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a b s t r a c t

It is well known that induction motors consume active and reactive energy from the utility grid to
operate; additionally, when a power converter drives the motor, a high content of current harmonics
is produced, and both circumstances decrease the utility grid power factor, which later requires to be
improved. To this end, this paper presents a novel complete solution through a robust control system
employed in a back-to-back topology power converter to deliver, instead of consuming, regulated
reactive power toward the main grid, which comes from a capacitor bank in a DC-bus. This salient
feature of delivering reactive power, and simultaneously, regulating the speed for an induction motor,
becomes one of the contributions of this work to enhance the power factor. The robust converter
controller is synthesized in a cascade form, by applying the linearization block control and state-
feedback techniques. These techniques are combined with the super-twisting strategy for canceling
the nonlinearities and the effect of the external disturbances. The complete system consists of a back-
to-back converter, an LCL filter coupled to the main grid for mitigating the current harmonic content,
and an induction motor under variable load conditions. Experimental tests expose the performance
and robustness of the proposed controller, where a robust control for the reactive power acts under
sudden changes in the active power produced through abrupt variations in the motor load.

© 2023 ISA. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The squirrel cage induction motor has been adopted for most
rive units in industrial applications because of its simple struc-
ure and ruggedness. However, the design of the speed controller
pplied to this motor is very complex because of the mathemat-
cal model nonlinearities, strongly coupled dynamics, and time-
arying parameters. In addition, the induction motor is known
or worsening the power factor and diminishing the efficiency
hen its load factor is reduced. Whether the motor speed is
ontrolled through an electronic drive to feed the stator winding,
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an AC/DC/AC converter is typically used with a non-controllable
rectifier. The nonlinear characteristic of this converter affects the
power quality in the utility grid, such as high content of current
harmonics and low power factor value.

Some researchers have evaluated the controlled rectifier im-
pact on the utility grid power quality improvement. In [1], a
controller without a current sensor for regulating the DC bus
voltage of a rectifier is proposed. The proposed controller keeps
the DC bus voltage level at a reference value and unitary power
factor, operating under nominal conditions and in the presence
of voltage variations even. The controller is based on a unique
proportional–integral control loop on abc system, and it does
not require state observers or signal estimation. The controller
is implemented through the sinusoidal pulse-width modulation
technique, with a total harmonic current distortion of less than
5%. Nevertheless, a lower total harmonic current distortion could
controller for the power factor of the three-phase supply and the inductionmotor
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e obtained using a space vector pulse width modulation tech-
ique. In [2], an H∞ control technique combined with a second-
rder sliding modes algorithm is proposed for controlling the real
nd reactive power in two-level three-phase power converters.
imulation tests are carried out considering linear loads and the
esults show a good performance near to the unity power factor,
ith a THD close to 0.46%. In [3], a Backstepping control method-
logy is presented in the direct power regulation for a 3-phase
ontrolled rectifier by regulating the active and reactive power.
he Backstepping algorithm is synthesized according to a split dy-
amic model for regulating the DC bus voltage and active/reactive
ower. This controller incorporates state observers based on a
ontrol set–model predictive control mechanism and is able of
egulating instantaneous reactive power achieving that the cur-
ent is in phase with the voltage, while kipping the DC bus voltage
n its desired reference value, and the THCD is maintained around
%. In that sense, in [4] a second-order sliding modes nonlinear
bserver with variable gain is applied to a three-level three-
hase converter. The active and reactive power are controlled in
he utility grid. The experimental and simulation results show a
reat performance even in presence of measurement noise and
isturbances such as load variations. However, the experimental
ests presented in both [3,4] do not consider non-linear loads,
hich could affect the current distortion value.
[5,6] present a control strategy to regulate the induction motor

peed by optimizing the magnetic flux and keeping the unity
tility grid power factor. The proposed methodology considers
he magnetic saturation effect, meanwhile, the power converter is
epresented by an averaged model. The control design is based on
n adaptive nonlinear multivariable controller. However, in that
roposal, a single-phase controlled rectifier is applied instead of
three-phase controlled rectifier, which is a limitation in higher
ower industrial applications. In the same way, [7] addresses
he induction motor speed control problem that considers the
onverter-machine model, including the magnetic saturation ef-
ect. The control strategy incorporates an optimizing reference
unction for regulating the squared flux modulus of the rotor
inding, while the load torque and motor speed are estimated by
n adaptive observer so that no mechanical sensors are required.
here, an adaptive nonlinear feedback controller is applied for
egulating the induction motor speed. The exposed results show
robust speed control, however, the power factor regulation is
ot addressed. Similarly, [8] develops an adaptive controller com-
ined with the sliding-modes strategy to regulate the induction
otor speed, where the motor is synthesized through the vector
ontrol technique, and it is described by a first-order system at
given operating point. The results of this proposal present a
ood accuracy and an effective response to the speed tracking,
owever, the chattering effect is presented in the controlled
ariables. Additionally, [9] presents an algorithm for improving
he effectiveness of speed control of an induction motor. The
ontroller design is based on the classical proportional–integral
trategy combined with the Backstepping control technique to
egulate the rotor flux against the load torque variations for
inimizing the total power losses in the motor. Another rotor

lux and speed controller that use the nonlinear Backstepping
echnique is presented in [10], where the mechanical sensor is
ot required, instead, the rotor speed is estimated through a
peed observer. However, neither [9] nor [10] address the utility
rid power factor regulation. It is worth mentioning that the
evised literature does not present, to the best of our knowledge,
he induction motor speed regulation with the characteristic of
elivering reactive power toward the electrical grid.
This work proposes a novel complete solution for delivering

egulated reactive power to the utility grid, and simultaneously,

ontrolling the induction motor speed. This is achieved by using a

2

Fig. 1. Controlled rectifier system scheme.

cascade robust control system applied to an AC/DC/AC power con-
verter. Then, the main contributions are: (a) to deliver regulated
reactive power for contributing to the power factor improvement
of the utility grid, (b) simultaneously, to regulate the induction
motor speed through a robust control system under external
disturbances, such as sudden variations in load torque. The above
contributions are validated through experimental tests, which
show the robustness and effectiveness of the controller proposal.

The work developed in this paper is presented as follows.
Section 2 describes the design process of the reactive power
controller based on the controlled rectifier mathematical model.
In Section 3, the process to obtain the induction motor model is
detailed thoroughly. Section 4 presents the controller synthesis
for regulating the induction motor speed and a differentiator for
estimating the time derivative of the speed error; furthermore,
a robust observer is designed to estimate the flux linkages of
the rotor winding. Section 5 presents the controller performance
through experimental results. Finally, the conclusions are shown
in Section 6.

2. Control system for the reactive power regulation

The control scheme delivers regulated reactive power to the
electrical grid, which contributes to the power factor enhance-
ment, which directly influence on the overall utility grid perfor-
mance. In particular, this system consists of the utility grid in
connection with an LCL filter, a controlled rectifier-type bridge,
and a capacitor bank located at a DC-bus, see Fig. 1. The reactive
power comes from the capacitor element that is grid-connected
through the controlled rectifier, where its corresponding control
mechanism allows regulating the power to a reference value,
which contributes to enhancing the power factor. Simultaneously,
the rectifier controller is used for controlling the DC bus voltage.

2.1. Controlled rectifier model

The model of the controlled rectifier system is stated by con-
sidering, firstly, that the input-power from the electrical grid
is equal to the bridge rectifier DC output-power, by neglecting
the losses in both, the controlled rectifier and in the LCL-filter;
secondly, by applying the voltage balance at the LCL filter termi-
nals without considering the effect of the capacitor Cf to reduce
the model order. Therefore, the model of the controlled rectifier
becomes:

v⊤

abciabc = vdcCb
d
dt

vdc + vdcidc

vabc = vabcr + Reqiabc + Leq
d
dt

iabc
(1)

where vabc and iabc are the voltage and current vectors of the main
grid; v represents the DC bus voltage; v is the rectifier input
dc abcr
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Fig. 2. dq axes representation.

oltage vector; idc becomes the DC current toward the controlled
rectifier output; the capacitor Cb is connected in the DC-bus; Req
represents the total resistance, and Leq is the total inductance
of the two coils of the LCL filter, neglecting the shunt branch
constituted by the capacitor in series with the damping resistor.

It is a common practice to refer model (1) from abc to dq
coordinate frame, that rotates at the utility grid frequency, with
the aim of obtaining a decoupled model, where the voltages
and currents become time invariant signals in steady state. The
model in dq frame is achieved by applying the following simili-
tude transformation, named Park transformation, whose graphic
representation is pictured in Fig. 2, [11].

Ts =
2
3

⎡⎣ cos θs cos
(
θs −

2π
3

)
cos

(
θs +

2π
3

)
−sin θs −sin

(
θs −

2π
3

)
−sin

(
θs +

2π
3

)
√
2
2

√
2
2

√
2
2

⎤⎦ (2)

The utility grid voltages are referred from the abc to dq by
applying the Park transformation (2) as follows:[

vd
vq

]
= Ts

⎡⎣ Vm cosωst
Vm cos

(
ωst −

2π
3

)
Vm cos

(
ωst +

2π
3

)
⎤⎦ (3)

In order to set the voltage components vd and vq, the following
corresponding trigonometric identities are applied to the product
of two oscillators with different argument:

cosA cosB =
1
2
cos(A + B) +

1
2
cos(A − B)

sinA cosB =
1
2
sin(A + B) +

1
2
sin(A − B)

When the oscillator arguments are added, three terms of doubly
frequency in both components are presented, which are cancelled
due to they are out of phase 120 degrees between them and
to have the same modulus; meanwhile when the arguments are
subtracted, three identical oscillators are present in both compo-
nents. Therefore, the utility grid voltage vector in dq frame results
in:[

vd
vq

]
=

2
3
1
2

[
3Vm cos (θs − ωst) − 0
−3Vm sin (θs − ωst) − 0

]
(4)

referring to the d- axis with respect to the a-phase one (Fig. 2)
results that θs = ωst , and consequently from (4), vd = Vm and
v = 0.
q

3

Once applied the Park transformation (2) to system (1), the
controlled rectifier model in dq frame takes the following form:

d
dt

vdc =
3

2Cbvdc
vdid −

1
Cb

idc

d
dt

id = −
Req

Leq
id + ωsiq +

1
Leq

vd −
1
Leq

vdr

d
dt

iq = −ωsid −
Req

Leq
iq −

1
Leq

vqr

(5)

where vd, id, iq are the voltage and currents, respectively, in the
utility grid, while vdr and vqr are the rectifier input voltages, and
ωs is the grid frequency. Notice that the controlled rectifier model
(5) has two inputs vdr and vqr , and consequently two outputs can
e controlled. Particularly about this, the output variables are the
C bus voltage and the reactive power.

.2. The reactive power controller design

For the reactive power controller synthesis is used the block
ontrol linearization technique, which begins by defining the
C-voltage error system as:

1 = vref − vdc (6)

whose dynamics is imposed to be:

ε̇1 = v̇ref −
3

2Cbvdc
vdid +

1
Cb

idc = −K1ε1 (7)

where K1 is a design parameter used to establish the dynam-
ics rate convergence. The desired dynamics in (7) is achieved
through the current control by considering a current reference
from solving (7) with respect to id, as:

iref =
2Cbvdc

3vd

(
K1ε1 + v̇ref +

1
Cb

idc

)
(8)

and then, the second error variable is defined for the current as:

ε2 = iref − id (9)

whose dynamics takes the form:

ε̇2 = −
2Cb

3vd
(v̈ref − K1v̇ref + 2K1) ε1 −

(
Req

Leq
+

2ωs

3vd

)
ε2

+ ρ2 +
2Cb

3Leqvd
vdr

(10)

where:

ρ2 =
2Cp

3vd

[
v̈refvref +

(
v̇ref −

1
Cb

idc − 1
)

+ K1vref +
2ωs

3vd
Qref

+
Req

Leq
iref −

2
3vd

idc −
1
Leq

vd

]
(11)

he third error variable to complete the equivalent system of (5)
s defined as the reactive power error variable:

3 = Qref − Qs (12)

here Qref is desired reference. And the reactive power dynamics
s defined as:

˙3 =
3ωsvd

2
ε2 −

Req

Leq
ε3 − ρ3 −

3vd

2Leq
vqr (13)

here:

3 = −
3ωsvd iref + Q̇ref +

ReqQref (14)

2 Leq
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y joining systems (7), (10), and (13), and involving (6), the
quivalent model of the controlled rectifier (5) takes the following
orm:

˙1 = − K1ε1 +
3vd

2Cbvdc
ε2

2̇ = −
4Cb

3vd
ε1 −

(
Req

Leq
+

2ωs

3vd

)
ε2 + ρ2 +

2Cb

3Leqvd
vdr

˙3 =
3ωsvd

2
ε2 −

Req

Leq
ε3 + ρ3 −

3vd

2Leq
vqr .

(15)

otice that system (15) has two control inputs, where vdr is used
to stabilize in zero the current error ε2, while vqr is directly
employed to force the reactive power error ε3 to zero. This paper
employees the super-twisting controller, where the definition of
a sliding surface is required, [12]. In this sense, the sliding surface
at d-axis is defined as:

sd = ε2 (16)

and the corresponding one at q-axis as:

sq = ε3 (17)

The super-twisting control strategy is robust against external
disturbances, parameter uncertainties and their variations, even if
required, it is possible to cancel the nonlinear terms of the model,
as well as this algorithm exhibits a high-performance response for
first-order systems, achieving convergence to zero of the sliding
variable in finite time [13–15]. The super-twisting controller is
stated as:

vi = λi|si|
1
2 sign si + ui

u̇i = σi sign si i = d, q
(18)

where λi and σi are the controller gains. Substituting the super-
twisting controller (18) in the rectifier model (15), one obtains:

ε̇1 = − K1ε1 +
3vd

2Cbvdc
ε2

ε̇2 = −
4Cb

3vd
ε1 −

(
Req

Leq
+

2ωs

3vd

)
ε2 + ρ2 +

2Cb

3Leqvd

(
λd|sd|

1
2 sign sd + ud

)
˙d = σd sign sd

ε̇3 =
3ωsvd

2
ε2 −

Req

Leq
ε3 + ρ3 −

3vd

2Leq

(
λd|sq|

1
2 sign sq + uq

)
u̇q = σq sign sq.

(19)

The stability analysis for the closed-loop system (19) is pre-
ented in [12,16] by means of proposing a Lyapunov function for
ach one of the two decoupled subsystems. With respect to the
ontrol inputs vdr and vqr in (15), their corresponding gain values
for λi and σi must satisfy the followings restrictions:

λd <
3Leqvd

Cb
δd, σd >

3Leqvd

4Cb

λ2
d(δd − λd)
λd − 2δd

λq <
4Leq
3vd

δ, σq >
Leq
3vd

λ2
d(δd − λd)
λd − 2δd

here the disturbance norm is assumed to satisfy |ρi| ≤ δi|si|
1
2 ,

ith δi > 0 [16].

2.3. LCL-filter characterization

An LCL filter is commonly used as a power interface to connect
three-phase converter with the electrical grid, with the aim of
 t

4

reducing the current harmonics caused by the high commutation
frequency in the rectifier. Thus, it is required to tune the filter
parameters according to the rated active power, the voltage level,
and the transistor switching frequency. An LCL filter correctly
characterized meets the utility grid interconnection standards.

By considering the utility grid at high frequencies as a short-
circuit, the inductance in the rectifier side Lr is then estimated by
the first-order transfer function as [17]:

ii (hsw)

vi (hsw)
=

1
ωswLr

(20)

where ii(hsw) is the inverter current harmonic in its output and
vi(hsw) is the inverter voltage harmonic per phase, both variables
at the switching frequency (ωsw). It is recommended a current
attenuation between 2 and 3% (20) for defining the converter
side inductance value, [17]. Notice that the equivalent inductance
of the LCL filter to restrict the voltage drop should be less than
0.1 pu.

By its part, to define the grid side inductance value Lg, the
following relation is applied [18]:

Lg =

√
1
k2a

+ 1

Cf ω2
sw

(21)

here ka is the relation between injected current toward the grid
g(hsw) and the inverter generated current ii(hsw), where no damp-
ing resistance is considered for the filter. The preliminary value
of the capacitance Cf can be determined by taking into account a
ower factor decrement of 5% at rated power, as recommended
n [17], by the following relation:

f = 0.05Cb (22)

ith

b =
1

ωgZb
(23)

Zb =
V 2
LL

Pb
(24)

where ωg is the utility grid frequency, Pb is the rated active
power, while VLL is the line-to-line voltage. Both, Zb and Cb are
the base values of the impedance and capacitance, respectively
[17]. In addition, the preliminary value of Cf(22) can be adjusted
to position the resonant frequency fres near the left side of the
midpoint of the frequency range, which is defined from ten
times the utility-grid frequency (10fg) to the converter switching
frequency (fsw) [17].

Nevertheless, the approximated value of Cf(22) can be mod-
ified to locate the resonance frequency fres near of the left side
of the middle point of the frequency range, described above. The
resonant frequency ωres is calculated by [18]

ωres =

√
Lr + Lg
LrLgCf

(25)

nd it is possible to make parametric analysis using the Bode di-
gram to locate different resonant points at different capacitance
alues using the following transfer function:

Ig(s)
Vr(s)

=
1

CfLrLgs3 + (Lr + Lg)s
(26)

nd then, from the Bode diagram, the previous capacitance value
s updated considering the best location of the resonant points.

Finally, a resistor in series with the capacitor is used to damp
he resonant frequency. The value of resistance R is defined as
f
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he capacitor impedance value divided by three at the resonant
requency ωres, and can be calculated by [19]

f =
1

3 ωresCf
(27)

owever, the value of Rf can be modified through a parametric
analysis using the Bode diagram applying the following transfer
function:
Ig(s)
Vr(s)

=
RfCfs + 1

LrLgCfs3 + (Lr + Lg)RfCfs2 + (Lr + Lg)s
(28)

nd thus, from the Bode plot, the resistance value Rf is selected
uch that produces the best frequency response.

. Induction motor model

The induction motor type squirrel-cage is widely used in the
rive units of industrial machinery; the motor construction is
ough and robust, free of maintenance, and it has a good speed
egulation. However its model is very complex and represents
control challenge in a closed-loop system. The voltage and
agnetic flux linkages vector equations for the stator winding
re [20]:

vABC = RsiABC +
d
dt

λABC

ABC = LsiABC + Lsriabc
(29)

here vABC, iABC, and λABC are, respectively, the stator winding
oltage, current, and magnetic flux vectors; meanwhile, iabc is the
nduced rotor current vector with respect to the stator-side; Rs is
a diagonal matrix where each component is the stator resistance
per phase; Ls and Lsr are the self and mutual inductance matrices
respectively, which are defined as:

Ls =

[ Lss Lsm Lsm
Lsm Lss Lsm
Lsm Lsm Lss

]

sr = Lsrm

⎡⎣ cos θr cos
(
θr +

2π
3

)
cos

(
θr −

2π
3

)
cos

(
θr −

2π
3

)
cos θr cos

(
θr +

2π
3

)(
θr +

2π
3

) (
θr −

2π
3

)
cos θr

⎤⎦
where θr is the phase-a rotor magnetic axis position related to
the phase-A stator magnetic axis; Lss is the stator self-inductance
er phase, Lsrm is the maximum value of the stator and rotor

mutual-inductance, and finally Lsm is the two phases of the stator
utual-inductance. On the other hand, the voltage and magnetic

lux linkages vector equations for the induced three-phase rotor
inding are:

0 = Rriabc +
d
dt

λabc

λabc = L⊤

sriABC + Lriabc
(30)

where the induced rotor voltage vector vr is equated to zero, due
to the conductors of the rotor winding being short-circuited at
the ends; λabc is the rotor winding magnetic flux linkages vector,
referred to the generator-side; Rr is a diagonal matrix, where each
component is the rotor resistance per phase with respect to the
stator-side; and Lr is the rotor self-inductance matrix stated as:

Lr =

[ Lrr Lrm Lrm
Lrm Lrr Lrm
Lrm Lrm Lrr

]
where Lrm is the two phases rotor mutual-inductance, while Lrr is
the per phase rotor self-inductance, both inductances are referred
to the stator-side.

Any induction motor model derived from systems (29) and
(30) will have variant coefficients with the time due to rotor and
5

stator mutual inductances vary with respect to the rotor position.
Hence, a common practice is to refer the stator voltage and mag-
netic flux linkages system (29) to the stationary αβ coordinate
system, applying the similitude transformation (2) with θs = 0,
taking the following form [20]:

Tαβ0 =
2
3

⎡⎢⎢⎣ 1 −
1
2 −

1
2

0
√
3
2 −

√
3
2

√
2
2

√
2
2

√
2
2

⎤⎥⎥⎦ (31)

Hence, the voltage and magnetic flux linkages vector equations of
the stator winding in αβ coordinate system become[

vαs
vβs

]
=

[
rs 0
0 rs

][
iαs
iβs

]
+

d
dt

[
λαs
λβs

]
[

λαs
λβs

]
=

[
Ls 0
0 Ls

][
iαs
iβs

]
+

[
Lm 0
0 Lm

][
iαr
iβr

] (32)

here

s = Lss − Lsm (33)

nd

m =
3
2
Lsrm. (34)

On the other hand, the rotor voltage and magnetic flux link-
ges system (30) are referred to the stationary αβ coordinate
ystem, applying the similitude transformation (31), to obtain[

vαr
vβr

]
=

[
rr 0
0 rr

][
iαr
iβr

]
+

d
dt

[
λαr
λβr

]
[

λαr
λβr

]
=

[
Lm 0
0 Lm

][
iαs
iβs

]
+

[
Lr 0
0 Lr

][
iαr
iβr

] (35)

here

r = Lrr − Lrm. (36)

ystems (32) and (35) are reduced order with respect to systems
29) and (30) in abc frame, because of the zero sequence com-
onents of the electrical variables are not present. The induction
otor is an electromechanical device whose mechanical part is
escribed by:

m
d
dt

ωm = Te − Bmωm − TL (37)

where ωm is the rotor speed; Te and TL represent the motor
electromagnetic torque and the load torque, respectively;

Jm and Bm are the inertia moment and frictional coefficient of
the rotor, respectively. The torque Te is derived from the magnetic
stored energy, which is defined as [20]:

Wf =
1
2

(iABC)⊤ LssiABC + (iABC)⊤ Lsriabc +
1
2

(iabc)⊤ Lrriabc (38)

and by computing the definition of the electromagnetic torque,
one obtains:

Te =
∂

∂θr
Wf =

(
P
2

)
d
dθr

[
(iABC)⊤ Lsriabc

]
(39)

pplying the transformations (2) and (31) with θs = θr to stator
and rotor current vector in (39), respectively, and involving (34),
the torque TL in the αβ coordinate system takes the form:

Te =
3P
4

Lmi⊤αβs

[
0 1

−1 0

]
iαβr (40)

y solving (32) for rotor current vector, and substituting in (40),
t yields:

e =
3P Lm (

iβsλαr − iαsλβr
)

(41)

4 Lr
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Using (41) in (37), and solving (32) for the stator currents,
and (35) for the rotor flux linkages, the model for the squirrel-
cage induction motor at the stationary αβ coordinate frame is
obtained as follows [21]:
dωm

dt
= Krλ

⊤

r Mis −
Bm

Jm
ωm −

1
Jm

TL

dλr

dt
= A11λr − γ is

dis
dt

= A21λr +
Lm
Tr

is +
1

σ Ls
vs

(42)

here the flux linkages of rotor winding, current and voltage of
tator winding vectors in αβ coordinate system are:

r = [ λαr λβr ]
⊤, is = [ iαs iβs ]

⊤, vs = [ vαs vβs ]
⊤

here the load torque TL becomes a mechanical external input,
hich is considered as a disturbance for the induction motor
odel. The corresponding matrices are defined as

=

[
0 1

−1 0

]
nd

11 =

[
−

1
Tr

−
P
2ωm

P
2ωm −

1
Tr

]
, A21 =

[
δ
Tr

P
2 δωm

−
P
2 δωm

δ
Tr

]
here

T =
3PLm
4JmLr

, σ = 1 −
L2m
LsLr

=
1 − σ

σ Lm
, γ =

1
σTs

+
1 − σ

σTr
with

Tr =
Lr
Rr

, Ts =
Ls
Rs

, Lm =
3
2
Lmag

s = Lls + Lm

and

Lr = Llr + Lm

being Lmag the magnetizing inductance; Lls is the stator leakage
inductance, and Llr becomes the rotor leakage inductances. The
model inductances Lr, Ls and Lm in (42) are defined from the
equivalent circuit inductances Lmag, Lls, and Llr, through equations
given in [21].

4. Speed controller for the induction motor

The induction motor speed controller synthesis begins apply-
ing the state-feedback linearization strategy to the motor model
for obtaining an equivalent model in the controllable canonical
form. In the controller design is necessary to decouple the corre-
sponding inputs, to estimate the derivative with respect to time
of tracking error, and to estimate the rotor flux linkages through
a rotor fluxes robust observer.

4.1. State feedback linearization technique

Non-linear systems could be controlled by applying the feed-
back linearization methodology. for this purpose, a transforma-
tion is applied to the system model to be controlled in order
to obtain the controllable canonical form through the definition
of error variables. Therefore, the original tracking problem is re-
solved by stabilizing the tracking error variables and driving them
to the origin. In this transformation, the control input cancels the
 F

6

nonlinear terms and improves the eigenvalue placement to obtain
a faster vanishing of the error variables of the new linear system.

The induction motor model (42) on the αβ framework repre-
ents a two-phase induction machine with constants coefficients,
hich results equivalent to the three-phase model in abc coordi-
ates. This model is highly non-linear and has two control inputs
hat supplies voltage to αβ equivalent stator winding, vαs and vβs;
herefore, two output variables can be controlled, particularly the
elected variables are the speed of the motor ωm and the rotor
lux squared modulus φr . The controller design is based on the
nduction motor model, where the tracking error is established
s:

1 =

[
εω

εφ

]
=

[
ωref − ωm
φref − φr

]
(43)

here ωref and φref are the references to be tracked by the output
ariables, and φr is calculated as

r =| λr |
2
= λ⊤

r λr = λ2
αr + λ2

βr (44)

Involving the induction motor model (42), and matching the
ynamics of the tracking error vector (43) with a new error vector
ariable ε2, results in:

˙1 =

[
ω̇ref +

1
Tm

ωm

φ̇ref +
2
Tr

φr

]
−

[
KTλ

⊤

r M
2 Lm

Tr
λ⊤

r

]
is +

[ 1
Jm
TL
0

]
= ε2 (45)

nd calculating the dynamics of ε2, yields:

˙2 = F2 − B2 (λr) vs (46)

here:

2 =

[
ω̈ref +

1
Tm

ω̇ref +
1
Jm
ṪL

φ̈ref

]
+ φr

[
−

P
2KTδωm

4Lmδ

T2r
+

2
Tr

]

−

[
−

KT
Tr
(1 − δTr)λrM +

P
2KTωmλ⊤

r

2 Lm
Tr
(1 + γ +

P
2ωm −

1
Tr
)λ⊤

r +
2L2m
T2r

i⊤s

]
is

(47)

nd

2(λr) =
1

σ Ls

[
KTλ

⊤

r M
2 Lm

Tr
λ⊤

r

]
=

1
σTrLs

[
−KTTrλβr KTTrλαr
2Lmλαr 2Lmλβr

] (48)

oining (45) and (46) an equivalent system of (42) is obtained as
ollows:
˙1 = ε2

˙2 = F2 − B2(λr)vs
(49)

ith the purpose of setting a robust controller (49), a new system
akes the form:

= C1ε1 + ε2 (50)

hose dynamics is:

˙ = C1ε2 + F2 − B2(λr)vs (51)

ystem (51) has relative degree equal to 1, but a coupling exists
etween the control input and the rotor flux linkages, as pointed
n (49). Therefore, an additional transformation can be proposed
o obtain an uncoupling system:
∗

= B−1
2 (λr)s (52)

ith dynamics:

˙
∗

= F∗

2 − vs (53)

here:
∗

= Ḃ−1(λ )B (λ )s∗
+ B−1(λ )C ε + B−1(λ )F
2 2 r 2 r 2 r 1 2 2 r 2
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herefore, system (53) is decoupled and becomes of reduced
rder. Consequently, applying the super-twisting control law in
53) yields:

˙
∗

= F∗

2 − λ|s∗
|
1
2 sign(s∗) + u

u̇ = −σ sign(s∗)
(54)

eing λ and σ the corresponding controller gains selected with
igh enough values to guarantee that the sliding variables s∗(52)
nd its first-order time derivative ṡ∗(53) move toward zero, and
onsequently the sliding surface s(50) is forced to the origin
n finite time. Consequently, an asymptotic motion to zero is
chieved for both the speed tracking error and rotor flux modulus
egulation error. Thus, the control goal is fulfilled, where the con-
rolled outputs achieve their reference values. In [12] is presented
he stability analysis for the system (54), where the values range
or the super-twisting controller gains λ and σ are defined. The
nalysis is based on the Lyapunov theory as described in [16],
hen the asymptotic stability of the system is demonstrated; as a
onsequence, the constraints for controller gains can be obtained
rom:

i > 2δi

σi >
1
2

λ2
i (δi − λi)
λi − 2δi

(55)

by considering that the disturbance term fulfill the bound |F∗

2 | ≤

i|si|
1
2 , for a positive constant value of δi [16]. Note that the

recise knowledge of F∗

2 in (54) is no necessarily required for
he controller design to guarantee the stability, but to ensure the
isturbance is accordingly bounded. In this sense, by considering
hysical restrictions for the system, as well as a bounded opera-
ion range of the variables, it will result in a bounded value for
∗

2.

4.2. Robust differentiator

For a given measurable function f (t), it is possible to de-
ermine its time derivative via a first-order differentiator, by
onsidering that is composed of an unknown base function f0(t)
ontaining noise. The f (t) is defined into [0, ∞), with a Lipschitz
onstant L > 0 [22,23]. The differentiator is used to obtain in
eal-time an estimation of f0(t) and its time derivative, i.e., ḟ0(t).
he procedure for the robust differentiator design is as follows.
hen, let us define the system

˙ = v(x) (56)

here v(x) is an input function which depends on the difference
= z − f0(t), and whose objective is to ensure that x = 0, and
onsequently ẋ = 0, hence, one obtains z = f0(t) and ḟ0(t) = v.
hus, (56) can be described as

˙ = −ḟ0(t) + v, |f̈0| ≤ L (57)

hen, by applying the super-twisting algorithm as input v(x) into
57), the differentiator takes the form:

ż = v(x) = −λ1 | z − f0(t) |
1
2 sign(z − f0(t)) + z1

ż1 = −λ2sign(z − f0(t))
(58)

here v or z1 can be taken as the differentiator output [22,23].
valuating the following constraints to tune the differentiator

< λ2 and
2(λ2 + L)2

λ2
1(λ2 − L)

< 1 (59)

both v and z1 converge to ḟ0(t) in a finite time, while z converges
to f0(t), which is reached by appropriately selecting the values for
λ and λ .
1 2
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4.3. Observer synthesis of the rotor flux linkages

For the implementation of the motor controller (54), the full
state variables must be available for regulating the speed and the
rotor flux linkages squared modulus. For this purpose, the rotor
speed ωm and stator current vector is are measured variables;
nonetheless, the rotor flux linkages variables are not available,
therefore, they are estimated via a sliding-mode observer, as
described in [24]. The rotor flux observer synthesis is based on the
induction motor model (42), where the rotor speed is considered
a known variable and therefore, the mechanical state equation is
omitted. Hence, the proposed observer results in:

dλ̂r

dt
= A11λ̂r − γ îs − G1v (60)

dîs
dt

= A21λ̂r +
Lm
Tr

îs +
1

σ Ls
vs + v

ith

1 =

[
g11 0
0 g22

]
and

v = M sign
(
is − îs

)
, M =

[
m11 0
0 m22

]
where the scalar entries in G1 and M are positive observer gains,
meanwhile, v is a discontinuous input to ensure convergence.

For the observer performance analysis, the estimation error
variables are defined as λ̃r = λr − λ̂r and ĩs = is − îr , then from
system (42) and the robust observer (60), the dynamics of the
estimation error becomes:

dλ̃r

dt
= A11λ̃r − γ ĩs + G1v

dĩs
dt

= A21λ̃r +
Lm
Tr

ĩs − v
(61)

where the discontinuous input v acts as an equivalent control veq

to steer the sliding surface ĩs toward zero. Considering that ĩs = 0,
the equivalent control of the observer can be obtained from the
steady-state current equation in (61), which becomes:

veq = A21λ̃r (62)

Applying the equivalent control (62) at the rotor flux equation in
(61), one obtains the resulting flux error dynamics as:
d
dt

λ̃r = (A11 + G1A21) λ̃r

here the entries of G1 are selected to establish the rate conver-
ence of λ̃r . The observer performance with discontinuous input
hows robustness in presence of disturbances and measurements
oise [25].

. Experimental results

The two cascade controllers are validated through a test pro-
otype for regulating the reactive power fed to the electrical
etwork and controlling the induction motor speed. The first
ontroller comprises the reactive power control system, inte-
rated by the electrical network that feeds a three-phase LCL
ilter connected with the SEMIKRON converter, and finally the
C bus with a capacitor, such as shown in Fig. 3. The line-
o-line currents and voltages of the electrical grid are sensed,
eanwhile, the control input signals of the reactive power con-

roller are digitally handled by the space vector pulse width
odulation (SVPWM). The second controller corresponds to the
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Fig. 3. Cascade control system scheme.

Table 1
Motor model ratings and parameters referred to the stator
winding.
Parameter Value

Power 3/4 HP
Rated Voltage 208-230/460 V
Rated current 2.3-3/1.5 A
Rated speed 1725 r.p.m.
Stator resistance, Rs 2.5 �

Rotor resistance, Rr 2.5 �

Inductance stator, Ls 0.2260 H
Magnetizing inductance, Lm 0.2165 H
Inductance rotor, Lr 0.2260 H
Inertial moment, Jm 0.0055 N m s2
Frictional coefficient, Bm 0.0018 N m s

motor induction speed control system which is composed of a
squirrel-cage induction motor (3/4 HP Baldor) that impulses an
induction generator (1/4 HP LabVolt), which is used to vary the
motor load, a SEMIKRON three-phase bridge inverter which feds
the induction motor (Fig. 3). The line currents and line-to-line
voltages are sensed in motor terminals, meanwhile the motor
speed is sensed through a BEI encoder, whose resolution is 2048
pulses; finally, the control input signals of the speed controller
are conditioned by the SVPWM technique. Fig. 4 depicts the
complete workbench implemented in the laboratory. The motor
model parameters are described in Table 1. For the controller
implementation, the dSPACE DS1103 data acquisition/processing
board is employed, to process the input/output variables, tune the
controller gains, and display the system variables. The board is
handled by Matlab/Simulink, which allows implementing high-
level programming, where the required code is efficiently and
directly generated by the Simulink compiler. The board is con-
figured to operate using the Euler solver, with a sample time
of 150 µs for the reactive power control, while 100 µs for the
nduction motor speed regulation; these time scales ensure to
roperly management the controlled system dynamics and the
orresponding activation frequency of the IGBTs at 3300 Hz and
680 Hz, respectively.
8

Fig. 4. Laboratory experimental setup.

5.1. Experiment design

To show the cascade control system robustness, advantages,
and performance, the experimental results are exposed. The cas-
cade control scheme is constituted by: (a) the reactive power
controller, where sudden changes in the active power are applied
as external disturbances; and (b) the induction motor speed
controller, where abrupt variations in the load torque represent
the corresponding external disturbances. An experimental test
was configured using a 220 V line-to-line utility grid voltage,
and the reactive power is regulated at 300 VAr’s, meanwhile,
the DC link bus located between the two converters is regulated
at 270 V. Notice that the power factor is improved through the
reactive power that is delivered to the electrical grid. On the other
hand, the induction motor speed tracks a reference signal, which
presents sudden variations upper synchronous speed from 1820
to 1900 r.p.m., as done in [26]; these changes cause variations
in load torque and active power, due to an induction generator
connected to the utility grid is used as load. Meanwhile, the rotor
flux linkages squared modulus is regulated at 0.02 wb2.

5.2. Results of the reactive power control

Fig. 5 shows the reactive power tracking performance where
is regulated the reactive power effectively at −300 VAr’s in pres-
ence of external disturbances produced by the active power vari-
ations when changes in the motor load are presented, as is de-
picted in Fig. 5 (a). The steady-state reactive power is −298 VAr’s,
then the steady-state error is 0.67%. It is presented a sudden
change falling edge in the active power of the induction motor
at 3.4 s when the motor speed downs from 1900 to 1810 r.p.m.,
the reactive power presents an oscillation having a settling time
and an overshoot of 0.36 s and 183%, respectively. Meanwhile,
the DC voltage is regulated correctly at 270 V, as pictured in
Fig. 5 (b), where a steady-state error of 0.37% is exhibited. The
DC bus voltage presents an oscillation at 3.4 s with a settling time
of 0.32 s and an undershot of 2% when the motor speed downs
suddenly. The control inputs performance is pictured in Fig. 6. The
motion of the DC bus voltage error ε1 is asymptotic (see Fig. 6 (a)
when the current error at d-axis ε2 goes to zero in finite time
(Fig. 6 (b) because of the action of the control input vd (Fig. 6 (c),
where the sliding surface ε2 has an oscillation with a settling time
of 0.32 s. Meanwhile, the current error motion at q-axis ε3 goes
o zero in finite time (Fig. 6 (b) as a result of the input control

(Fig. 6 (c), where the ε presents an oscillation with a settling
qr 3
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Fig. 5. Reactive power control system performance: (a) Reactive power, and (b)
DC bus voltage.

Fig. 6. The control input performance: (a) DC bus voltage error, (b) Sliding
surface, and (c) Control inputs.

time of 0.36 s. The control input vdr varies from 146 to 150 V
nd vqr changes from 12 to 16 V, when the active power falls in
he induction motor, (Fig. 6 (c). In Fig. 7 (a), the reactive power is
egulated in −300 VAr’s, which are delivered to the utility grid. In
ig. 7 (b) the phase-B current ib leads 64.8◦ to the phase-voltage
bn, which confirms that the power factor is leading.
It is worth mentioning that parameter uncertainties in the

hysical systems may exist, which are taken into account in the
isturbance terms. By its part, the controller design considers that
hose disturbances are bounded to ensure convergence. Indeed,
n essential feature of sliding-mode-based controllers is their
bility to be robust against unknown uncertainties/disturbances.
he controller robustness is demonstrated in the experimental re-
ults, where the control objectives are being carried out although
he parameter values could have uncertainties.
9

Fig. 7. Leading power factor.

Fig. 8. Outputs tracking performance of the induction motor.

5.3. Control results of the induction motor speed

The motor velocity controller performance is pictured in Fig. 8.
At high-speed reference of 1900 r.p.m., the motor achieves a
speed of 1888 r.p.m. where an error of 0.63% in steady-state is
presented; meanwhile, at the lower speed reference of 1820 r.p.m.
the motor achieves a speed of 1816 r.p.m. where an error of 0.21%
in steady-state is presented. When the speed reference falls down
suddenly from 1900 r.p.m. to 1820 r.p.m, an undershoot of 187.5%
appears, and the motor speed falls down to 1590 r.p.m, see Fig. 8
(a). The regulation of the rotor flux leakages squared modulus
which is the second output, has a steady-state error of 30%
and has a reference value of 0.02 wb2, meanwhile, the squared
modulus of rotor flux leakages has the value of 0.026 wb2, see
Fig. 8 (b).

In Fig. 9 is depicted the speed controller performance. The
input vαs (Fig. 9 (c) with a maximum value of 72 V forces the
sliding variable sα to a vicinity of the origin in finite time (Fig. 9
(b), achieving the speed tracking error εω moves asymptotically
to the origin (Fig. 9 (a). The steady-state speed tracking error is
1.25 rad/s and the siding surface maximum value is 0.027. The
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Fig. 9. Rotor speed controller performance: (a) αβ tracking errors, (b) αβ sliding
surfaces, and (c) αβ control inputs.

Fig. 10. Rotor flux linkages observer performance.

control input vβs (Fig. 9 (c) with a maximum value of 72 V forces
the movement toward zero of the sliding surface sβ at a finite
time (Fig. 9 (b), achieving that the rotor flux error εφ moves
asymptotically to zero (Fig. 9 (a). The steady-state rotor flux error
is - 0.03 wb2, while the sliding variable peak value s is 0.027.
he obtained results for estimating the rotor flux linkages are
epicted in Fig. 10, wherein 10 (a) presents the estimation of the
urrent îαs and îβs with respect to the sensed currents iαs and iβs,
here can be identified that the observed (estimated) values are
ery close to the measured values. Fig. 10 (b) displays the rotor
inkages flux λαr and λβr , which have a peak value of 0.23 wb. It is
mportant to remark that the effectiveness in tracking the stator
urrents by the observed currents ensures a correct estimation of
he rotor winding flux linkages.

.4. Filter-LCL characterization

The procedure for defining the three-phase LCL filter param-
ters is described in Section 2.3. To obtain the value of the
nverter-side inductance Lr, an attenuation of 0.03 (3%) is con-
idered in the first-order transfer function (20), where the IGBT
10
Fig. 11. Bode diagram for the resonant frequencies with Cf = 4.5, 6, and 7.5
F.

Fig. 12. Bode diagram for the frequency response with Rf = 6 and 10 �.

switching frequency is fsw = 3.3 kHz, and then, solving for Lr from
20) results in an inductance value of Lr = 3.2 mH. Meanwhile,
he grid-side inductance Lg is estimated using (21) resulting in
.4 mH, where the switching harmonic current attenuation ka of
he LCL filter is considered of 0.02. The initial value of Cf = 4.1 µF
is estimated by Cf = 0.05Cb using (23) and then, this value
is modified through a parametric analysis with three values of
capacitance 4.5, 6, and 7.5 µF, by applying a frequency analysis
in the range from 2 to 5 kHz with the transfer function of the
LCL filter (26). Then, three resonant frequencies are located in the
Bode diagram, as shown in Fig. 11, where the selected capacitance
value is Cf = 7.5 µF that corresponds to the lowest resonant
frequency of fres = 1.46 kHz. Finally, the damping resistance Rf is
estimated using (27), and later, this value is enhanced through
a parametric analysis using the values of 6 and 10 � through
a frequency analysis in the range from 1 to 5 kHz applying the
transfer function (28). The resistance value selected is Rf = 10 �

because it presents a lower gain at the resonant frequency of
fres = 1.46 kHz, as shown in the Bode diagram in Fig. 12.

6. Conclusions

A complete solution to regulate the reactive power and the
induction motor speed is proposed, which is achieved through
two cascade controllers applied to an AC/DC/AC power converter.
The first control scheme is synthesized by using the block con-
trol linearization technique combined with the super-twisting
algorithm, for regulating the reactive power and DC bus voltage,
which can contribute to the power factor improvement. Specif-
ically, the experimental results confirm the effective regulation
of the reactive power and the DC-bus voltage, producing in both
cases a steady-state error lower than 1%, even in presence of
external disturbances produced by the active power variations,
as a consequence of controlling a 3/4 HP induction motor veloc-

ity under sudden motor load changes, due to the step changes
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f velocity reference. Meanwhile, the second controller is de-
igned through the state-feedback linearization technique using
he super-twisting algorithm for controlling the induction motor
peed above the synchronous speed, under sudden changes in
he load torque. This controller forces in finite time the sliding
ariable to the origin, and a posteriori, achieving an asymptotic
otion to zero of the speed error. And simultaneously, the rotor

lux squared modulus is regulated, where the rotor flux leak-
ges are determined through a sliding-mode-based observer. To
omply with grid interconnection standards, the three-phase LCL
ilter parameters are defined and experimentally validated. The
ascade two controllers are validated through a laboratory test
sing a prototype, where the carried-out results test shows a
obust operation of the proposed control scheme.

eclaration of competing interest

The authors declare that they have no known competing finan-
ial interests or personal relationships that could have appeared
o influence the work reported in this paper.

eferences

[1] Santoyo-Anaya MA, Rodríguez-Rodríguez JR, Moreno-Goytia EL, Venegas-
Rebollar V, Salgado-Herrera N. Current-sensorless VSC-pfc rectifier control
with enhance response to dynamic and sag conditions using a single PI
loop. IEEE Trans Power Electron 2017;33(7):6403–15.

[2] Liu J, Yin Y, Luo W, Vazquez S, Franquelo LG, Wu L. Sliding mode
control of a three-phase AC/DC voltage source converter under un-
known load conditions: Industry applications. IEEE Trans Syst Man Cybern
2017;48(10):1771–80.

[3] Wai RJ, Yang Y. Design of backstepping direct power control for
three-phase PWM rectifier. IEEE Trans Ind Appl 2019;55(3):3160–73.

[4] Liu J, Shen X, Alcaide AM, Yin Y, Leon JI, Vazquez S, et al. Sliding mode
control of grid-connected neutral-point-clamped converters via high-gain
observer. IEEE Trans Ind Electron 2021;69(4):4010–21.

[5] El Fadili A, Giri F, El Magri A, Dugard L, Ouadi H. Induction motor control
in presence of magnetic saturation: Speed regulation and power factor
correction. In: Proceedings of the 2011 American control conference. IEEE;
2011, p. 5406–11.

[6] El Fadili A, Giri F, El Magri A, Lajouad R, Chaoui FZ. Towards a global control
strategy for induction motor: Speed regulation, flux optimization and
power factor correction. Int J Electr Power Energy Syst 2012;43(1):230–44.

[7] El Fadili A, Giri F, El Magri A, Lajouad R, Chaoui FZ. Adaptive control
strategy with flux reference optimization for sensorless induction motors.
Control Eng Pract 2014;26:91–106.

[8] Oliveira J, Araujo A, Dias S. Controlling the speed of a three-phase
induction motor using a simplified indirect adaptive sliding mode scheme.
Control Eng Pract 2010;18(6):577–84.
11
[9] Farhani F, Regaya CB, Zaafouri A, Chaari A. Real time PI-backstepping
induction machine drive with efficiency optimization. ISA Trans
2017;70:348–56.

[10] Zaafouri A, Regaya CB, Azza HB, Châari A. DSP-based adaptive backstepping
using the tracking errors for high-performance sensorless speed control of
induction motor drive. ISA Trans 2016;60:333–47.

[11] Kundur P, Balu NJ, Lauby MG. Power system stability and control, vol. 7.
McGraw-hill New York; 1994.

[12] Morfin OA, Valenzuela FA, Betancour RR, Castañeda CE, Ruíz-Cruz R,
Valderrabano-Gonzalez A. Real-time SOSM super-twisting combined with
block control for regulating induction motor velocity. IEEE Access
2018;6:25898–907.

[13] Chalanga A, Kamal S, Fridman LM, Bandyopadhyay B, Moreno JA.
Implementation of super-twisting control: Super-twisting and higher or-
der sliding-mode observer-based approaches. IEEE Trans Ind Electron
2016;63(6):3677–85.

[14] Wu L, Liu J, Vazquez S, Mazumder SK. Sliding mode control in power
converters and drives: A review. IEEE/CAA J Autom Sin 2021;9(3):392–406.

[15] Liu J, Laghrouche S, Wack M. Observer-based higher order sliding mode
control of power factor in three-phase AC/DC converter for hybrid electric
vehicle applications. Internat J Control 2014;87(6):1117–30.

[16] Dávila A, Moreno JA, Fridman L. Optimal Lyapunov function selection for
reaching time estimation of super twisting algorithm. In: Proceedings of
the 48h IEEE conference on decision and control (CDC) held jointly with
2009 28th chinese control conference. IEEE; 2009, p. 8405–10.

[17] Liserre M, Blaabjerg F, Hansen S. Design and control of an LCL-filter-based
three-phase active rectifier. IEEE Trans Ind Appl 2005;41(5):1281–91.

[18] Reznik A, Simões MG, Al-Durra A, Muyeen S. LCL Filter design and
performance analysis for grid-interconnected systems. IEEE Trans Ind Appl
2013;50(2):1225–32.

[19] Araújo SV, Engler A, Sahan B, Antunes FLM. LCL filter design for
grid-connected NPC inverters in offshore wind turbines. In: 2007 7th
internatonal conference on power electronics. IEEE; 2007, p. 1133–8.

[20] Krause PC, Wasynczuk O, Sudhoff SD, Pekarek S. Analysis of electric
machinery and drive systems, vol. 2. Wiley Online Library; 2002.

[21] Morfín OA, Castañeda CE, Ruiz-Cruz R, Valenzuela FA, Murillo MA,
Quezada AE, et al. The squirrel-cage induction motor model and its pa-
rameter identification via steady and dynamic tests. Electr Power Compon
Syst 2018;46(3):302–15.

[22] Shtessel Y, Edwards C, Fridman L, Levant A. Sliding mode control and
observation. Springer; 2014.

[23] Levant A. Higher-order sliding modes, differentiation and output-feedback
control. Internat J Control 2003;76(9–10):924–41.

[24] Morfin O, Aguilar B, Gabbar HA, Ornelas-Tellez F, Ruiz-Cruz R,
Valderrabano-Gonzalez A, et al. Real-time induction motor velocity
controller applying sosm super-twisting combined with state-feedback
linearization. In: 2017 IEEE international autumn meeting on power,
electronics and computing. IEEE; 2017, p. 1–6.

[25] Utkin V. Sliding mode control in mechanical systems. In: Proceedings of
IECON’94-20th annual conference of IEEE industrial electronics, vol. 3. IEEE;
1994, p. 1429–31.

[26] Morfin O, Miranda U, Ruiz-Cruz R, Valenzuela F, Ornelas-Tellez F, Acosta J.
State-feedback linearization using a robust differentiator combined with
SOSM super-twisting for controlling the induction motor velocity. In: 2018
IEEE international autumn meeting on power, electronics and computing.
IEEE; 2018, p. 1–6.

http://refhub.elsevier.com/S0019-0578(23)00276-8/sb1
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb1
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb1
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb1
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb1
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb1
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb1
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb2
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb2
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb2
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb2
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb2
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb2
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb2
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb3
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb3
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb3
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb4
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb4
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb4
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb4
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb4
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb5
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb5
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb5
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb5
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb5
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb5
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb5
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb6
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb6
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb6
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb6
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb6
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb7
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb7
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb7
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb7
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb7
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb8
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb8
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb8
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb8
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb8
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb9
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb9
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb9
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb9
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb9
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb10
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb10
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb10
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb10
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb10
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb11
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb11
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb11
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb12
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb12
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb12
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb12
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb12
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb12
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb12
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb13
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb13
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb13
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb13
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb13
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb13
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb13
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb14
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb14
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb14
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb15
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb15
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb15
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb15
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb15
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb16
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb16
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb16
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb16
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb16
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb16
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb16
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb17
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb17
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb17
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb18
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb18
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb18
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb18
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb18
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb19
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb19
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb19
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb19
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb19
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb20
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb20
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb20
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb21
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb21
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb21
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb21
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb21
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb21
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb21
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb22
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb22
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb22
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb23
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb23
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb23
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb24
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb24
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb24
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb24
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb24
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb24
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb24
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb24
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb24
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb25
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb25
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb25
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb25
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb25
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb26
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb26
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb26
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb26
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb26
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb26
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb26
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb26
http://refhub.elsevier.com/S0019-0578(23)00276-8/sb26

	Robust cascade controller for the power factor of the three-phase supply and the induction motor velocity
	Introduction
	Control system for the reactive power regulation
	Controlled rectifier model
	The reactive power controller design
	LCL-filter characterization

	Induction motor model
	Speed controller for the induction motor
	State feedback linearization Technique
	Robust differentiator
	Observer synthesis of the rotor flux linkages

	Experimental results
	Experiment design
	Results of the reactive power control
	Control results of the induction motor speed
	Filter-LCL Characterization

	Conclusions
	Declaration of Competing Interest
	References


