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ABSTRACT The current paper presents a novel predictive voltage control (PVC) for an inductionmotor (IM)
without using a speed sensor. The proposed PVC is formulated using the model predictive control principle
in which the stator voltages are directly controlled rather than regulating the flux and torque as in traditional
MP DTC. The advantages of the proposed PVC over the commonly used MP DTC scheme are the reduced
calculation time, the reduced ripples and the fast dynamic. To realize the sensorless operation of the IM,
a robust observer is used to estimate the speed, rotor flux, stator current and stator and rotor resistances. The
observer is constructed based on the back-stepping theory. Testing the validness of the proposed sensorless
PVC technique is performed in a form of comparison between the PVC and MP DTC procedures. The tests
are firstly accomplished using the Matlab/Simulink software; then, a dSPACE 1104 test board is utilized
for the experimental validation. The simulation and experimental results show that the IM dynamics are
effectively enhanced when applying the proposed PVC in comparison with the MP DTC performance. The
back-stepping observer (BSO) also proved its ability to estimate the specified variables for different operating
speeds and under parameters variation as well.

INDEX TERMS Voltage control, IM, torque control, predictive control, sensorless control, BSO, cost
function.

I. INTRODUCTION
Recently, the predictive control (PC) approach has been
considered as an appropriate choice for obtaining better
dynamics from induction motor (IM) drives [1]–[6]. The PC
approach has different formulations which are categorized
based on the cost function’s form. As an illustration, in
[1], [2], the MP DTC was considered, in which the error
minimization equation consisted of the torque and flux errors,
besides using a weighting value for moderating the effect of
the two variables on each other. In [3], [4], the predictive
current control (PCC) was considered, in which the error
function consisted of two similar parts of the stator cur-
rent alfa-beta (α-β) or direct-quadrature (d-q) components.
In [5], [6], the authors proposed an error function form which
consisted of the flux components, and thus the weighting
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value was omitted, which simplified the cost function and
reduced the calculation time taken by the controller. The
drawback of this topology is that the precise estimation of
the flux components must be ensured for all operating cases,
and to fulfill this need, adaptive flux observers must be incor-
porated which adds extra burden to the computation time.

The predictive control replaced the operation of the clas-
sic DTC and FOC control approaches due to many reasons
[7]–[9]. For example, the system’s complexity is reduced
through eliminating the look-up tables and hysteresis regu-
lators used in DTC, and eliminating the PI current controllers
used in the FOC. Moreover, the ripples in the controlled
signals are effectively suppressed when adopting the MP
DTC compared with the DTC and FOC.

However the IM dynamics are improved through applying
the predictive control with its different forms, but the control
systems are still having some deficiencies which need to be
avoided. For example; in the PCC approach, the cost function
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depends on the estimated currents at instant (K+1)Ts, and
thus it depends directly on the precision of the current mea-
surement, which can be affected by the noise [2], [10]–[12].
Moreover, the prediction model itself is depending on the
machine parameters which can be changed under certain con-
ditions (i.e. the flux and speed estimation at low frequencies).

InMPDTC, the error minimization function uses a weight-
ing value; so there is a vital need for the precise and cor-
rect selection of this value, which in turn requires using an
online optimization procedure which adds extra calculation
time [13]–[15]. Moreover, the ripples are still present in the
controlled variables; however its percentage is lower than that
of classic DTC. This can be referred to many reasons; one
of them is the wrong choice of the weighting value. Another
reason is referred to the voltage implemention for the total
sampling period, which is not a precise control action, as it
may happens that there is a need to update the voltage vector
within the sampling interval itself, which finally results in
increasing the flux and torque deviations and thus the ripples
increase again. Other studies have concerned with limiting
the ripples in the MP DTC through incorporating adaptive
flux estimators in the system [16], [17], which improved the
flux and torque estimations, but on the other hand it added a
delay in the response and increased the system complexity.

Different studies were introduced to avoid using a weight-
ing value through utilizing a cost function of similar
terms [5], [18]. The performance was significantly improved
using these techniques; however the cost functions in these
studies used parameters dependent variables such as the
flux [5], [6], which made the controller very sensitive to
the parameters variation. In model predictive flux (MPF)
schemes, the flux error was used as the cost function’s ele-
ment which needs to be minimized. The main challenge in
these procedures is how to ensure the precise estimation of
stator flux, which inherently depends on the system parame-
ters. Moreover, the cost function terms are still needed to be
calculated and predicted which means that the computation
burden is not yet completely minimized even it is lower than
the computational burden of the MP DTC.

To enhance the reliability and robustness of the drive,
different speed estimation procedures were proposed
[19]–[22]. Some of them depended on utilizing extended
Luenberger estimator, neural network estimator, extended
Kalman filter and least squared error technique as well.
The main deficiency of such observers is the system com-
plexity which requires high computation needs that cannot
be afforded by all microprocessors. The model reference
adapting observer (MRAO) is extensively used for the speed
estimation purpose [23]–[25]. However, the MRAO is very
attentive to any variation in the parameters particularly at low
operating frequencies which requires the precise determina-
tion of the motor model at all operating conditions. A deter-
ministic Luenberger observer has been proposed in [26],
which investigated and tested the observer’s response to the
parameters mismatch, but on the other hand it ignored testing
the system’s robustness against the measurement accuracy.

In order to solve some of the deficiencies in the traditional
MP DTC, and to ensure a robust performance from the speed
estimator, the current work introduces a novel sensorless
predictive voltage control (PVC) approach. The advantages
of the proposed procedure are the simplicity, the fast dynamic
change, the reduced ripples and low computation time. These
merits are obtained through using a simple error function
form with terms of the same category (d-q stator voltages).
Moreover, the used variables in this function are not estimated
one which enhances the system robustness. Furthermore, as
the stator voltages are the nearest variables to be applied to
the IM; this contributes in fastening the dynamic response
of the IM.

To ensure high system reliability and reducing the cost,
a robust BSO observer is used for observing the stator current,
the rotor flux, the rotor speed and stator and rotor resistances
as well. The structure of the observer is very simple com-
pared with the other techniques. The BSO provides a precise
estimation of different variables in a cascaded manner which
significantly contributes in limiting the estimation error. The
BSO has been used with different AC machines as a control
scheme [27]–[30], but it is unfamiliary utilized as an observer.

Up to this review, the current paper concerns with introduc-
ing some contributions which can be addressed as following;
• The paper introduces a novel PVC for an IM drive.
• The proposed PVC is designed and explained in details.
• The PVC has the advantages of simplicity, robustness
and fast dynamic response compared with traditional
predictive controllers such as MP DTC approach.

• A robust BSO is designed and used to estimate different
variables and parameters.

• The robustness of the proposed sensorless PVC
approach is tested for different dynamic operations and
under system uncertainties as well.

• Comprehensive tests are executed to check the feasi-
bility of the designed controller. Using these results,
a comparison is made between the novel PVC and MP
DTC techniques.

The present study is structured such that: In Sec II, the IM
equivalent model is described. In Sec III, the proposed PVC
is introduced and explained. After that, the proposed BSO
observer is designed and described in Sec IV. In Sec V, the
complete system layout is described. In Secs VI, VII, the test
results are introduced and discussed for the two procedures
(MP DTC and proposed PVC). The last section (Sec VIII)
is concerned with introducing the research outcomes and the
conclusion.

II. EQUIVALENT CIRCUIT OF IM
The IM circuit model can be configured as shown in Figure 1,
where all variables are identified in a frame which is rotating
with the same frequency of rotor flux vector ωψ̄r

.
In Fig. 1, the symbols Rs and Rr pertain to the resistances

of stator and rotor windings. While the leakage inductances
are expressed by Lls and Llr , respectively. The magnetiz-
ing inductance is also expressed by Lm. The rotor angular
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FIGURE 1. Model of IM.

frequency is represented by ωme = pωm, where p is the pole
pairs and ωm is the mechanical speed. The superscript ‘rf’
reports that all variables are represented in a frame which is
synchronized with the rotor flux vector. The stator voltage,
stator current and stator flux vectors are represented by ūrfs ,
īrfs and ψ̄ rf

s , consecutively. While the rotor flux and current
vectors are defined by ψ̄ rf

r and īrfr , respectively.
Using the model in Fig. 1, the electric dynamics of IM can

be described by the following expressions

dψ̄ rf
s,k

dt
= ūrfs,k − Rs ī

rf
s,k − jωψ̄r ψ̄

rf
s,k (1)

dψ̄ rf
r,k

dt
= −Rr ī

rf
r,k − j

 ωslip ,k︷ ︸︸ ︷
ωψ̄r,k − ωme,k

 ψ̄ rf
r,k (2)

dωme,k
dt

=
p
J

(
Te,k − Tl,k

)
(3)

where, Te,k and Tl,k are the motor and load torques,
respectively. J is referring to the motor’s inertia.
The motor’s torque Te,k can be evaluated using the cross

product of the fluxes by

Te,k = 1.5p
Lm

σLsLr
ψ̄s,k × ψ̄r,k (4)

where σ = 1−
(
L2m/LsLr

)
is the total leakage factor.

The flux vectors in (4) can be represented exponentialy as
follows,

ψ̄s,k =
∣∣ψ̄s,k ∣∣ ejωψ̄s,k t , and ψ̄r,k = ∣∣ψ̄r,k ∣∣ ejωψ̄r,k t (5)

whereωψ̄s,k andωψ̄r,k are the angular frequencies of the stator
and rotor fluxes, accordingly.

The expression in (4) will be used later to design the
PI torque controller which is used to develop the reference
voltage u∗qs,k . Meanwhile, the first equality in (5) will be
utilized to design the PI flux controller which is used to
develop the reference voltage u∗ds,k . After that, both u

∗
ds,k and

u∗qs,k are used in the proposed cost function of the controller
as illustrated in the next section.

III. PROPOSED PVC APPROACH
The operation mechanism of the designed PVC approach
is articulated on using an error minimization function
which includes two similar terms. These terms are the

absolute errors between the actual and reference quan-
tities of the stator voltage d-q terms. The actual terms
(uds,k+1 and uqs,k+1) are procured from the output of the
controllers using the switching states, while the reference
d-q voltages (u∗ds,k+1 and u∗qs,k+1) are calculated using the
designed two regulators. The inputs of the adaptors are the
torque and stator flux errors. The design of the two regulators
is performed as follows,

A. DESIGN OF STATOR FLUX REGULATOR
As mentioned earlier, that the stator flux regulator is utilized
to get the reference voltage u∗ds,k+1, and to ensure the correct
operation, the transfer function of the flux regulator must be
correctly determined.
From (5), the stator flux vector is represented in the stator

frame
′′s′′ at time (k + 1)Ts by

ψ̄ s
s,k+1 =

∣∣ψ̄ s
s,k+1

∣∣ ejωψ̄s,k+1 t = ∣∣ψ̄ s
s,k+1

∣∣ ejθs,k+1 (6)

Afterwards,∣∣ψ̄ s
s,k+1

∣∣ = ψ̄ s
s,k+1e

−jθs,k+1

= ψ̄ s
s,k+1

(
cos θs,k+1 − j sin θs,k+1

)
(7)

Taking the Laplace transform of (7), then∣∣ψ̄ s
s,k+1

∣∣ (s)= ψ̄ s
s,k+1 (s) ∗

[
s

s2+θ2s,k+1
−j

θs,k+1

s2+θ2s,k+1

]
(8)

And,

θs,k+1 = ωψ̄s,k+1 t = ωψ̄s,k+1Ts
∼= 0.0 (9)

where Ts is the sampling time.
Then, ∣∣ψ̄ s

s,k+1

∣∣ (s) = ψ̄ s
s,k+1 (s) ∗

1
s

(10)

Furthermore, the stator flux can be expressed in frequency
domain (s) under field orientation as follows

ψ̄
rf
s,k+1 (s) = ψ

rf
ds,k+1 (s)+ jψ

rf
qs,k+1 (s) (11)

By replacing (11) into (10) represented in synchronous frame,
this results in∣∣∣ψ̄ rf

s,k+1

∣∣∣ (s) = ψ̄ rf
s,k+1 (s) ∗

1
s

=

[
ψ
rf
ds,k+1 (s)+ jψ

rf
qs,k+1 (s)

]
∗
1
s

(12)

Then, from (11) and (12)∣∣∣ψ̄ rf
s,k+1

∣∣∣ (s) = ψ rf
ds,k+1 (s) ∗

1
s
& jψ rf

qs,k+1 (s) ∗
1
s
= 0.0

(13)

From (1), the value ofψ rf
ds,k+1 (s) can be expressed in another

form by

ψ
rf
ds,k+1 (s) =

(
urfds,k+1 (s)− Rsi

rf
ds,k+1 (s)

)
Ts

=

(
urfds,k+1 (s)− Rs

ψ
rf
dr,k+1 (s)

Lm

)
Ts (14)
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where irfds,k+1 = ψ
rf
dr,k+1/Lm under rotor field orientation

(RFO).

The quantity Rs
ψ
rf
dr,k+1(s)
Lm

Ts ∼= 0.0 is very small and can be
neglected. Then,

︷ ︸︸ ︷
ψ
rf
ds,k+1 (s) =

︷ ︸︸ ︷
urfds,k+1 (s)

s
∗ Ts (15)

From (15), it is very obvious that the flux is managed through
controlling the voltage urfds,k+1. Then, from (15), the trans-
fer function which is used to tune the flux regulator is
expressed by

ψ
rf
ds,k+1(s)

urfds,k+1(s)
=
T s

s
(16)

B. DESIGN OF TORQUE REGULATOR
Using (2), and after some calculations, the relationships
which relates the rotor and stator flux dynamics can be writ-
ten by

dψ̄ rf
r,k+1

dt
=

LmRr
σLsLr

ψ̄
rf
s,k+1 −

(
jωslip,k+1 +

Rr
σLr

)
ψ̄
rf
r,k+1

(17)

Applying Laplace transform on (17), it results

ψ̄
rf
r,k+1 (s)=

(Lm/Ls)

s
(
σ Lr
Rr

)
+

(
1+jωslip,k+1

σLr
Rr

) ψ̄ rf
s,k+1 (s) (18)

By substituting the value of ψ̄ sf
s,k+1 (s) from (10) into (18),

it results

ψ̄
rf
r,k+1 (s) =

(Lm/Ls) s

s
(
σ Lr
Rr

)
+

(
1+ jωslip,k+1

σLr
Rr

) ∣∣∣ψ̄ rf
s,k+1

∣∣∣ (s)
(19)

Now, by substituting from (10) and (19) into (4), the torque
expression in frequency domain can be represented by

Te,k+1 (s) = 1.5p
Lms
σLsLr

∣∣∣ψ̄ rf
s,k+1

∣∣∣ (s)
×

(Lm/Ls) s

s
(
σ Lr
Rr

)
+

(
1+ jωslip,k+1

σLr
Rr

) ∣∣∣ψ̄ rf
s,k+1

∣∣∣ (s) (20)

where
∣∣∣ψ̄ rf

s,k+1

∣∣∣ is the stator flux amplitude which is

assumed to be fixed. Then, the Laplace inverse of (20)
gives the torque expression in terms of the slip frequency
ωslip,k as

Te,k+1 =
[
1.5p

L2m
RrL2s

∣∣∣ψ̄ rf
s,k+1

∣∣∣2](1− e−tTf )ωslip,k+1 (21)

where Tf = σ
Lr
Rr

is the time shift between the stator and rotor
flux vectors.

The slip speed ωslip,k+1 under rotor field orientation is
expressed by

ωslip,k+1 =
Lmi

rf
qs,k+1

Tr
∣∣∣ψ̄ rf

r,k+1

∣∣∣ =
LmLsi

rf
qs,k+1

LsTr
∣∣∣ψ̄ rf

r,k+1

∣∣∣
=

Lmψ
rf
qs,k+1

σLsTr
∣∣∣ψ̄ rf

r,k+1

∣∣∣ (22)

where Tr = Lr/Rr is the rotor’s constant.
Then by replacing the value of (22) into (21), it results

Te,k+1 =

1.5p L2m
σTrRrL2s

∣∣∣ψ̄ rf
s,k+1

∣∣∣2∣∣∣ψ̄ rf
r,k+1

∣∣∣
(1− e−tTf )ψ rf

qs,k+1

(23)

From (23), it is realized that the torque can be regulated via
managing the flux ψ rf

qs,k+1.
From (1), and by neglecting the resistance voltage drop

Rsi
rf
qs,k+1, and assuming steady state operation, the value of

ψ
rf
qs,k+1 can be calculated as follows

ψ
rf
qs,k+1 =

∫ urfqs,k+1 −
∼=0.0︷ ︸︸ ︷

dψ rf
qs,k+1

dt
−

∼=0.0︷ ︸︸ ︷
Rsi

rf
qs,k+1

 dt

= urfqs,k+1Ts (24)

From (24), it is very obvious that the flux q-component is
managed by the voltage component urfqs,k+1, and consequently

the torque Te,k+1 can be regulated using urfqs,k+1.

Using (24) and by replacing into (23), it becomes

︷ ︸︸ ︷
Te,k+1 =

1.5p L2mTs
σTrRrL2s

∣∣∣ψ̄ rf
s,k+1

∣∣∣2∣∣∣ψ̄ rf
r,k+1

∣∣∣
(1− e−tTf )︷ ︸︸ ︷urfqs,k+1

(25)

By taking the Laplace transform of (25), the transfer function
of the torque controller can be written by

Te,k+1(s)

urfqs,k+1(s)
=

[
1.5p L2mTs

σTrRrL2s

∣∣∣ψ̄rf
s,k+1

∣∣∣2∣∣∣ψ̄rf
r,k1+

∣∣∣
]

Tf s+ 1
(26)

Now, (26) can be used to tune the coefficients of the torque
regulator.

After tuning the flux and torque regulators using (16)
and (26), the reference voltages u∗ds,k+1 and u∗qs,k+1 can be
obtained and then used in the following error function form,

ζ̃ ik+1 =
∣∣u∗ds,k+1 − uds,k+1∣∣i + ∣∣∣u∗qs,k+1 − uqs,k+1∣∣∣i (27)
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From (27), it is concluded that the designed cost function
is simpler in construction than the function used by many
topologies of MP DTC approach [15], [16], and which is
expressed as following

1̃i
k+1 =

∣∣∣T ∗e,k+1 − T̃e,k+1∣∣∣i + wf ∣∣∣ψ∗s,k+1 − ˜̄ψs,k+1∣∣∣i (28)

Via comparing (27) and (28), it is found that (27) does not
contain any estimated variables as (28), and it doesn’t utilize a
weighting value as well, whichmakes (27) very robust against
the problems of imprecise estimation.

Concerning the feedback voltage signals (uds,k+1,uqs,k+1)
to be used in (27), and used also as an input to the BSO
as illustrated in Fig. 3 and to avoid the utilization of the
PWM pulse signal, the finite control set (FCS) mechanism
is adopted. The FCS enables the calculation of the voltages
using a definite vectors set (eight vectors), where each vector
is corresponding to specified switching states. Therefore,
the switching states are determined firstly and then the volt-
ages are extraxted according to the following code:

IV. BACK-STEPPING OBSERVER (BSO)
The Lyapunov theory is used to design the the back-stepping
approach. This technique is commonly adopted when design-
ing the control formulas for nonlinear systems. Most of the

FIGURE 2. Inputs/Outputs of proposed BSO.

used state observers for IM which articulated on the back-
stepping principle were used for observing the inductive and
resistive quantities of the motor while using mechanical sen-
sor. Despite that, the challenge appears when removing the
sensor due to the deterioration of observability specifically at
low operating frequencies. For example, the used technique
in [31] should be adapted to consider the system’s nonlin-
earity by providing extra damping parts for each input of
the control. In the proposed BSO, the input nonlinearities to
the subsystems are admitted to be a function of the subsys-
tem’s output and the upper subsystem’s states, along with the
immeasurable variables. The inputs of the BSO are the stator
voltages and currents, meanwhile the outputs are the observed
currents, rotor flux, speed, and stator and rotor resistances.

Estimating the speed and rotor resistance in the same time
is a very difficult process especially in steady state opera-
tion [32], and this can be inferred to the inherited coupling
between the estimation errors of the speed and resistance.
This fact can be easily realized via checking the equivalent
circuit of IM in Fig. 1. So, as a solution for this issue, two
cascaded BSOs with the same parameters are used to firstly
observe the speed and then the observed speed is utilized to
estimate the rotor resistance. The predictive control system
basically determines its calculation capacity based on the
time taken to compute the cost function, so themain influence
term in the execution time is that time taken in each cycle to
evaluate the convergence condition terms and not any other
unit in the control system.

A. DESIGN OF BSO
The stator current is a measured variable and it is considered
as output from the observer. The current components are then
expressed by

hα = iαs, hβ = iβs (29)
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FIGURE 3. Proposed sensorless PVC approach for IM drive.

The BSO can be modeled using the following
relationships

dψ̂αr
dt
= −

R̂r
Lr
ψ̂αr − ω̂meψ̂βr +

R̂rLm
Lr

hα

dψ̂βr
dt
= −

R̂r
Lr
ψ̂βr + ω̂meψ̂αr +

R̂rLm
Lr

hβ

dîαs
dt
=

R̂rLm
σLsL2r

ψ̂αr +
Lm
σLsLr

ω̂meψ̂βr

−
L2mR̂r + L

2
r R̂s

σLsL2r
hα +

1
σLs

uαs + sα

dîβs
dt
=

R̂rLm
σLsL2r

ψ̂βr −
Lm
σLsLr

ω̂meψ̂αr

−
L2mR̂r + L

2
r R̂s

σLsL2r
hβ +

1
σLs

uβs + sβ (30)

where sα and sβ are the inputs of the control which will be
designed using the back-stepping technique.

From (30), the estimation errors can be described by

dψ̃αr
dt
= −

R̃r
Lr
ψαr−

R̂r
Lr
ψ̃αr − ω̂meψ̃βr−ω̃meψβr+

R̃rLm
Lr

hα

dψ̃βr
dt
= −

R̃r
Lr
ψβr −

R̂r
Lr
ψ̃βr+ω̂meψ̃αr+ω̃meψαr+

R̃rLm
Lr

hβ

dĩαs
dt
=

R̃rLm
σLsL2r

ψαr+
R̂rLm
σLsL2r

ψ̃αr+
Lm
σLsLr

ω̂meψ̃βr

+
Lm
σLsLr

ω̃meψβr −
L2mR̃r + L

2
r R̃s

σLsL2r
hα + sα

dĩβs
dt
=

R̃rLm
σLsL2r

ψβr +
R̂rLm
σLsL2r

ψ̃βr −
Lm
σLsLr

ω̂meψ̃αr

−
Lm
σLsLr

ω̃meψαr −
L2mR̃r + L

2
r R̃s

σLsL2r
hβ + sβ

h̃α = ĩαs
h̃β = ĩβs (31)

where ψ̃αr = ψ̂αr −ψαr , ψ̃βr = ψ̂βr −ψβr , ĩαs = îαs − iαs,
ĩβs = îβs−iβs, R̃s = R̂s−Rs, R̃r = R̂r−Rr , ω̃me = ω̂me−ωme.
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FIGURE 4. Implementation steps of the proposed sensorless PVC approach for IM drive.

FIGURE 5. Speed profile for MP DTC (RPM).

The back-stepping technique is composed of two round;
the first is concerned with designing a stable system for the
integration of the estimation errors (h̃α, h̃β ) utilizing ĩαs and
ĩβs as virtual control variables with their references of jα and
jβ which act as stabilizing functions. Then, the integration of
the estimation errors (x̃α, x̃β ) can be expressed by

dx̃α
dt
= ĩαs, and

dx̃β
dt
= ĩβs (32)

Via utilizing (31) and (32), and by adding and subtracting jα
and jβ to/from these relationships, it results

dx̃α
dt
= Zα − C1x̃α,

dx̃β
dt
= Zβ − C1x̃β

where

Zα = ĩαs − jα, Zβ = ĩβs − jβ ,

and

jα = −C1x̃α, jβ = −C1x̃β (33)

where C1 is a positive value.

FIGURE 6. Torque profile for MP DTC (Nm).

FIGURE 7. Stator flux profile for MP DTC (Vs).

The second stage of back-stepping technique is concerned
with controlling the variables Zα and Zβ , which can be eval-
uated from (33) by

Zα = ĩαs + C1x̃α, and Zβ = ĩβs + C1x̃β (34)

By differentiating (34), it results

dZα
dt
=

R̃rLm
σLsL2r

ψαr+
R̂rLm
σLsL2r

ψ̃αr+
Lm
σLsLr

ω̂meψ̃βr

+
Lm
σLsLr

ω̃meψβr −
L2mR̃r+L

2
r R̃s

σLsL2r
hα+sα+C1 ĩαs

(35)
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FIGURE 8. (a) α-component, (b) β-component of stator current for
MP DTC (A).

FIGURE 9. (a) α-component, (b) β-component of rotor flux for
MP DTC (Vs).

FIGURE 10. Stator resistance variation (�).

dZβ
dt
=

R̃rLm
σLsL2r

ψβr+
R̂rLm
σLsL2r

ψ̃βr −
Lm
σLsLr

ω̂meψ̃αr

−
Lm
σLsLr

ω̃meψαr −
L2mR̃r+L

2
r R̃s

σLsL2r
hβ+sβ+C1 ĩβs

(36)

FIGURE 11. Rotor resistance variation (�).

FIGURE 12. Rotor position for MP DTC (Rad).

FIGURE 13. Position’s estimation error under MP DTC (Rad).

FIGURE 14. Detailed view of torque variation for MP DTC (Nm).

The control inputs sα and sβ can be evaluated as follows

sα = −
R̂rLm
σLsL2r

ψ̃αr −
Lm
σLsLr

ω̂meψ̃βr − C1 ĩαs − C2Zα − x̃α

sβ = −
R̂rLm
σLsL2r

ψ̃βr +
Lm
σLsLr

ω̂meψ̃αr − C1 ĩβs − C2Zβ − x̃β

(37)

where C2 is a positive constant.
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FIGURE 15. Detailed view of stator flux variation for MP DTC (Vs).

FIGURE 16. Detailed view of cost function’s values for MP DTC.

FIGURE 17. Detailed view of selected voltage index for MP DTC.

FIGURE 18. Rotor speed under PVC (RPM).

Then, by substituting from (37) into (35) and (36), it results

dZα
dt
=

R̃rLm
σLsL2r

ψαr +
Lm
σLsLr

ω̃meψβr

FIGURE 19. Developed torque under PVC (Nm).

FIGURE 20. Stator flux under PVC (Vs).

FIGURE 21. (a) α-component, (b) β-component of stator current under
PVC (A).

−
L2mR̃r + L

2
r R̃s

σLsL2r
hα − C2Zα − x̃α

dZβ
dt
=

R̃rLm
σLsL2r

ψβr −
Lm
σLsLr

ω̃meψαr

−
L2mR̃r + L

2
r R̃s

σLsL2r
hβ − C2Zβ − x̃β (38)
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FIGURE 22. (a) α-component, (b) β-component of rotor flux under
PVC (Vs).

FIGURE 23. Stator resistance variation under PVC (�).

FIGURE 24. Rotor resistance variation under PVC (�).

FIGURE 25. Rotor position under PVC (Rad).

The observer’s stability analysis is performed using the Lya-
punov preference defined by

V =
1
2

{
x̃2α + x̃

2
β + Z̃

2
α + Z̃

2
β + ψ̃

2
αr

+ψ̃2
βr +

1
0ω
ω̃2
me +

1
0s
R̃2s +

1
0r
R̃2r

}
(39)

where 0ω, 0s, 0r are positive quantities.

FIGURE 26. Position’s estimation error under PVC (Rad).

FIGURE 27. Detailed torque variation under PVC (Nm).

FIGURE 28. Detailed flux variation under PVC (Vs).

FIGURE 29. Detailed view of cost function’s values under PVC.

By differentiating (39), and substituting from (31), (33),
(35) and (36), it results

dV
dt
= −C1x̃2α − C1x̃2β − C2Z̃2

α − C2Z̃2
β −

R̂r
Lr
ψ̃2
αr −

R̂r
Lr
ψ̃2
βr

+R̃s

{
−

L2r
σLsL2r

Zαhα −
L2r

σLsL2r
Zβhβ +

1
0s

dR̃s
dt

}
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FIGURE 30. Detailed view of selected voltage index under PVC.

FIGURE 31. Torque dynamics for the two approaches (Nm).

FIGURE 32. Flux dynamics for the two approaches (Vs).

+R̃r

{
Lm

σLsL2r
Zαψαr −

L2m
σLsL2r

Zαhα +
Lm

σLsL2r
Zαψβr

−
L2m

σLsL2r
Zβhβ −

ψ̃αrψαr

Lr
+
Lm
Lr
hαψ̃αr −

ψ̃βrψβr

Lr

+
Lm
Lr
hβψ̃βr +

1
0r

dR̃r
dt

}

+ω̃me

{
Lm
σLsLr

ψβr −
Lm
σLsLr

ψαr +
1
0ω

dω̃me
dt

}
(40)

The Lyapunov preference V is positive definite, and thus to
get a negative variation of V , the next states must be fulfilled

R̃s

{
−

L2r
σLsL2r

Zαhα −
L2r

σLsL2r
Zβhβ +

1
0s

dR̃s
dt

}
= 0.0 (41)

R̃r

{
Lm

σLsL2r
Zαψαr −

L2m
σLsL2r

Zαhα +
Lm

σLsL2r
Zαψβr

FIGURE 33. Flux loci for the two controllers.

FIGURE 34. α-component current for MP DTC (A).

FIGURE 35. α-component current spectrum for MP DTC.

−
L2m

σLsL2r
Zβhβ −

ψ̃αrψαr

Lr
+
Lm
Lr
hαψ̃αr

−
ψ̃βrψβr

Lr
+
Lm
Lr
hβψ̃βr +

1
0r

dR̃r
dt

}
= 0.0 (42)

ω̃me

{
Lm
σLsLr

ψ̂βr −
Lm
σLsLr

ψ̂αr +
1
0ω

dω̃me
dt

}
= 0.0 (43)

This results in expressing the adaptation laws for the stator
resistance, rotor resistance and speed as following

dR̃s
dt
= 0s

{
L2r

σLsL2r
Zαhα +

L2r
σLsL2r

Zβhβ

}
(44)
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FIGURE 36. β-component current for MP DTC (A).

FIGURE 37. β-component spectrum for MP DTC.

FIGURE 38. α-component current for PVC (A).

dR̃r
dt
= 0r

{
−Lm
σLsL2r

Zαψαr +
L2m

σLsL2r
Zαhα −

Lm
σLsL2r

Zαψβr

+
L2m

σLsL2r
Zβhβ +

ψ̃αrψαr

Lr
−
Lm
Lr
hαψ̃αr

+
ψ̃βrψβr

Lr
−
Lm
Lr
hβψ̃βr

}
(45)

dω̃me
dt
= 0ω

{
Lm
σLsLr

ψ̂αr −
Lm
σLsLr

ψ̂βr

}
(46)

Then by using (44), (45) and (46), the speed and resistances
can be accurately estimated. A general layout for the back-
stepping observer illustrating the inputs and outputs is illus-
trated in Figure 2.

V. COMPLETE SYSTEM LAYOUT
After designing the BSO observer, the complete control sys-
tem is constructed and formulated as shown in Figure 3.

FIGURE 39. α-component current spectrum for PVC.

FIGURE 40. β-component current for PVC (A).

FIGURE 41. β-component spectrum for PVC.

The system measures and samples the currents of the stator
windings to be used by the controller besides the feedback
voltages which are obtained with the help of FCSmechanism.
The input to the proposed BSO observer are the sampled volt-
ages and currents, while the outputs are the estimated signals
of the current, flux, speed and stator and rotor resistances.
After that, the observed speed is used to close the speed loop,
while the observed stator current and rotor flux are used to
evaluate the stator flux using the current-flux relationship.
The estimated signals including the resistances are then used
to predict the torque and flux at (k+1)Ts, which are then sub-
stracted from their references to get the error signals which
are the inputs to the PI flux and torque regulators.

The PI regulators are then used to provide the reference
voltages u∗ds,k+1 and u∗qs,k+1 which are then used by the
convergence condition of (27). The feedback voltage signals
uds,k+1 and uqs,k+1 are obtained from the controller outputs
using a memory block which is considered as a buffering unit.

11932 VOLUME 9, 2021



M. A. Mossa et al.: Novel Sensorless PVC for an IM Drive Based on a Back-Stepping Observer-Experimental Validation

FIGURE 42. Experimental layout for the proposed PVC approach.

FIGURE 43. Rotor speed with MP DTC (RPM).

The implementation steps of the designed PVC procedure
is presented in Fig. 4, in which the control systems starts
with setting initial values, then the measurement and sam-
pling of the voltages and currents are performed, after that
the BSO is utilized to estimate the required variables which
are then used to predict the torque and stator flux at time
(k+1)Ts. The predicted variables are then used along with
the torque and flux references to get the reference voltages
using the designed regulators. The next step is the substitution
of the reference and predicted signals into the designed cost

FIGURE 44. Developed torque with MP DTC (Nm).

function and starting the optimization until a minimum value
is obtained, then the specified voltage which achieves this
target is chosen by the controller.

VI. SIMULATION RESULTS
In order to test the applicability of the PVC, a comparative
study is organized between the performances of the MP DTC
and novel PVC approaches. The Matlab/Simulink software is
firstly used for comparing the two dynamic performances and
then the experimental tests are carried out using a dSPACE
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FIGURE 45. Stator flux with MP DTC (Vs).

FIGURE 46. Actual and estimated α- β-components of stator current and
the resulatant errors with MP DTC (A).

1104 control board as presented in Sect. 7. The tests are
concerned with checking the dynamic response and testing
the validity of the sensorless scheme. The tests are arranged
for a speed variation of 800→ 400→ 20 RPM at t = 0s,
t = 2 s and t = 4 s, respectively. A load torque of 5 Nm (half
of rated torque) is applied at starting, then it is changed to

FIGURE 47. Actual and estimated α- β-components of rotor flux and the
resulatant errors with MP DTC (A).

FIGURE 48. Stator resistance change with MP DTC (�).

full load (10 Nm) at t = 3.5 s. The reference flux is set to the
rated flux (1 Vs). In order to test the BSO robustness against
parameters variation, a change in the stator resistance (Rs) is
made at time t = 3.5 s at which Rs became 1.5 times of its
original value. In similar way, the rotor resistance (Rr ) value
is changed at time t= 2.5 s to be 1.5 times of its original value.
The BSO performance is tested for different speed ranges for
the two control approaches.
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FIGURE 49. Rotor resistance change with MP DTC (�).

FIGURE 50. Rotor position with MP DTC (Rad).

FIGURE 51. Position’s estimation error with MP DTC (Rad).

FIGURE 52. Detailed torque variation with MP DTC (Nm).

FIGURE 53. Detailed flux variation with MP DTC (Vs).

A. PERFORMANCE OF MP DTC WITH BSO
At first, the dynamics of IM using the MP DTC are pre-
sented as shown in Figures 5, 6 and 7 which illustrate the
speed, the developed torque and stator flux profiles, in turn.
In Figure 5, the validness of the proposed BSO for the precise

FIGURE 54. Detailed view of cost function’s values with MP DTC.

FIGURE 55. Detailed view of selected voltage index with MP DTC.

FIGURE 56. Rotor speed with PVC (RPM).

FIGURE 57. Developed torque with PVC (Nm).

speed estimation is confirmed at very low speed operation and
under parameters mismatch as well. However, the ripples are
noticeable under the MP DTC.

The BSO is still confirming its effectiveness with the MP
DTC, and this is illustrated through Figs. 8 (a,b) and 9 (a,b)
which show the actual and evaluated signals of the current and
flux, accordingly. Figures 10 and 11 show the estimated and
actual values of stator and rotor resistances which reconfirm
the validity of the BSO.
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FIGURE 58. Stator flux with PVC (Vs).

The robustness of the BSO is verified through the correct
estimation of rotor position θme while changing the parame-
ters. This is observed in Figure 12 which presents the actual
and calculated positions and Figure 13 which presents the
resultant error. From these illustrations, it can be realized that
there is a definite alignment between the actual and estimated
positions which resulted in a null estimation error.

In order to perform the comparison in an appropriate way,
the control action under the two approaches must be illus-
trated in detailed figures. So, for the MP DTC, the control
action is illustrated through Figures 14, 15, 16 and 17 which
show a detailed view of torque variation, flux variation, cost
function (28) and voltage index.

B. PERFORMANCE OF PROPOSED PVC WITH BSO
The drive performance is also analyzed using the sen-
sorless PVC approach. The tests are performed with the
same terms introduced in Sect. VI (A) where the MP DTC
was adopted. The IM dynamics under PVC are shown in
Figures 18, 19 and 20 which show the speed, torque and flux
profiles. The BSO is confirming its validity with the PVC
approach via the accurate estimation of the speed at dif-
ferent speed operation and under system’s uncertainties as
well. Meanwhile, in Figures, 19 and 20, it can be obviously
noticed that the ripples are effectively suppressed in com-
parison with its relative values under the MP DTC approach
in Figures 6 and 7.

The reduced ripples content is also noticed in the esti-
mated and actual signals of the currents and fluxes as seen
in Figures. 21 (a,b) and 22 (a,b). Through these figures,
the robustness of the BSO is also proved through the precise
estimation of current and flux components.

Figures 23 and 24 illustrate the observed and actual values
of the resistances. Using the BSO, the variations in the resis-
tances are effectively observed and tracked with minimum
deviation.

The BSO robustness is also tested with the PVC approach
through the accurate observation of rotor position under the
parameters mismatch as shown in Figures 25 and 26.

A zoomed layout for the torque and flux dynamics are
shown in Figures 27, 28, 29 and 30 that show the detailed
torque variation, detailed flux variation, calculated cost func-
tions and voltage index. From these figures and by comparing

FIGURE 59. Real and observed α- β-components of stator current and the
resulatant errors with PVC (A).

with their relatives quantities under MP DTC, it can be real-
ized that the ripples under the PVC are effectively reduced.

The performances of the two control procedure can be also
shown in the same figure to visualize the advantage of the
PVC over the MP DTC in the context of reduced torque and
flux ripples. Figures 31, 32 and 33 show the torque, flux and
iso flux profiles for the two approaches. It can be also noted
that the dynamic response for the proposed PVC is faster than
the MP DTC and this due to that the control terms of the cost
function used by the PVC are the stator voltages which are
not calculated values like the flux and torque in the MP DTC,
so the time to reach to the target is much shorter when using
PVC.
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FIGURE 60. Real and observed α- β-components of rotor flux and the
resulatant errors with PVC (Vs).

FIGURE 61. Stator resistance change with PVC (�).

The comparison is also performed through analyzing the
harmonics content in the stator voltage and stator current
signals using the Fast Fourier Transform (FFT) analysis.
Figures 34, 35, 36 and 37 show the α-components of sta-
tor current and stator voltage and their respective FFT
spectrums when applying the MP DTC approach. Mean-
while, Figures 38, 39, 40 and 41 illustrate the current
signals and the related FFT analysis when applying the pro-
posed PVC approach. By visual check it is not difficult to
distinguish the reduced current and voltage harmonics when

FIGURE 62. Rotor resistance change with PVC (�).

FIGURE 63. Rotor position with PVC (Rad).

FIGURE 64. Position’s estimation error with PVC (Rad).

FIGURE 65. Detailed torque variation with PVC (Nm).

TABLE 1. Currents spectrums under MP DTC and PVC approaches
(simulation).

applying the PVC in contrast to the values obtained under
MP DTC.

The Table 1 shows the FFT analysis for the current signals
which are obtained by the two control approaches.
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TABLE 2. Number of commutations for both techniques.

FIGURE 66. Detailed flux variation with PVC (Vs).

FIGURE 67. Detailed view of cost function’s values with PVC.

FIGURE 68. Detailed view of selected voltage index with PVC.

The performed commutations is also compared for the
two procedures, and the statistics are addressed in Table 2.
It can be noticed that the performed commutations under the
PVC are much lower than that of MP DTC, which effec-
tively helps in restricting the switching losses under the PVC
approach. This fact can be easily explained by checking the
cost functions of the two procedures. For the MPDTC, and to
evaluate the cost function in (28), the torque and flux must be
firstly calculated which consumes much time. On the other
hand, in PVC, the cost function of (27) does not contain
any term needs to be evaluated and thus the time taken for
computation is much lower.

VII. EXPERIMENTAL VALIDATION
To verify the effectivity of the formulated sensorless PVC
approach, the experimental tests are executed under the same
operating conditions given in Sec. VI. The experimental lay-
out is shown in Figure 42, which consists mainly of three

FIGURE 69. Torque dynamics for the two approaches (Nm).

FIGURE 70. Flux dynamics for the two approaches (Vs).

sections: the power section, the control section and instru-
mentation section. A three-phase wound rotor type IM is
used in which the rotor terminals are short circuited, and the
stator’s terminals are connected to the inverter’s terminals.
The inverter is also connected to the dSPACE connector panel
(CP 1104) via two data cables. The voltages and currents
are sensed using Hall Effect sensors which are connected to
the CP 1104 which is responsible for delivering the analogue
signals to the PC using Analogue/Digital (A/D) converters.
The sampled and measured variables are then entered to the
dSPACE 1104 control desk environment installed on the PC.

A. PERFORMANCE OF MP DTC WITH BSO
The dynamics of MP DTC are tested experimentally for a
change in the rotational speed of 800→ 400→ 20 RPM at
times t = 0s, t = 2 s and t = 4 s. The flux reference is set
to 1 Vs. The torque reference is obtained using a PI speed
regulator. The motor is loaded at starting with 5 Nm and then
at time t = 3 s, the torque is raised to the 10 Nm (nominal
torque). A variation in the rotor and stator resistances is made
at times t = 2.5 s and t = 3.5 s, so that their values become
1.5 times of their actual ones. The BSO is used to provide the
estimated flux, current, speed and stator and rotor resistances.
The reference voltages components are obtained using the
designed flux and torque regulators.

Figures 43, 44 and 45 show the speed, torque and stator flux
profiles of IM under MP DTC. From Figure 43, it is noticed
that the proposed BSO succeeded in estimating the speedwith
high matching degree. In Figure 44, the developed torque
show a change at t= 3 s as a respond to the torque reference;
however remarkable torque ripples are noticed. In Figure 45,
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FIGURE 71. Flux loci for the two approaches.

the flux is following precisely the flux reference but with
noticeable oscillations. The observed α-β signals of stator
current and rotor flux and their observation errors are shown
respectively in Figures 46 and 47.

The estimated and actual quantities of stator and rotor
resistances are shown in Figures 48 and 49. These fig-
ures prove the effectivity of the BSO in tracking the
parameters change which as a result improves the system’s
robustness.

The robustness of the sensorless scheme is also approved
via checking the profiles of the real and observed posi-
tion and the resultant estimation error shown respectively
in Figures 50 and 51. A concentrated view for the MP DTC
dynamics is presented in Figures 52, 53, 54 and 55 which
show a sample torque variation, a sample flux variation,
calculated cost function and voltage index variation. From
these figures, it is very obvious that according to the val-
ues of cost function, the voltage index changes its state
in the way that the voltage which minimizes the error is
selected.

B. PERFORMANCE OF PROPOSED PVC WITH BSO
The IM dynamics are tested experimentally for the
same operating regimes introduced for the MP DTC.
Figures 56, 57 and 58 illustrate the estimated and actual
speed, the developed torque and estimated stator flux. The
speed profile proves the validity of the proposed BSO in
achieving a precise tracking of the actual speed, meanwhile
the calculated values of torque and flux exhibit much lower
ripples in relative to the calculated values under MP DTC.
The estimated and actual values of the stator current and rotor
flux components and the related estimation errors are shown
in Figures 59 and 60, respectively. From the estimation error
profiles, it can be noticed that the BSO successfully achieved
its target by maintaining a very small deviation between the
real and observed variables.

The estimation of stator and rotor resistances is also
accomplished using the BSO as shown in Figures 61 and 62,
respectively. The precise track of estimated resistances to

FIGURE 72. α-component current with MP DTC (A).

FIGURE 73. α-component current spectrum with MP DTC.

FIGURE 74. β-component current with MP DTC (A).

FIGURE 75. β-component current spectrum with MP DTC.

their actual values are achieved which contributed effectively
in enhancing the system’s robustness. Figures 63 and 64
illustrate the estimated and actual positions and the
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FIGURE 76. α-component current with PVC (A).

FIGURE 77. α-component current spectrum with PVC.

FIGURE 78. β-component current with PVC (A).

related error. From these figures, the validity of the BSO
is ensured through obtaining minimum estimation error.
A detailed control action is illustrated in Figures 65, 66,
67 and 68 which show the torque variation, flux varia-
tion, calculated values of cost function and stator volt-
age index, respectively. Compared with Figures 52 and 53
obtained under MP DTC, the torque and flux deviations in
Figures 65 and 66 are much lower which confirm the superi-
ority of proposed PVC over the MP DTC approach.

In order to illustrate the improved dynamic behavior
of IM drive under PVC, the profiles of flux, torque and
iso flux are presented for the two procedures as shown
in Figs 69, 70 and 71. Through these figures, it is easy to
realize that the proposed PVC has better dynamics than the

FIGURE 79. β-component current spectrum with PVC.

TABLE 3. Currents spectrums under MP DTC and PVC approaches
(experimental).

TABLE 4. Number of commutations for both techniques.

MP DTC. The comparison is also made through analyz-
ing the FFT spectrums for the stator current’s α-β compo-
nents as shown in Figs 73 and 75 for the MP DTC and
in Figs 77 and 79 for the proposed PVC. By checking, it is
found that the currents under PVC exhibit less harmonics.
The values of THD are presented in Table 3.

The comparison in terms of number of commutations is
also carried out between the two control procedures. The
statistics are recorded in Table 4 through which it can be
realized that the proposed PVC has succedded in limiting
the number of commutations thanks to the simple form of
proposed cost function given in (27).

VIII. CONCLUSION
The paper introduced a novel predictive voltage con-
trol (PVC) for a sensorless IM drive using a robust back-
stepping observer (BSO). The design procedures for the
proposed PVC and BSO are introduced and described in
details. The operation principle of the PVC is established
on regulating the deviation of the applied voltage from its
reference signal, and thus the used cost function is free of the
estimated variables which simplifies the system’s structure.
The proposed BSO considers the observation of stator and
rotor resistances to enhance the stability of the system ver-
sus the parameters variation. To approve the validity of the
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designed PVC, a detatiled comparison is carried out between
the traditional MP DTC and the proposed PVC. The compar-
ison tests are performed by simulation using Matlab software
and experimentally using a dSPACE 1104 control board.
The obtained results confirm the validness of the presented
PVC in achieving better dynamics than the MP DTC in terms
of ripples content, simplicity, number of commutations and
switching frequency.

APPENDIX

TABLE 5. Parameters of IM Drive.
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