
(S . ’l,;r> = Syoﬂ/;ra + S‘B@Z)rﬂ - a4(7?50¢12)7’04 + %8512)7"5) (45)
+as ({lp%a + w%ﬁ)
where 92, + "/A)%g # 0 and
1s, <0
Cy = kysgn (s,) = {—lsw >0 (46)

50 = (S ) and 0 < kf < 5.

For the very low rotor speed s, = w;: where wy’ is the reference
rotor speed (input to the control system).

Remark 4: Practical stability analysis presented in this sec-
tion is satisfied for the nominal parameters of the IM and
with an uncertainties terms introduced to observer structure.
The stability analysis of observer-controller system has been
presented in [17], [18], [20], and [23]. The proof of stability

procedure may be carried out in a similar manner. Despite the
fact that the analysis shows the convergence of the observer
structure to zero, in practical applications in cases of many
different disturbances, estimation errors take values close to
zero. Influence parameters uncertainty on the sensorless control
system will be demonstrated in the experimental tests.

Proposed speed observer structure (9)—(14) has no robust term
(only dependence (44) contains switching term), therefore, in the
Section V, the STA will be introduced.

IV. TUNNIG GAINS OF SPEED OBSERVER

The observer gains influence the speed observer conver-
gences. The tunning gains can be specified from the model
of the observer errors (15)—(20) (nonlinear approach) or can
be linearized near an equilibrium points. In the drive system
the second one approach is more desirable than the first due
to possibility of taking into account specifics machine working
points in which it can be unstable. In order to examine the impact
of the observer gains to stability range, the nonlinear observer
system (15)—(20) is linearized near the equilibrium point. The
linearized system has the general form

%Ax(t) — AAX(t) + BAu()
where A and B are the Jacobian matrices and Ax(t) =
[Esd, 53,1, Ura, @Tq, Sy, S'q]T, Au(t) is treated as known control
inputs.

Taking into account the model of observer structure errors and
its linearization near the equilibrium point, matrix A is defined
as follows:

(47)

0 CssWyp 0 0 as 0

—Csswy 0 0 0 0 as

A — 0 0 —k‘w k‘z/,ww,/} k‘ww 0
o 0 0 —k¢ww,,/, —k‘w 0 k'w/,

1 0 0 0 —ag a7
0 1 0 0 a7 —ag
where
Css = (1 CS)7kww 1 1#)7045 = —Q2Cssg

—(1—k
ae = (az + azas)(1 — ks), a7 = (—w, + wy(1 — ks)) "

The estimator system is oriented with the rotor flux vector 1/77,,
80 ¢rq = |y, ¥rq = 0and the stator current vector components
and w, can be treated as follows:

. 17 is ;
where (x) means the values for equilibrium points.

The stability analysis for the proposed speed observer is
presented in Fig. 1 and 2. In Fig. 1(a), the eigenvalues of the
linearized observer system during the rotor speed changing from
—1.0 to 1.0 p.u. are shown. In Fig. 1(b), the load torque was
changed from —1.0 to 1.0 p.u., the rotor speed was 1.0 p.u. (for
-T1, the IM worked in regenerating mode. For both these cases
the speed observer was stable (for the constant observer gains).
However in this analysis it was assumed ideal case in which the
error of estimation of rotor speed error is equal to zero.
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Fig. 1. Spectrum of matrix A of the linearized observer system for c;
= 0.5, ky, = 1, ks = 0.5 while (a) the rotor speed is changing from
—1.0to0 1.0 p.u. and (b) T, is changing from —1.0 to 1.0 p.u., w, = 1.0
p.u.
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Fig. 2. Spectrum of matrix A of the linearized observer system for c;
=0.5 ky =0.9, w, = 1.0 p.u,, T, = 0.9 p.u. while (a) k; is changing
from 0.1 to 0.7 p.u. and (b) ¢, is changing from 0.1 to 1.5.

In Fig. 2(a), the rotor speed was 1.0, T, = 0.9 p.u., ¢, = 0.5,
ky = 0.9 and k, was changing from 0.1 to 0.7. For k4 higher
than 0.5 the observer structure is unstable. In Fig. 2(b), ¢; was
changing from 0.1 to 1.5. If ¢, = 1.0 then the observer structure
is unstable.

From the location of eigenvalues of the linearized observer
system (poles) presented in Fig. 1 and 2 it can conclude that c;
should be smaller than 1.0.,0 < ky, < 1and 0 < ks < 0.5 then
the observer structure will be stable. Obtained observer tunning
gains using theoretical analysis presented in this section were
introduced to the simulations and in the experimental stand.

V. SPEED OBSERVER OF IM BASED ON SLIDING STA

In [25], a robust exact differentiator ensuring finite time
convergence was designed, as an application of the STA [30].
This algorithm was named supertwisting. It is counted to a
sliding HOSM and simple to apply in the sensorless control
of a machine [17], [22], [24], [26], [28], [30]. The STA form
dedicated to estimation can be written as
{ % = f(&2) + ATy — o \0'Ssgn(£1 —x) + A 48)

diy

2 = asgn(T —x1) + Ay

where «, A are the switching gains and A;, represent the
perturbation terms which can be A , ~ 0.

The conditions for the continuous STA-based observer to
converge in finite time are presented and discussed in [26] and
[28] and have the following form:

a>C

where C > 0 is the Lipschitz’s constant.

The earlier STA algorithm can be used in the observer struc-
ture (9)—(12) and the integrators (19), (20). The speed observer
structure has the following form:

d%s . A ~ 105 ~
d: = a1(—Rsliso + Usa) — a2Sq + A|zsa| sgn(isq)
(50)

dS, 5 s _
? = - Sa(a3 + a2a4) - WTS,@ + RTQZ(*RSZSQ + us(y)

+ asgn(zm) (51
d%sﬁ 3 A ~ 0.5 ~
-, — @ (—Rsisp + usp) — axSs + k|zsﬁ| sgn(isg) (52)
ds 5 " .
d—f = — Sglas + aras) + &pSo + Rraz(—Rsisp + usp)

+ asgn(iss) (53)

the rotor flux components can be obtained from (11), (12) taking
into account (32), (33) and the rotor electric speed from (44).

Taking into account (49) and if C = 0.005, o = 0.2 then A <
0.145. In order to reduce the chattering in the experimental setup
coefficient A = 0.035 was taken. This approach is sufficient to
obtain the stable work of the drive system with IM what will
be presented in Section VI. However similar to [17], [20] and
presented in Section IIT analysis can be applied to more precisely
estimate value of the coefficient o and A (using the practical
stability analysis).

The (second-order) STA approach limits the chattering effects
with comparison to the FOSM and it allows to achieve robust
observer structure. This problem was developed and shown in
[26], [27], and [34]. The HOSM sliding can practically elimi-
nate the chattering (remove relative-degree restriction [34]). In
the next section, the comparison of experimental tests of two
proposed observer structures will be carried out.

VI. EXPERIMENTAL RESULTS

The experimental tests were carried out on a 5.5 kW drive
system supplied by the voltage source converter system. The
motor drive system parameters are given in Table III. The control
system was implemented in an interface with a DSP Sharc
ADSP21363 floating point signal processor and Altera Cyclone
2 FPGA. The transistor switching frequency was 3.3 kHz but
the sampling time was 150 ps. The stator current was measured
by the current transducers LA 25-NP—in the phases “a” and
“b” and transformed to the (af3) reference frame by using the
Park transformation. The control system structure is presented
in Fig. 3. There are a four classical proportional-integral (PI)
controllers and the multi-scalar transformation of variables (see
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Fig. 3. Sensorless control structure with proposed speed observer and
multiscalar variables (description in the Appendix).
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Fig. 4.  Machine is starting up to 1.0 p.u. in case of (a) backstepping-
based speed observer and (b) STA-based speed observer.

in Appendix). The control system structure is described by
the mathematical dependences in the Appendix. In all tests
the reference square of rotor flux was xg;* = 0.92 p.u. and
the value of load torque was limited to 77 max = 0.7-0.8 p.u.
The electromagnetic torque of IM is limited to 0.7-0.8 p.u. (in
dynamic IM states due to a maximum value of inverter current
equal to 1.2-1.35 p.u.). The following waveform of variables are
shown as:

—Estimated rotor angular speed.
—Variable proportional to electro-
magnetic torque.

—Square of rotor flux vector.

X11 o o
T2 = wraisﬁ - wrﬁisa

T2 = Pro +0lg
Ty = ﬁmim + 1[)7,/3%55 —Additional variable.

T —Stator current vector module.
Oy = Wy — Wy —Estimated rotor speed error.

In order to show the properties of two different observer
structures, in the control structure, the continuous PI controllers
have been applied. The experimental tests have been divided
into three scenarios:

1) Machine start-up to nominal speed, reverse and very low
speed reverse (Section VI-A and Fig. 4-6).

2) Robustness against nominal parameters detuning (param-
eter uncertainties) (Section VI-B and Fig. 7-9).

3) Load torque injections for low rotor speed (Section VI-C
and Fig. 10-12).

In order to compare both speed observer structures in will
be always presented the waveforms for observer based on the
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Fig. 5. Machine is reversing from 0.95 to —0.95 p.u. in case of
(a) backstepping-based speed observer and (b) STA-based speed
observer.
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Fig. 6. Machine is reversing from 0.005 to —0.005 p.u. in case of

(a) backstepping-based speed observer and (b) STA-based speed
observer.
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Fig. 7. Stationary state: the main, stator and rotor inductances

are changed from 1.98 to 2.2 p.u., machine is loaded about 0.5
p.u., (a) backstepping-based speed observer and (b) STA-based
speed observer.

backstepping stabilization functions (it is shown in Section III)
and presents the waveforms for the STA approach.

A. Drive Starting, Speed Reversal,
and Very Low Speed Reverse

The first scenario is presented in Fig. 4. The IM is starting
up to 1.0 p.u. The STA introduces more oscillations to the state
variables than the structure with the backstepping based observer
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Fig. 8. Stationary state: the stator resistance is changed from Fig. 11.  Machine is loaded about +0.6 p.u. (after 1s — the IM works

0.035 to 0.1 p.u. (Rs = 2.85R,yn), machine is loaded about 0.5
p.u. (a) backstepping-based speed observer and (b) STA-based
speed observer.
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Fig. 9. Stationary state: the stator resistance is changed from
0.035 to 0.1 p.u. (R, = 2.85R,y), machine is loaded about 0.5
p.u., (a) backstepping-based speed observer and (b) STA-based
speed observer.
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Fig. 10. Machine is loaded to 0.9 p.u. (after 1 s) in case
of (a) backstepping-based speed observer and (b) STA-based

speed observer.

whatis showninFig. 4(b), however, the level of these oscillations
is smaller than in the case of FOSM (for example [20]).

In Fig. 5, the IM is reversing from 0.95 to —0.95 p.u. In
this case near to zero rotor speed, the square of rotor flux (x21)
variable has higher oscillations [see Fig. 5(a)] than in Fig. 5(b).
Similarly, the variable x25 is more oscillated in Fig. 5(a) than in
the case presented in Fig. 5(b). During the reverse, the estimated

in the motor mode) and after 3.5 s IM is loaded —0.6 p.u. and after
8 s again +0.6 p.u. (IM works in regenerating mode) (a) backstepping-
based speed observer and (b) STA-based speed observer.

. . 0 . .
0 5000 10000 0 5000 10000
Timelms] Timelms]

() (b)

Fig. 12.  After 1s IM machine is loaded about —0.6 p.u. (regenerating
mode) for (a) backstepping-based speed observer structure and (b)
STA-based speed observer.

rotor speed sticks to zero—it goes on only a few ms but it is
visible in Fig. 5(a), however, in the waveforms of the presented
variables from Fig. 5(b) this phenomena does not occur.

In Fig. 6, the IM very small speed reverse is presented (from
0.005 to —0.005—7.2 r/min). The very low speed test shows
that speed observer structure which is based on STA approach is
more robust than the backstepping one. For STA the rotor angular
speed error is near to zero (for the backstepping the estimated
speed error is about 0.02 p.u.). The sliding-mode properly excites
the observer structure and it improves the observer properties.

B. Uncertenties of IM Parameters

In scenario 2, the nominal parameters of IM are detuned
(Rs#RsN, R#R,nN, L,,#L,,n). The main and the stator and
rotor inductances are changed from (1.98 to 2.2 p.u. - L,, =
1.1L,,n), the load torque is 0.5 p.u., the rotor speed is 0.1
p-u. This case is shown in Fig. 7(a). The observer structure is
not sensitive to changes of the IM inductances. Their influence
on observer structure stability is negligible (for the inductance
change up to 10% of nominal value and assumed working
conditions).

In Fig. 8, the stator resistance R is changed Ry = 2.85R;n.
The estimated rotor speed error is near to zero in stationary state
but the estimated electromagnetic toque value is changed. This
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Fig. 13.  Waveforms of reconstructed: rotor speed .., stator current
vector components s, 255, rotor flux vector component ,., and mod-
ule of stator current vector iy, for (a) backstepping-based speed ob-
server structure and (b) STA-based speed observer.

TABLE |
COMPARISON OF SELECTED PROPERTIES OF THREE STRUCTURES OF THE
SPEED OBSERVERS (FOSM [20], PROPOSED STA AND BACKSTEPPING
OBSERVER STRUCTURES)

FOSM with Proposed
. STA .
Name backstepping backstepping
structure
[20] structure
Chattering appears - the appears — but does no occur
biggest has smaller
value than in
FOSM
Robustness in better than Better than the worst of all
uncertainties backstepping FOSM
structure
Stable in zero stable stable stable
speed
Very low speed better than better than worse than STA
reverse backsteppin, FOSM and FOSM
Machine start- stable stable stable
up/reverse
Error of estimated comparable comparable comparable
rotor speed for values values values
different working
points
Medium and stable stable stable

nominal speed
with load torque

injections
Zero speed and sometimes it always hold on | always hold on
load torque may not hold on | the load torque | the load torque

the load torque
but is stable
sometimes it
may not hold on
the load torque

better than the same like
FOSM STA

Regenerating
mode and small
speed

shows that the angle between the estimated rotor flux vector and
stator current vector is different.

In Fig. 9, the rotor resistance R, is changed R, =
2.85R,n. The change of rotor resistance has a huge im-
pact on estimation quality. The rotor speed error is about
0.05 p.u. for the backstepping and STA. These tests show
that the sensorless control system is stable, but the proper-
ties are not sufficient (during the rotor resistance is detuned
especially).

C. Load Torque Injections for Low Rotor Speed

In the third experimental research scenario, the zero rotor
speed was applied and almost nominal load torque was injected.
This case is shown in Fig. 10. Both sensorless control system
are robust on the load torque injections even if the zero speed is
applied.

TABLE Il
COMPUTING TIME OF THE SENSORLESS CONTROL SYSTEM WITH THE
FOSM [20], AFO [31], [32], PROPOSED STA AND BACKSTEPPING

N FOSM STA b PL‘;""sefi AFO
ame [20] structure | PACKSEPPINg | 5q 55
structure
Computing 51 43 41 383
time in [us]
TABLE Ill
IM PARAMETERS AND REFERENCES UNIT
Symbol Quantity Values
R stator resistance 2.92 ©/0.035 p.u.
Rin rotor resistance 3.36 ©/0.032 p.u.
Lon magnetizing inductance 0.422 H/1.95 p.u.
L, L stator and rotor inductance 0.439 H/2.04 p.u.
L leakage inductance 0.017 H/0.09 p.u.
P, nominal power 5.5kW
In nominal stator current (Y) I1TA
Us nominal stator voltage (Y) 400 V
n nominal rotor speed 1430 rpm
f nominal frequency 50 Hz
Uy=U, reference voltage 400 V
1,=1\3 reference current 19A
P, reference power 7.6 kW

In Fig. 11, the steps load torque injections are presented for
the motor as well as in regenerating modes. After 1 s the load
torque value was +0.6-0.7 p.u. and after 3.5 s the IM is loaded
—0.6-0.7 p.u. In this case, IM works in regenerating mode—the
reference rotor speed is +0.08 p.u. (comparable conditions as
in [31] and [32]) and the reference load torque value is —0.6—
0.7 p.u. The regenerating mode is a very difficult test for the
sensorless control because the stator voltage vector has small
value about 0.05-0.08 p.u. and the frequency of stator voltage
is very small—these conditions are close to unobservable area
of IM [17], [37]. The proposed sensorless control structure was
stable for the presented in Fig. 11 working points. In case of
STA speed observer [see Fig. 11(b)], the control system was
more robust than the backstepping based—the square of rotor
flux vector (X21), x12 and x11 have a smaller level of oscillations
in regenerating mode.

Fig. 12 presents the waveforms of multi-scalar variables, error
of the estimated rotor speed &, and the module of stator current
vector ip,,. The reference speed is 0.08 p.u. After 1 s the IM is
loaded about—0.6 p.u., through what it works in the regenerating
mode. In this working points the module of the stator current
is about 0.8-0.9 p.u. and the estimated electromagnetic torque
(x12) near to 0.6-0.65 p.u. The error of estimated rotor speed is
smaller than 0.015 p.u. for the backstepping observer structure
but higher than for the STA structure (the average value of
estimated speed error is smaller than 0.01 p.u.). It is results
from the nature of sliding-mode approach and through what the
STA observer structure is more robust than the backstepping
one. Fig. 13 presents the waveforms of estimated rotor speed
(., stator current vector COmponents i, i 3, rotor flux vector
component Qﬁm and the module of stator current vector i,,, during
the IM machine works in the regenerating mode (the load torque
value is about —0.5 p.u.).

The experimental results presented inthis section show that
the both proposed observer structure are stable in the cho-
sen working ranges and the STA is more robust than the
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APPENDIX
The control system with the multiscalar variables is shown
Induction machine in Fig. 3. The multi-scalar variables were proposed in [33] and
they are defined as follows:
T = Oy (54)
212 = Pradss — Prsisa (55)
21 = Yo + Prg (56)
22 = Pradsa + Prgiss (57)
Fig. 14. Laboratory stand used in the experimental researches. where &, is the estimated rotor speed value, iyq, s are the

backstepping one, especially in the uncertainties of the IM
parameters and during the regenerating mode and very low
speed. In the case of STA structure the chattering in the presented
state variables is visible. The analysis of experimental results
shows that the observer system only with the backstepping
continuous stabilizing functions has worse properties than a
noncontinuous stabilizing control law. The STA structure is more
robust in a very low speed range especially (<7 r/min), but in the
waveforms of presented state variables the chattering effect is
visible (higher oscillations)—the level of the chattering is very
low but visible and almost inaudible while the electric drive is
running. Introduced in (44) Cyparameter improves the properties
of IM especially near to zero speed and during the regenerating
mode.

In Table I, the three structure of the speed observers are
compared. The first one is FOSM presented in [20] and proposed
in Sections III and V backstepping-based structure and STA.
Presented in Table I comparison is not accurate, but “roughly”
represents the properties of the observer structures.

The computing times of the sensorless control system with
selected speed observer structures: FOSM [20], AFO [31], [32],
proposed STA and backstepping are given in Table II.

VIl. CONCLUSION

This article presented two speed observer structures. The first
one was based on a modified backstepping approach and the
second one was based on sliding STA. The primary mathematical
mode was extended to the integrator structures, therefore, the
speed observer structures contained six differential equations.
Taking into account the introduced S vector the value of esti-
mated rotor speed results from the vector and scalar product.

The main contributions of this article were the speed observer
structures which work stable under parameter uncertainties of
IM as well as in the regenerating machine mode with low
rotor speed. All assumptions was confirmed by the experimental
results. The observer structure presented in this article will be
further developed in the direction of chattering effect reduction
and toward higher order sliding-mode solutions. Proposed ob-
server structure was recommended to industrial applications, in
which the measured and estimated electrical speed are necessary,
for example in the electrical cars, trams, trains, or buses. In
such applications stable observer-controller structure allows to
failure-free electric drive system.

estimated stator current vector components and ¥, ¥, are
the estimated rotor flux vector components.

Using the mathematical model of IM and taking into account
multiscalar transformation (54)—(57) the multiscalar model can
be obtained [33].

The feedback linearizing controls (decoupling) are obtained,
as follows:

Wo L,
up = T myp + 1 | o+ — 221
T wO’

Wy R,.L,, R.L,, .
Uy = — (mz —X1T0 — T — lz) (59

(58)

L, W Ly L, ¢
where
wy = LyL, — L2, (60)
T, - R,Ls+ R,L, 1)
We
02 =g i (62)

where m 4, » are new introduced control variables (treated as the
PI controllers outputs presented in Fig. 3) and the multiscalar
model of IM takes the following form:

d.]?][ Lm 1
—_— = S— 63
dr  JL, T gr (63)
0 tm) (64)
— =1y (—z m
P 12 1
del Rr RTL’ITL
—_— = _2— 2 65
pm I To1 + L. T2 (65)
dxy
e Ty (—x2n +mp). (66)
-
The control variables of IM are determined
Usq = w (67)
21
Usp = w'raul + ql)rﬁu2 (68)
€21

where 11 and us were marked (in the multiscalar model) by

uyp = '@[A}rausﬁ - 1Zirﬁusoz

. (69)
Uy = ’(/]rausa + wrﬂusﬁ

Fig. 14 presents the experimental stand with the two coupled
machines (5.5 kW squirrel-cage IM and dc machine).
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