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This paper introduces a direct model predictive voltage control (DMP VC) for a sensorless five-phase induction motor drive. The
operation of the proposed sensorless DMP VC is based on the direct control of the applied stator voltages instead of controlling
the torque and flux as in model predictive direct torque control (MP DTC). Thus, the simplicity of the control system is enhanced,
which saves the computational time and reduces the commutation losses as well. The methodology based on which the proposed
sensorless DMP VC performs its operation depends on minimizing a cost function that calculates the error between the reference
and actual values of the direct and quadrature (d-q) axes components of stator voltages. The reference values of d-g components of
stator voltages are obtained through incorporating the deadbeat control within the proposed model predictive system. A robust
back-stepping observer is proposed for estimating the speed, stator currents, rotor flux, and rotor resistance. The validity of the
proposed sensorless DMP VC is confirmed through performing detailed and extensive comparisons between the proposed DMP
VC and MP DTC approach. The obtained results state that the drive is exhibiting better performance under the proposed DMP
VC with less ripples content and reduced computational burden. Moreover, the proposed back-stepping observer has confirmed
its effectiveness in estimating the speed and other variables for a wide range of speed operation.

1. Introduction

Recently, the multiphase machine drives have been given
great concern due to their various advantages compared
with the three-phase AC machine drives [1-3]. These ad-
vantages can be addressed in the form of high robustness,
smooth torque profile, reduced ripples content in the
controlled variables, reduced current rating for each phase of
the stator, and enhanced fault-ride through capability [4-6].
All of these merits have motivated the industrial commu-
nities to use the multiphase machines in high-power ap-
plications such as aircraft and naval propulsion and electric
traction systems, as well as aerospace applications [7-9].

One of the most familiar types of multiphase machines is
the five-phase induction motor (FPIM) [10-12]. Many
control topologies have been presented for controlling the
operation of the FPIM drives so that an optimal performance
can be obtained from the drive in terms of low ripple
contents, high efficiency, and ease of practical imple-
mentation. The direct torque control (DTC) and field ori-
ented control (FOC) are considered as the most used control
topologies for the majority of electric machine drives
[13-16]. Both techniques have contributed effectively to
improving the dynamic performance of the FPIM drive, but
on the other hand they have suffered from some problems.
For example, for the FOC approach, the system complexity
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is obvious due to the utilization of multiple proportional-
integral (PI) controllers, which require precise tuning of its
coeflicients. This is in addition to the time delay, which is
added to the system response due to the use of PI controllers
[13, 14]. On the other hand, the DTC control approach has
managed to reduce the system complexity and achieve fast
dynamic response as well. However, it has suffered from the
remarkable ripples content in the controlled variables
[15, 16].

To overcome the shortages of the DTC and FOC ap-
proaches, the model predictive control (MPC) principle has
been presented for the FPIM drive in different forms. Some
of these forms have depended on controlling the torque and
flux and were entitled as model predictive direct torque
control (MP DTC) [12, 17]. The MP DTC approach has
succeeded in reducing the system complexity and reducing
the ripples compared with the classic DTC look-up table
based approach, but the ripples have not been totally
suppressed.

However, the MP DTC has suffered from the high
computational burden, which cannot be realized by all
microprocessors. The main factor that manages the com-
putation time in the model predictive control in general is
the form and parts of the used cost function. For example,
for the MP DTG, the cost function is consisting of two parts:
one for the torque regulation and the other for the flux
management. This function type requires the utilization of a
weighting factor to weigh the importance of each term with
respect to the other. The calculation of optimal weighting
factor is a time-consuming process, which results in adding
extra execution time and increasing the commutation losses.
This is in addition to the fact that both terms (torque and
flux) need to be estimated, which again lengthens the
computational time for each cycle.

As a solution for these issues, the current paper proposes
a direct model predictive voltage control (DMP VC) ap-
proach for a sensorless FPIM drive. The operation of the
proposed approach is based upon utilizing a cost function
form, which consists of two similar terms to avoid using a
weighting factor. The two similar terms of the cost function
are the errors between the reference values of direct-
quadrature (d-q) axes components of stator voltage and their
correspondent actual values. Through checking the cost
function configuration as will be illustrated later, it can be
realized that the cost function’s variables (the voltages ap-
plied to the motor terminals) can be directly accessed
without performing any estimation. This procedure has
resulted in reducing the calculation time of the cost function,
which reduces the commutation time as well as switching
power losses. Moreover, the control is now dealing directly
with the fastest variable to be applied to the PFIM (which is
here the stator voltage), and this results in enhancing the
system dynamic response.

To increase the robustness of the FPIM drive, several
sensorless schemes have been proposed for estimating the
rotor speed and rotor flux. Some of them have depended on
utilizing the model reference adaptive system (MRAS) ob-
server [18-20]. The main deficiency of the MRAS observer is
the sensitivity to parameters variation, especially at low
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speed operation. Other sensorless schemes have utilized the
sliding mode observer [21, 22]. The precision of the speed
estimation using the sliding mode observers has been
negatively affected by the noise characteristics. Moreover, in
order to solve the chattering problem, higher-order sliding
modes have been utilized, which resulted in increasing the
system’s complexity. Another senseless procedure has
implemented the extended Kalman filter for estimating the
speed [23]. The main issue related to this scheme is the
dependency of the observer’s model on the parameters,
which can result in deteriorating the estimation due to the
parameters variation under certain operating conditions.
Another scheme has depended on estimating the rotor
position through tracking the saliency position [24]. This
method has suffered from the increased computational
capacity of the system due to the system complexity.

As an attempt to achieve robust and precise speed es-
timation without adding extra computational burden on the
controller, a new back-stepping speed observer is presented
in this paper. The proposed back-stepping observer not only
estimates the speed but also estimates the stator current, the
rotor flux, and rotor resistance. Checking the observer’s
stability has been presented to confirm its effectiveness in
estimating the speed precisely for a wide range of operations
under varying the rotor resistance. It is worth mentioning
that the back-stepping principle has been introduced for
different AC machine drives as a control system [25, 26], but
it has been rarely utilized as a speed observer.

The back-stepping approach is a recursive procedure, the
operation of which is based on the Lyapunov theory. This
strategy is widely used for designing the control laws for
uncertain systems. To our knowledge, majority of the
methods that have been used for observing the states of the
induction machine depending on the back-stepping prin-
ciple and introduced in the literature have been mainly
utilized for estimating the resistive and inductive parameters
of the machine in the presence of mechanical speed sensor.
However, the difficulties are coming out when eliminating
the speed sensor because of the unobservability of the motor,
especially at very low speed. It is shown that the proposed
method in [27] must be modified to take into account this
nonlinear dynamic coupling by introducing other damping
terms into each control input. The second contribution that
the paper presents is to apply the back-stepping observer to
the systems that have high degree of coupling between the
electromagnetic and mechanical variables. In this form, the
nonlinearities entering each subsystem are allowed to de-
pend on the output associated with the subsystem and the
states of the upper subsystem, including the unmeasured
ones. The proposed observer algorithm is applied to the five-
phase induction motor. The proposed observer only takes
the stator voltages and currents as inputs and provides the
speed, the rotor flux, the stator current, and rotor resistances
as estimated outputs.

The paper is organized as follows; it starts with intro-
ducing the mathematical model of the five-phase IM (FPIM)
drive. Then, in Section 3, the proposed DMP VC approach is
described and analyzed in detail. After that, in Section 4, the
proposed back-stepping observer is presented and
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explained. In Section 5, the complete system configuration is
presented. In Section 6, the test results are introduced and
discussed. The test results are presented in the form of
comprehensive comparisons between the proposed DMP
VC and MP DTC approach. Finally, Section 7 introduces the
conclusion and the outcomes of the paper.

The contributions of the paper can be addressed through
the following items:

(i) The proposed DMP VC approach has not been
tested before with the FPIM drive.

(ii) The derivation and analysis of the proposed DMP
VC are performed through a detailed mathematical
verification so that the base principle can be easily
understood.

(iii) The proposed back-stepping observer has been
presented and analyzed in detail so that the oper-
ation principles of the observer can be easily
verified.

(iv) The robustness of the proposed back-stepping ob-
server has been verified under the parameters
variation for a wide range of speed operation.

(v) A detailed comparison between the proposed DMP
VC and MP DTC for the FPIM drive is carried out
in terms of the total harmonic distortion (THD) for
the current signals and in terms of the average error
values. Moreover, a comparison has been carried
out in terms of switching frequencies and number of
commutations and finally in terms of the compu-
tational time and switching losses.

2. Mathematical Model of FPIM

Several studies have presented and formulated the mathe-
matical model of FPIM according to specific assumptions
[28, 29]. The model can be represented in different reference
frames, such as the rotating synchronous reference frame,
which gives the (d-q-x-y) axes configuration, while repre-
senting the model in the stationary reference frame gives the
(a-B-z,-z,) axes configuration.

When representing the FPIM model in the synchro-
nous reference frame, the d-g components will be re-
sponsible for managing the flux and torque, respectively.
Meanwhile, the x-y components will be responsible for
developing the losses.

Under rotor field oriented control (RFOC), the following
discretized relationships are obtained at instant kTs as
follows:

‘/’drk ‘/’rk

WQrk_OO

(1)

where T is the sampling time; ‘/’drk and 1// « i refer to the
direct and quadrature axes components of stator flux defined
in the synchronous rotating frame. Moreover, the super-
script “rf” is used to state that the variables are defined in a
reference frame, which rotates synchronously with the rotor
flux.

Utilizing (1) and via adopting the principles of RFOC,
the equations that describe the electric dynamics of the
FPIM can be represented in the (d-q-x-y) reference frame by

—rf f
dl//drk dv/r,k _ Lfml f V/ér,k (2)
dt e 7, k7
dyrg L
T rgrk k m .rf rf
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diéfs,k xf xrf rf 1 rf
ar ilask T Wmexlgsk T V2Vark T 7 Hdske (4)
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ditt 1
qgsk .rf .rf rf rf
dt = Yilgsk ~ @mektdsk TVoVark + L_uqs,k’ (5)
t
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S

-rf
di ys,k _Rs rf L o

di ~ L, e TL e 7
dwm K B p
dte = Ysll’drk’qsk ]le, (8)

where the subscripts s and r refer to the stator and rotor
variables, respectively, and
2 2
v = L R, + LR,
=T s

Lr: -
L.R
Y2 = LmL 5
tHr (9)
_ Pl
Vs = L
r
Wy = Wy — Whe
where wy is the angular frequency of the rotor flux, w,,. is

the mechanical angular frequency, and wy is the slip angular
frequency. The parameters R, and R, refer to the stator and
rotor resistances, respectively. The inductances L, L,, L,,,
and L, refer to the stator, rotor, magnetizing, and stator
leakage inductances, respectively. The inductance L, = 0L,
refers to the stator transient inductance, while the constant
0=1- (L%/L,L,) refers to the total leakage factor. The
parameters p and J refer to the pole pairs and the moment of
inertia, respectively. Finally, 7, = L,/R, refers to the rotor
time constant.

Via utilizing the relationships (2) to (8), the equivalent
circuit of the FPIM can be represented as shown in Figure 1.
In this figure, it can be noticed that the model is consisting of
decoupled d-q axes equivalent circuits similar to those of
three-phase IM, decoupled x-y axes equivalent circuits, and
decoupled x-y axes equivalent circuits for the rotor. The
latter can be simply represented by resistive-inductive
circuits.
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FIGURE 1: (d-g-x-y) axes equivalent circuit model of FPIM defined in synchronous reference frame. (a) d-axis equivalent circuit, (b) g-axis
equivalent circuit, (c) x-y axes equivalent circuits for stator side, and (d) x-y axes equivalent circuits for rotor side.

3. The Proposed DMP VC Approach

The principle based upon which the proposed DMP VC
approach is formulated states that the motor’s flux and
torque can be directly controlled via controlling the direct
and quadrature (d q) axes components of applied stator
voltage (uﬁfsk, qsk) respectively. This argument can be
verified mathematically as follows.

Under RFOC, the total rotor flux is aligned with the d-
axis of the rotating reference frame, and the following re-

lationships are obtained:
—rf

er

where i i . is the rotor magnetizing current and 7, k and 7., k
are the stator and rotor current vectors, respectlvely

The relationship between the stator, rotor, and mag-
netizing currents can be represented by

+L 1 =L (10)

lmr k>

—rf
i Wr,k _ Lr —rf —rf
1mr,k - L - L lr,k + ls,k'

m m

(11)

Under the RFOC, the reference frame rotates with an
angular speed defined by

Wy
.rf
_ n ! qs,k
w‘/’r,k = Wmek <rf
T lmrk

(12)

The space vector representation under the application of
RFOC is illustrated in Figure 2, through which it is observed
that the total rotor flux is fixed with the d-axis of the rotating
frame and rotates with an angular frequency of wy .
The angle &, refers to the load angle (torque angle) between
the rotor flux and stator current vectors. The stator
current vector rotates with an angular frequency of
Wy = d/dt () + 65 ).

» Stator axis

FIGURE 2: Vector diagram for steady-state operation of IM under
RFOC.

The voltage balance in the FPIM circuit can be expressed
in an alternative form by the following relationships:
—rf

_ f —rf A
i = Ry + =3, + jog, Voo (13)
er Wg
—rf —rf k —rf 14
u:,k =0= err,k df + J( wme,k)ll/;k' ( )

By substituting (11) and (12) into (13) and (14), and after
mathematical derivations, this results in

~rf of
di mrk + oL dlds k irf -
s\ dt ask v )

ufifsk =R zdsk+(l o)L,

(15)
rfk
qS f
qsk qusk+(1 cr)Lszmrka,k+aLS U + i @ wy |
(16)
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dl k  =rf rf
T, (Iiﬂtr, Imr,k = l:is k> (17)
Te,k
7 dw,,.
p dt =L 5P(1 o)L lmrqusk Ty (18)

Using (17) and its derivative, by substituting into (15),
this results in
2-rf —.rf

d-i
U, = aLsrr—d‘t“;k +(Ryr, + L) “"k )
+ RS mrk — oL zqskww R

By taking the Laplace transform of (19), this results in

ufifs)k (s) = aLsTr(szf:fmk (s)) + (R, + Ls)sf;flr)k (s)
(20)
+R zmrk(s) oL Ef( I4s W, k)

where & denotes Laplace transform. Then the value of
(s) can be derived from (20) by

mrk

1/R; u

W (9) + ot 2 (it it 0y k)

5
f (I/R )udsk s)+or SZ( I k0, k) (21)
mr,k - 2 >
01,7, 8% + (T, + 7,)s + 1
where 7, is the stator time constant that is equal to

7, = LJ/R,.

The characteristic polynomial equation of the transfer
function given by (21) has always real eigenvalues, which can
be derived as follows:

o1,7,5" + (1, +7,)s+ 1 = 0.0,

_ _(Ts + Tr)

\/(TS +1,)° - 401,71,
S0 = + .

201,71,

207,T,
(22)

To get real eigenvalues, the quantity under root square

\/ (7, + 1,)* — 4077, must be larger than 0.0; thus,
2, 2
0 =1, + 7T, + 21,1, — 407,71, > 0.0, (23)

and thus (21) can be rewritten by

(24)

(s =
mr,k ((ZUTSTI’/ (TS + Tl’

From (24), it can be realized that the term & (igewy) can
be recognized as a disturbance on which the control system
has to be robust.

- \/5))5+ 1)+

+((201,7, /T, + 7, + VO )s + 1)

Now, from (10), (11), and (24), the transfer function that
relates to the rotor flux and the input d-axis stator voltage
component can be expressed by

(Lm/Rs)uZlfs,k (S)

Vi (s) =

(207,17, (1, + 7, = VO))s + 1) + ((207,7, /74 + T, + VO )s + 1)

Assuming that, under steady-state operation, the current

(25)
) oL,T 3( igs k@07, k)
((20t,t,/ (7, + 7, — VO))s + 1) + (207,7,/ (1, + 7, + VO )s + 1)
j f | j j
Ci( = udsk ‘uqsk ufls,k +'0 0- uxsk +'0 0- uysk
(27)

:mk is constant, from (16), the Laplace transform of i zqsk (s)
can be obtained and expressed by

VR, | uf, ~L (i 0y ) (26)

qSk( 9= oTs + 1

From (25) and (26), the argument that states that the flux
and torque of the FPIM can be regulated using the d-q
components of stator voltage is verified and approved. Then,
via substitution from (12) and (18) into (26), the mathe-
matical model of FPIM can be obtained in the functional
diagrams as shown in Figures 3 and 4.

After approving the hypothesis of controlling the torque
and flux directly through controlling the d-q components of
the applied stator voltage, the cost function to be utilized by
the proposed DMP VC can be formulated by

where j denotes the voltage index.

By checking the terms of the cost function (27), it can be
realized that the terms are of the same type and thus there is
no need to utilize a weighting factor, which saves the com-
putation time. Moreover, it can be noticed that the controlled
Varlables (the stator voltage components 4} ds o f;fs o XS o and

k) can be directly obtained via three different procedures;
the first choice is obtained via direct measurements using
filters, but this solution is not preferred due to the delay in the
system response. The second way to get the voltage com-
ponents is through calculating the voltages with the help of
pulse width modulation (PWM) using the switching states,
but this method results in varying and high-switching fre-
quencies, which increases the switching losses. The third
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Ugs (1/Ry) g
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Lgi

s‘mr

Wlip

FIGURE 3: Control of iy (torque regulation).

(L/Ry)

Uds
20T, TS

Vi

1

n+u_¢5+q[

207, TS } +

+1
Y

Wy, oL T,

—>
; x > 20T, Tgs +1 207T,Tgs +1
mr

— T+ T - 7(5 T+ T+ +/0

FIGURE 4: Control of v, (flux regulation).

method is to adopt the finite control set (FCS) principle and
calculate the voltages from the switching states (S,, Sp, Sc, Sa»
and S,) of the inverter, and this method is adopted here due to

Uy

Upsk = ?d (4Sa - Sb - Sc - Sd - Se)’
U

ubs,k = % (4Sb - Sa - Sc - Sd - Se)’

U
U = Sdc (4Sc - Sa - Sb - Sd - Se)’

Ugc
Ugsk = Sd (4Sd - Sa - Sb - Sc - se)’

_Sb _Sc _Sd)’

7

3 :

I
ﬁlﬁﬁlﬁlm‘q
e N R

4m
as.k + COS ? ubs’k + cos

its simplicity and reduced computational burden. The cal-
culation of the voltages using the switching states is illustrated
by the following formulations:

(28)

21 4 4 21
Mas k + COS<_>“bsk + COS<—>MCSk + COS<—>udsk + COS<—>uesk>,
’ 5 ’ 5 > 5 > 5 >
21 4 4 21
sin(—)ubsk + sin(—)ucsk - sin(—)udsk - sin(—)uesk>,
5 ’ 5 ’ 5 > 5 >
T 8m 4
5 s+ (3 Jass + 05( 3 s ).
4 8 8m 4
sin(—)ubsk + sin(—)ucsk - sin(—) dsk — sin(—)uesk>,
5 ’ 5 > 5 > 5 >
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where the superscript s refers to the quantities defined in
stationary frame. Then the feedback d-q-x-y stator voltage
components defined in the synchronous reference frame rf
can be calculated by

rf

S .
Uggj = Upg COS 05, + gy sin Oy

rf — _ . B S .
Ugsk = uas)k sin 0 . + gy €OS Gwrk,

f _ s
Usgy = Uygy COS 0

(29)
|t ugsinbg

rf

=~  sin6-
Uygr = ~Uygp SIN O

+ ”ys,k cos 9%(.

The reference values of u, and ug, are set to zero to
minimize the power losses. The remalmng parts of the cost
function (27) are the reference values of stator voltage
components uj, and ugy,, which are derived through
adopting the deadbeat control principle within the predic-
tive voltage controller. This can be described as follows.

The deadbeat control has the ability to perform a simple
and direct treatment of the controlled variables (torque, flux,
and current), as it enables the computation of the desired
input signal (reference values) ensuring that the actual
signals will track definitely the reference signals for each
control cycle when applied to a discretized system. For this
reason, the deadbeat control is utilized here to generate the
references of the d-q components of stator voltage vectors,
which are then utilized by the cost function besides the
actual d-q components of stator voltage vectors (uj, and

Ug))- The main arguments based upon which the deadbeat
control stands can be described as follows.

It is well recognized that the continuous linear system
can be described by two relationships as follows:

X = AX + Bu + Go, (30)

7 = C%, (31)

where, A, B, C, and G are »n * n matrices and C=1, where I is
the identity matrix. In addition, @ denotes the disturbance
vector. The relationship in (30) can be discretized and then
can be expressed at instant kT; as follows:

?(k + 1) = Adfk + Bdﬁk + dek, (32)
Ay = eMMo=T+ AT,
By = J e*TsBdr = BT,
d o (33)

Gy = j e"'sGdr = GT,.
0

To maintain the steady-state error at minimum value, the
system input vector (the stator voltage d-q components) has
to be calculated as follows:

U = F (Xpef = %) (34)

where X, is the reference vector and F is the matrix gain.
Then, via substituting (34) into (33) and putting X,.; = X,
the input vector that guarantees minimum error can be
expressed by

U, = By Ag[A' %ot — %) — A7 Gy, |- (35)

The relationships in (34) and (35) can now be applied to
the corresponding relationships, which describe the electric
dynamics of the FPIM expressed in the d-q axes under the
RFOC as follows.

The d-axis component of the stator voltage under RFOC
can be expressed after some mathematical manipulation
starting from (2) to (5) by

T RS L T Lm d T,
”dfs,k :(L_ T slk>‘l’drk (L_+ Lm) 1/(/;; £ (36)

m r

Meanwhile, the g-axis component of stator voltage can
be expressed in the same manner by

dif L. L LT,
qs,k
qsk Rslqsk + L dt +< Lm + 7Lt ) * 71 L Wy, -
T m lqs k

(37)

The relationships in (36) and (37) can be considered as
a mirror to the relationships in (25) and (26), which report
that the flux and torque can be controlled via controlling
the d-axis and g-axis components of stator voltages,
respectively.

According to (34) and (35), and from (36), to achieve the
flux control, the predicted value of rotor flux at instant
(k+1)T, must be equal to the reference value so that

f %
V/ar,kﬂ = lPr,k' (38)

Moreover, the derivative of the rotor flux can be
expressed assuming small sampling interval (T;) by
f f f s f
dwar,k _ War,k#—l - w{ir,k _ I//r,k - l//f:lr,k

= 39
dt T T, (39)

S

Then, from (39) and by substituting in (36), the reference
value of d-axis component of stator voltage can be expressed
by

—— (R, Lz ¢ (Lw L\ (¥ Vi
(e o () ()

(40)

In the same manner, based on (34) and (35), and from
(37), to realize the torque control, the predicted value of g-
axis component of stator flux lfsk+l must be equal to the
reference value ij,, which can be calculated by

*
Lk Te,k

TS L L)y )

and, via assuming the sampling interval to be with small
value, the current derivative dzqS «/dt can be expressed by

di -rf rf irf iro— irf
c;l:k qs k+}T qs,k _ qs,kT qs,k. (42)

S S

Then, from (42) and by substituting into (37), the g-axis
voltage reference is calculated by
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* _ xf qs,k qs,k Lm St
Ugek = Rs1q5,k + L, <7Ts ) +< L + Lm)
% LrTe,k w-
-rf (239
L5L gk 8

Till now, the reference voltage components (u g, and
u;s,k) to be used by cost function (27) are obtainable, and
then the control system can start the computation.

To investigate more about the selection mechanism of
optimal voltage vector using the proposed cost function of
(27) which based operation depends on achieving the
minimum error between the actual applied voltage vectors
and the reference voltage vectors, the voltage vectors dis-
placement and their corresponding switching states are il-
lustrated in Figure 5. It can be realized that, for a given
reference voltage vector ;" located in sector 9, there will be
seven possible voltage vectors which can achieve the control
target (vector 19, vector 17, vector 1, vector 27, vector 18,
vector 21, and vector 31 or 32). However, the optimal one
that will be selected using the cost function of (27) is the
vector that achieves minimum error (distance between the
actual vector and reference vector #."), which is here vector
17 that makes an error of 7,,,. This process is performed
without using any estimated quantities (in comparison with
the MP DTC approach), which saves the computation time
of the controller and reduces the switching losses of the
inverter.

(43)

4. The Proposed Back-Stepping Observer

4.1. Mathematical Model of the Back-Stepping Observer.
The minimization of the error between the estimated and
measured stator current values is the base principle upon
which the back-stepping observer is designed. It is assumed
that the components of the stator current are the outputs of
the system which can be expressed by

:x)
<l[)’1 1 (44)
Yo = X5

Moreover, the model of the back-stepping observer is
given by

X, = -AX; + KAX; + Ko, X, + Buy +V,,

X, = —A%, + K.AX, - K@, %5 + B, +V,
] (45)
X AR —AZX -0, X,
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where

. T
[x1 %, x5 x4]T:[ltxs gs Var Wﬁr] )

T T T L_r Lr
Ry=R + L, -uhA,
~ Ry Ry Ly-p-A
A= oS0 o BIRE 4 A4,
oL, oL oL
K = Lm ,
oLL,
Lm
M_L_r’
(46)

where X; is the estimate of x; for i € {1,2, 3, 4}.

V,and V5 represent the vector components that are built
by the back-stepping strategy. In addition, all the parameters
of the five-phase induction motor are considered to be
known except the rotor resistance. The rotor resistance R, is
considered as an uncertain parameter of nominal rotor
resistance R, .

4.2. Dynamic Model of the Estimation Errors. The equations
of state errors are formulated as follows:

z,=2 X, —X
Z,‘:{ 7 xl]:[ ! Al], (47)
Zyy = 2y, X, — X,

z X3 =X
Zw=[’“]=[ ’ f], (48)
Zx4 Xq = Xy
where z; and z, represent the observation errors of the
stator current and the rotor flux, respectively.

Using (44), (47), and (48), the dynamic model of pre-
diction errors is given by
Z, = K((Arzy, + Onezy,) + DXy + AA, (Lyx, = %3)) =V,
Z,, = K((Azy, = Omezy,) = DwpoXs + AA, (Lyx, = %)) =V,

Z, = —(A Z + 0.2 ) = Awy, Xy + AA, (Lyx, — X5),

X5 me~ x,

2y, = (—Arzx4 + wmele) + Awy X5 + AA, (Lyx, — X4),
(49)

where the speed error is given by Aw,. = w,. — @ In
order to solve the problem of tracking and regulating the
speed and rotor flux and to overcome the difficulties that
arise due to the unavailability of direct measurement of one
of the state vector variables [30, 31], a nonlinear back-
stepping observer is proposed.
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F1GUre 5: Optimal voltage vector (%) selection mechanism.

4.3. Synthesis of the Nonlinear Back-Stepping Observer.
The synthesis of the nonlinear back-stepping observer takes
place in two stages.

Step 1. The first step for the synthesis of the nonlinear
back-stepping observer is to design a stability controller for
the integral of the prediction errors z, and z, using the
virtual command variables z, and z, with stabilization
functions (y, ycg) » where y., and y4 are the reference
trajectories for the virtual variables. Then, the integral of

the prediction errors of the currents z, and 2y, can be
expressed by
Zy = Zyp
{ ) ’ (50)
Z, =2

Xp 2%

Moreover, the prosecution errors Z, and Zg for the
integral of the prediction errors z, and z, are defined by

Y1
th =2y ~Vew
{ b4 (51)
Zp =2y, = Ve

Knowing that the dynamics of the observer depend on
the exponential convergence, the variations of the reference
trajectories for the virtual variables can be imposed using the
following expressions:

Ve, =
e, =

Step 2. In this step, by substituting (52) into (51), the errors
Z, and Zg can be expressed by

{ Zy=z, + Mz,
Zﬁ = z)’z + Azzxﬂ.

-z, s
’ (52)

Az, .
2 xg

(53)

Using (48), (50), and (53), the control inputs V', and Vi
can be formulated by

V,= K(Arzx3 + WeZy, + Awme?c4) +hz, + M2, +z,
Vi =K(Az,, — 0y, = Do Xs) + Mz, + Ay Z5 + 2y
(54)
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By substituting (54) into (53), this results in

Z,=-Az, +K((Az,, + 0pe2,,) + Doy Ry + AA, (Lyyx, —%5)) =V, + 412,

Mathematical Problems in Engineering

(55)

Zﬁ =-Az, + K((Arzx4 - wmezx3) - Awp X5 + AA, (L x, — 9?4)) - Vethiz,,

where A; and A, are positive constants that determine the
dynamics of the closed-loop system.

4.4. Rotor Speed and Rotor Resistance Estimation. The back-
stepping mechanism has been formulated based on Lya-
punov’s second method, which combines the choice of the
system function with those of the control laws. This allows,
in addition to the task for which the controller is designed
(tracking and/or regulation), ensuring the overall stability of
the compensated system. However, it is characterized by its
sensitivity to the variation of the rotor time constant. The
latter also depends on the temperature variations as well as
the saturation of the machine. The variation of the rotor time
constant directly affects the tuning performance and the
efficiency of the induction motor. Thus, due to these reasons,

it is mandatory to apply a mechanism for the online esti-
mation and adaptation of the rotor resistance. For the design
of the observer and the online adaptation mechanism of the
rotor resistance, a candidate Lyapunov function must be
defined, which includes all the tracking errors increased by
the errors of the speed and rotor resistance, and this can be
formulated using the following relationship:

1( 5 2 2 2 2 > AW} AR?
VL:5<zm+zxﬁ+za+Zﬁ+zx3+zx4+Tme+Tr ,

(56)

where ¢ and X are positive constants.
Using (49), (53), and (55), the derivative of (56) gives

: R, R
Vi = Mz, - Alziﬁ -hZg - /\22;; - 2213 - I:Z;ch
K K X532, X4Zy 1 dAR,
+ ARr<L_rZ"‘x3 - KuZ,x, + L_,Zﬁx4 - KuZgx, - 3Lr N UX\Z 3 — 4Lr Ly UXyZ oy + 3 T) (57)
_ ~ 1 dAw,,,
+ Awme(P.K(v/ﬁ, - wa,) + PR )
The candidate function of Lyapunov V| is positive-
definite. For obtaining a negative derivative of V, the
following conditions must be achieved:
K K X532, X4Z, 1 dAR,
ARr(L—rZaX3 - KyZaxl +L—rZﬂX4 - KAuZﬁXZ — 3L 3 +UX12,3 — 4 r 4 + UXyZ oy +E i ) =0,
(58)
Awme( PK(Fp - 7 )+1(M“)me =0
me . l//ﬂr Yor € dt -
This leads to expressing the adaptation mechanisms of
the rotor resistance and rotor speed as follows:
dARr X3Z, X4z K K
e Z(K/,tZﬁx2 + P pxiz, + er — UxyZy, ~ rrZDCx3 + KuZ,x, - L—rZﬁx4). (59)



Mathematical Problems in Engineering

Via applying the adaptation mechanism and considering
that the speed of rotation is an unknown parameter, the
rotor speed can be estimated using the Lyapunov theory as
follows:

dA ~ -
= e p KT = V) (60)

where p is pole pair number.
The observer parameters are chosen as follows:

e =0.01,

2 =0.01 (61
In order to have a focused view of the complete back-
stepping observer, Figure 6 illustrates the layout of the
proposed  observer, which takes the a-f-x-y
(U Ups> Uy, ) components of measured stator voltage
and the a-f-x-y (x,x,, x5, xs) components of measured
stator current in addition to the a-f components of the
rotor flux (x;,x,) as inputs and provides the estimated
stator current components (X oy, X, ob> X50b0 X60b)> the
estimated rotor speed (wp,..,)> and the estimated rotor
resistance (R, ,) as outputs.

5. Complete System Layout

The proposed direct model predictive voltage control (DMP
VC) starts its operation with measuring the stator voltage
and stator current, and then the measured signals are
sampled using the sampling/holding. After that, the sampled
signals are used to feed the input of the proposed back-
stepping observer, which estimates the stator current, rotor
flux, rotor resistance, and the speed. The estimated speed
@1 is then used for closing the speed loop to get the
reference torque T, by which the reference g-axis com-
ponent of stator current iy, is calculated. Meanwhile, the
reference of rotor flux |y,|; is applied directly as shown in
Figure 7, which shows the control system layout.

The estimated stator current, the estimated rotor resis-
tance, the sampled stator voltage, and the estimated speed
are then utilized to predict the stator current and rotor flux
at instant (k + 1) T;. Then, the predicted values of 7qs’k 41 and
Varks1 Desides the references iy, and |y, are used to
calculate the d-q reference components of stator voltage
(ug,y and u;s’k) utilizing the relationships in (40) and (43).

The reference d-q components of stator voltage are then
used by the cost function of (27) to determine the optimal
voltage vector to be applied to the FPIM’s stator terminals. It
is worth noticing that the feedback voltage signals (14,
Ug o> Uy k> and w1 ) to be used by the cost function (27) are
calculated using the switching states of the inverter and
applied to the cost function with the help of a memory block.
From Figure 7, it can be realized that the proposed DMP VC
has a simple configuration, which does not require extra
computation for estimating the variables such as torque and
flux needed to be predicted in the conventional MP DTC.
Thus, it is expected that the proposed DMP VC will have
lower switching losses compared with the other two
techniques.
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FiGure 6: Inputs and outputs of the proposed back-stepping
observer.

6. Test Results

To verify the operation dynamics of the described sensorless
DMP VC algorithm with the FPIM drive, comprehensive
tests are performed for two ranges of speed operation, the
high speed (1400rpm) and low speed (30rpm), while
changing the rotor resistance value (this is to test the system
robustness to uncertainties). The parameters and control
coefficients of the FPIM drive are presented in Table 1.

6.1. High Speed Operation

6.1.1. Performance of FPIM Drive under MP DTC (High
Speed). The performance of FPIM drive for high speed
operation and when adopting the MP DTC approach is
tested in this section. The FPIM drive is commanded to
rotate at a speed of 1400 rpm. A full-load torque is applied at
time t=1.5s and removed at time f=3s, respectively. The
rotor flux reference value is set to its nominal value. The
effectiveness of the proposed sensorless back-stepping ob-
server can be synthesized through the obtained results. For
example, in Figure 8, the estimated speed is tracking the
actual speed with high precision. Furthermore, from
Figures 9-12, it can be noticed that the estimated stator
current (a-f8) components and rotor flux (a-f3) components
are tracking their actual values with minimum deviations.

The validity of the proposed back-stepping observer can
be also checked and verified from Figure 13, which shows
that the estimated rotor resistance is definitely tracking the
resistance variation. Figures 14 and 15 illustrate the esti-
mated rotor position and the estimation error, respectively.
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F1GURE 7: Complete system layout for the proposed DMP VC approach for FPIM drive.
TaBLE 1: Parameters of FPIM. 600 ' ' ' ' ' ' ' '
Parameters Value 1400 = l- - = i: :
Rated torque 8nm _ 1200 1405 a5
Ry 100 i 1000 ¢ 1499 1410
3 1395
R, 6.3Q = 800+ 1390 1405
L 460 mH Sg 600 1385 1400
L 460 mH | FEEEE R
p (pole pairs) 2 200
Lm 420 mH 0 1 1 1 1 1 1 1 1 1
\I’m (nominal rotor ﬂux) 0.86 Vs 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Uy (dc link voltage) 400V ) Time (s)
Jin 0.03 kg-m
B 0.008 Nm-rad-s™* — Actual
T, (sampling time) 100 ps - -~ Estimated

From these two figures, it can be confirmed that the observer
has managed to achieve its goal via realizing minimum rotor
position estimation error. Figures 16 and 17 show a sample
of phase “a” stator current and its FFT spectrum analysis,
respectively. From these two figures, it can be noticed that

there is a remarkable ripples content in the current

FIGURE 8: Rotor speed under MP DTC (rpm).

waveform under the MP DTC. This fact can be also observed
from the stator flux loci shown in Figure 18.

A detailed view about the control action taken under the
MP DTC is illustrated through Figures 19-21, which show
the stator flux deviation (ripples), the torque deviation
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FiGURE 11: a-component of flux for MP DTC (Vs).

(ripples), and the absolute error. From these figures, it can be
concluded that, under the MP DTC, the ripples content is
noticeable and comparable with the other two control ap-
proaches as will be illustrated later. The absolute error is
exhibiting a value of 0.21, while the FFT analysis for the
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FIGURE 12: f3-component of rotor for MP DTC (Vs).
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FIGURE 13: R, resistance variation under MP DTC (Q).
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FiGUre 14: Rotor position under MP DTC (rad).

stator current presents a total harmonic distortion (THD) of
5.15% of the fundamental.

The d-q components of the applied stator voltage are
shown in Figure 22, which shows the variation of the g-axis
component of stator voltage with respect to the change in the
applied torque, while the d-axis components follow the flux
dynamics.
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FIGURE 17: Phase “a” stator current spectrum.

6.1.2. Performance of FPIM Drive under the sProposed DMP
VC (High Speed). In this test, the effectiveness of the pro-
posed sensorless DMP VC is investigated. The test is carried
out for the same conditions of the previous test (with MP
DTC). The superiority of the proposed DMP VC over the
MP DTC control procedure can be synthesized from the
obtained results. For example, Figures 23 and 24 show the
phase “a” current and its FFT spectrum, respectively. From
these two figures, it can be noticed that the stator current
exhibits less ripples content compared with the MP DTC
values. The THD of the stator current is now 0.53% of the
fundamental.

Moreover, the effectiveness of the proposed back-step-
ping observer is verified with the DMP VC, and this can be
observed through Figures 25-29, which illustrate a high
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Ficure 18: Stator flux loci under MP DTC.
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FIGURE 19: Stator flux ripples under MP DTC (Vs).

precision in estimating the rotor speed, the stator flux («-f8)
components, and rotor flux (a-) components with mini-
mum error.

Figures 30-32 report the validity of the back-stepping
observer in estimating the rotor resistance and rotor position
with minimum error.

The reduced ripples values with the DMP VC can be
also observed through Figures 33-36, which show the
stator flux loci, the stator flux fluctuation, the torque
oscillation, and the absolute average error, which here is
exhibiting a value of 0.051. Moreover, the d-q components
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FIGURE 22: d-q components of stator voltage under MP DTC (V).

of stator voltage shown in Figure 37 are accompanied by
low ripples compared with their values under the MP
DTC.

The reduced ripples content when applying the DMP
VC can be also noticed from the comparison made in
terms of the torque, stator flux, and stator flux loci. This
comparison is shown through Figure 38, which shows that
the developed torque under the proposed DMP VC is
presenting less fluctuation. Figure 39 shows that the stator
flux under the proposed DMP VC has lower ripples
content, while the comparison in terms of the flux loci is
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FIGURE 25: Rotor speed under DMP VC (rpm).

shown in Figure 40, which reconfirms the priority of the
proposed DMP VC in reducing the ripples in a better
manner than the other two techniques. In addition, the
absolute error profiles for the two control methods are
shown in Figure 41, clarifying that the DMP VC results in
lower error than the MP DTC.

6.2. Low Speed Operation

6.2.1. Performance of FPIM Drive under MP DTC (Low
Speed). The performance of the FPIM drive when imple-
menting the MP DTC approach is performed to check the
validity of the proposed back-stepping observer at low speed
operation.
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FIGURE 28: a-component of flux for DMP VC (Vs).

From Figures 42-46, the effectiveness of the proposed
back-stepping observer under the MP DTC can be verified.
Figure 42 reports that the estimated and actual speeds are
matching each other with minimum deviation. Figures 43
and 44 show the estimated and measured («-) components
of stator current from which the precision of the estimation
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FIGURE 31: Rotor position under DMP VC (rad).

can be easily noticed. Also, the same behavior is noticed in
the estimated (a-f) components of rotor flux as shown in
Figures 45 and 46.

The proposed back-stepping observer is also verifying its
validity through the precise estimation of the rotor resistance
and rotor position with minimum error, and this is
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Ficure 33: Stator flux loci under DMP VC.

illustrated in Figures 47-49. The behavior of the MP DTC
can be checked through Figures 50 and 51, which show the
phase “a” stator current and its FFT spectrum analysis, which
gives a THD value of 6.98% of the fundamental, revealing the
noticeable ripples content. This fact can be also noticed from
the stator flux loci shown in Figure 52. The detailed view
about the deviations of stator flux and developed torque
from their references and the absolute error can be shown in
Figures 53-55, respectively. The absolute error as an indi-
cation to the ripples gives a value of 0.23. Figure 56 reports
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the d-q components of applied stator voltage within which
the accompanied noise can be easily verified.

6.2.2. Performance of FPIM Drive under the Proposed DMP
VC (Low Speed). The obtained results reveal the superiority
of the proposed DMP VC over the MP DTC approach.
Moreover, the proposed back-stepping observer is still
confirming its validity in achieving high precision in the
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estimation of rotor speed, stator current, rotor flux, rotor
resistance, and rotor position. This fact can be observed from
Figure 57, which shows the actual and estimated speed, and
Figures 58 and 59, which show the measured and estimated
(a-f3) components of stator current; Figures 60 and 61 show

the actual and estimated values of (a-f) components of rotor
flux.

Figure 62 shows the actual and estimated rotor resis-
tance, while Figures 63 and 64 show the measured and
estimated rotor position and the position estimation error,
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respectively. Figure 65 illustrates the stator flux loci in the
(a-p) and (x-y) planes. The superiority of the proposed DMP
VC over the MP DTC in limiting the accompanied ripples
can be investigated through Figures 66 and 67, which report
that the stator current is accompanied with less ripples
content and its FFT spectrum analysis gives a THD value of

2.04% of the fundamental, which is lower than its corre-
spondent under the MP DTC approach. The reduced ripples
with the proposed DMP VC can be also verified through
Figures 68-70, which illustrate the stator flux deviation, the
torque deviation, and the absolute error, respectively. The
absolute error is now presenting a value of 0.042, which is
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lower than that for the MP DTC approach. Finally, Figure 71
shows the d-g components of the applied stator voltage,
which exhibit lower harmonic distortion than the MP DTC
approach.

Figures 72-75 show a comparison between the two
control approaches (MP DTC and proposed DMP VC) in
terms of the developed torque, the stator flux magnitude,

stator flux loci, and absolute error. From this comparison, it
can be confirmed that the proposed DMP VC has the best
performance compared with the other procedures.

The number of commutations which are developed by
the inverter switches is used as a way of comparison
between the three control procedures. This can be realized
via utilizing the voltage index. This procedure can be
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realized due to the fact that, for each voltage index var-
iation, the switches in the five branches (A, B, C, D, and E)
change their states. Thus, if the successive switching states
are identified and the switching changes are stored as a
binary change (0 or 1), then, by summing all of these
changes, the definite number of commutations can be
evaluated.

Then, the number of commutations for high speed and
low speed operations for the two control procedures can be
obtained as in Tables 2 and 3, respectively.

From the obtained results in Tables 2 and 3, it can be
concluded that the DMP VC is developing the lowest
number of commutations, and this can be referred to the
simple form of (27), which does not involve any term that
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needs to be estimated as in the cost functions used by the MP  using the commutations number and switching frequencies
DTC. (f) as follows.

Another form of comparison can be presented through The average switching losses (Pg,) for the IGBTs per
evaluating the switching losses. These losses can be estimated ~ switching interval can be calculated by
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E,, + Eqg current, and collector-emitter voltage. The following com-
p,, =-—onoffg (62) 7 : : :
7 parison is obtained for high and low speed operation.
The comparison can be also performed in terms of the
where E | and E g are the on and off energy losses of the  execution time taken by each control cycle for the two
IGBT switches, respectively. These two values are calculated ~ control procedures. This can be illustrated in Tables 4

as functions of the developed commutations, the emitter’s  and 5.



Mathematical Problems in Engineering

29

Absolute error

—— MPDTC
—— DMPVC

0 1 1 1 1 1 1 1 1
2 2.001 2.002 2.003 2.004 2.005 2.006 2.007 2.008 2.009 2.01
Time (s)

FiGURE 75: Absolute error for the two control approaches at low speed operation (Vs).

TaBLE 2: Comparison in terms of number of commutations at high
speed operation.

No. of commutations Switching frequency

MP DTC 8674 1.44
Proposed DMP VC 4659 776

TaBLE 3: Comparison in terms of number of commutations at low
speed operation.

No. of Switching frequency
commutations (kHz)
MP DTC 3513 586
Proposed DMP VC 1684 281

TaBLE 4: Comparison in terms of computation time at high speed
operation.

MP DTC
Proposed DMP VC

19.1 us
8.9 us

TaBLE 5: Comparison in terms of computation time at low speed
operation.

MP DTC
Proposed DMP VC

8.2us
4.3 us

TaBLE 6: Comparison in terms of number of switching power losses
at high speed operation.

MP DTC
Proposed DMP VC

104.025W
55.906 W

TaBLE 7: Comparison in terms of number of switching power losses
at low speed operation.

42,106 W
20.207 W

MP DTC
Proposed DMP VC

From the data of Tables 4-7, it can be realized that the
proposed DMP VC approach has the minimum switching
power losses compared with the MP DTC approach, and this
was expected due to the reduction in the number of com-
mutations for the proposed DMP VC approach. Also the
time taken for execution can be considered as a translation to
the number of commutations as can be noticed that the time

taken by the proposed DMP VC is the shortest time, which
means the lowest number of commutations performed in
each cycle.

7. Conclusion

The paper has presented a novel direct model predictive
voltage control (DMP VC) approach for a sensorless five-
phase induction motor (FPIM) drive. An effective back-
stepping observer is designed for estimating rotor speed,
stator current, rotor flux, and rotor resistance. The perfor-
mance of the FPIM drive is tested with the proposed DMP
VC approach for a wide range of speed operations. The
performance of the FPIM with the proposed DMP VC is
compared with the performance of the well-known model
predictive direct torque (MP DTC) approach. The obtained
results confirm and emphasize the priority of the proposed
DMP VC approach over the MP DTC control procedure in
limiting the accompanied noise in the controlled variables,
thus enhancing the dynamic performance of the drive.
Moreover, the proposed back-stepping observer’s effec-
tiveness has been verified for all speed ranges. Based upon
the detailed and comprehensive analysis presented in this
paper, it is realized that the proposed DMP VC can be
utilized as a better alternative to the MP DTC control
approach.
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