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ABSTRACT In this paper, we introduce an efficient adaptive algorithm based on B-spline neural networks for
trajectory tracking of angular position for industrial induction motors. This strategy is developed in a two-axis
reference frame and the regulation algorithm is based on four main stages: a) flux observer; b) internal
control loop; c) determination of required electrical currents and; d) calculation of the three-phase input
voltages. The strategy considers an algebraic regulation scheme based on the model. The control parameters
are tuning online to attain the best dynamic behavior, besides, the proposed adaptive controller is subject to
non-modeled components as an 84-pulse voltage source converter included in this study. These two aspects
make the main contribution of this article. The proposed high-performance strategy for trajectory tracking
of angular position is demonstrated by simulation results using the parameters of two induction motors of

500 hp and 50 hp, respectively.

INDEX TERMS Adaptive regulation, angular position trajectory tracking, efficient driver, high performance,

induction motors.

I. INTRODUCTION

Nowadays, the industry demands more efficient strategies
for motor operation, particularly in highly demanding
applications. In this context, the induction machine continues
to gain more significance in industrial processes where it
was not widely utilized until a few years ago, thanks to the
rapid development of power electronics. Consequently, any
study must consider the impact of using power electronic
devices. The control of angular rotor position is a crucial
requirement in the industry, typically addressed by direct
current (DC) motors or permanent magnet synchronous
motors [1]. However, induction motors could also participate
in these rigorous tasks; nevertheless, their operation must be
guaranteed in terms of reliability, security, and efficiency.
Moreover, new growing applications such as electric vehicles
see the induction motors as a very important alternative, but
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the advantages of their use must be guaranteed by the control
strategy [2].

Important control strategies for induction motors are avail-
able in scientific literature such as field orientation control,
direct torque control, model predictive control, sliding mode
control, and intelligent control techniques. However, the
dependency on model parameters, complexity, and highly
demanding computational effort of intelligent techniques
causes a gap that needs to be covered with new efficient
strategies including the effect of power electronic drives [3].
A strategy for rotor position control of induction motors
based on field-oriented control, incorporating a scheme that
utilizes neural networks to address time-varying dynamics
and a non-linear structure is presented in [4]. Additionally,
it involves fractional-order proportional-integral controllers,
which have been tuned using an artificial bee colony
optimization algorithm. In [5] an adaptive scheme based
on fuzzy neural networks is presented for rotor position
control of induction motors which emulates the conventional
proportional-integral (PI) controller. That scheme requires
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two groups of parameters to be trained in hidden layers to
reach the desired control performance, which was adapted
for the study case. In the same line of adaptive control
techniques, [6] presents a control of induction motors using
an adaptive high gain observer based on a model reference
adaptive system. The success of that scheme lies in the
correct estimation of the model and a speed adaptation
mechanism. In [7], speed control of induction motor (IM)
by fractional sliding mode control in combination with radial
basis function (RBF) neural network. In that case, the RBF
configuration is formed with three layers, five nodes in
the hidden layer, and two input signals, the error and its
derivative. The RBF’s output feeds the fractional sliding
mode control to obtain the optimal control rate and to
reduce the speed-observed chatter of the bearing-less IM.
A common feature of these schemes is the constraints that
must be included for each neural network architecture and
learning rule. Which does not necessarily have the desired
best performance when the test system changes. Besides that,
relevant neural network architectures are proposed to improve
the control algorithm performance, mainly to avoid the
problems related to delays in the transmission of information,
uncertainties of parameters, and some possible faults in
the neuron connection of the neural network architecture
as present in [8] and, [9]. An analysis of a possible
reconfiguration of the neural network architecture due to the
disconnection of some neurons inside the hidden layers could
be evaluated as present in [8].

On the other hand, the impact of the power electronic
drivers in the control scheme, also, has been evaluated.
In [10] a nine-switch inverter is used to regulate two IM
using model predictive control but to overcome problems of
closed-loop instability in the design stage the cost function
was formulated as a Lyapunov energy function. In addition,
in [11] a driver based on a dual inverter configuration is
proposed which compensates for the reactive power of the
five-phase induction motor. In that scheme, an inverter with
a capacitor is controlled to compensate for the increasing
reactive voltage drop inside the motor as the speed increases.
Paper [12] presents a proposal of a voltage source inverter
to control the speed and power flow of a squirrel-cage
induction motor. The features that they try to solve are to
create a smooth startup, a stable control strategy, and a power
factor correction using capacitor banks. In other special
configurations of drivers for variable pole—phase induction
motors, the problems related to magnified space harmonics
at air gap and the harmonic offset injected in reference waves
for pulse width modulation try to reduce in [13] employing a
three-switch leg (3SL)/phase inverter topology.

Thus, efficient control strategies for induction motors
are an open research topic, where demand new proposed
schemes operating harmoniously with driver based on power
electronics covering a wide range of operation conditions of
IM, motor’s parameters uncertainties, non-linear phenomena
present, reduction of parameter dependency on the control
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design stage, diminished sinusoidal waveform distortion
and reactive power consumption. And the possibility of
rotor position control without external mechanical elements
coupling with the shaft of the induction motor. The main
contributions of this paper are i) a new control strategy for
the rotor position of induction motors free of gears based
on algebraic formulation; ii) adaptive tuning of control gains
to adjust itself to uncertainties and non-modeled phenomena
based on B-spline neural networks (BSNN); iii) efficient
operation of 84-pulse voltage source converter (VSC) drive
to feed the induction motor and cover any requirement of the
position and load torque.

The motor driver is crucial for precise position and speed
regulation in electric motors. Serving as the interface between
control algorithms and the motor itself, it modulates the
electrical signals, ensuring accurate motor performance. This
precision is essential in applications ranging from industrial
automation to robotics, where consistent and controlled
motion is paramount for optimal efficiency and functionality.

In the context of using three-phase motors, several merit
figures are commonly used to assess the performance and
efficiency of the motor. These merit figures include the
Power Factor (PF), which is the cosine of the angle between
the voltage and current waveforms in a three-phase system
and represents the ratio of real power (useful power) to
apparent power (total power); Displacement Power Factor
(DPF), that considers the phase shift between the voltage
and current waveforms; Total Harmonic Distortion (THD),
which quantifies the harmonic distortion in the voltage or
current waveform. Power per Phase (P/phase), as the average
power consumed by each phase in a three-phase system.
The Regular monitoring and analysis of these parameters are
essential for maintaining a reliable and efficient three-phase
motor system.

VSCs have been implemented in industry for a lot of
applications, including STATCOM, active filters, UPS, and
machine drives among others [14]. Nevertheless, most of
them use a topology that can present a high THD due to
low number of pulses or levels. Multipulse VSCs used for
high power configurations have demonstrated their capability
to improve conversion efficiency, such as in [15], however,
the main application is the reactive compensation for voltage
regulation, but fast variations related to high-power motor
position control have not been verified. The utilization of an
84-pulse Voltage Source Converter (VSC) extends its applica-
bility across various scenarios where an inverter is essential.
While conventional inverters with lower pulse counts are
commonly employed, the distinctive feature of an 84-pulse
VSC lies in its ability to offer finer control and smoother
waveform output. This makes it particularly advantageous in
applications demanding higher precision, reduced harmonic
distortion, and enhanced overall performance compared to
inverters with lower pulse count. However, this expected
performance could take advantage of the high-performance
adaptive control algorithm accomplishing it. For this reason,
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the proposed position control is designed based on an
induction motor model, but the integration of B-spline
neural networks reaches robustness and adaptability. The
adaptability and fast learning capability of the BSNN allow
improvement in the performance of the proposed control
scheme in contrast to other important algorithms presented
in the literature. In this way, this proposed control strategy
is derived to improve two fundamental aspects as a response
to motors industry applications: i) secure and reliable
expansion of the induction motor industrial applications in
tasks of trajectory tracking position control and ii) propose
efficient controllers which have fast response, robustness and
adaptive behavior with reduced dependence on models, motor
parameters and prior knowledge of severe transient events.

As can be analyzed in the previous paragraphs, the
global industry is constantly evolving, enhancing various
aspects of its operational efficiency, cost-effectiveness, and
environmental footprint. In this context, induction motors are
gaining prominence due to their superior features in design,
operation, and maintenance, especially in applications that
were less common in previous decades. However, accom-
panying this growth, the motor is exposed to more complex
and highly demanding scenarios in terms of load variability,
and severe disturbances not considered in the design stage.
Thus, the control strategy requires attributes such as faster and
more efficient responses. In this way, the proposed strategy
is focused to cover two fundamental aspects in considering
those requirements: i) secure and reliable expansion of the
induction motor industrial applications in tasks of trajectory
tracking position control and ii) propose efficient controllers
which have fast response, robustness and adaptive behavior
with reduced dependence on models, motor parameters
and prior knowledge of severe transient events. In this
paper, these features are attained with the correct definition
of the adaptive control scheme based on B-spline neural
networks working synergically with a VSC of 84 pulses.
The election of this neural network topology covers these
aspects due to architecture based on a hidden layer and
fast response exhibiting an adaptive behavior using an
instantaneous learning rule working online with the motor.
Hence, it is possible to learn of new events, operation
conditions or possible perturbations. Unlike other neural
network architecture, the offline training of this configuration
does not require an extensive set of input-output data. This
stage is executed to define the operation in a steady state,
the learning rate, and the convergence of the instantaneous
learning rule. The rapid response is achieved by employing a
smaller number of neurons, specifically, three in the proposed
scheme’s hidden layer. This choice strikes a balance between
achieving high dynamic performance and minimizing the
computational load. Moreover, the performance of the control
adaptive strategy does not depend on the case of the induction
motor in terms of power, voltage, or electrical current.

This research paper introduces an Electric Motor Drive
System designed to accurately follow the required voltage
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and current specified by the load. Merit figures such as
frequency profile and voltage profile depict the necessary
variations, while the power factor serves as an indicator of
the excellent performance achieved by the Voltage Source
Converter (VSC). To attain this performance, the proposed
controller along with the B-Spline Neural Networks are
introduced with an effective architecture and online learning
rule. Thus, the proposed control algorithm guarantees high
performance in steady and transient states, facing uncer-
tainties and nonmodeled nonlinear dynamics as the ones
related to 84-pulse VSC components which were not included
in the control design stage. Moreover, the B-spline neural
network architecture and its learning rule can deal with fast
perturbations due to the low number of calculations required
to determine the best position control parameters.

This paper is organized as follows: Section I outlines the
problem addressed by this research. Section II introduces the
induction motor model used. Section III provides detailed
information on the position control scheme. Section IV
illustrates the 84-pulse driver, employed for precise motor
control. Section V presents the regulatory results obtained,
and finally, Section VI remarks the research findings of this

paper.

Il. MODELING OF THE INDUCTION MOTOR FOR
REGULATING PURPOSES

Considering the model in a three-phase reference frame of
the induction motor it is possible using the transformation
presented in section IV-A arrive to at a model in two axes.
Thus, the induction machine for regulation purposes could
be modeled in this reference frame of two axes as,

dls, 1
dt = —yIsq + nBYRa + ,Bnpa)wa + mum
Db gy + YRy — Brpwma + —
— = — By —
dr Yisb T~ NIPYRb pWVYRa oLs sb
dwRa
LRT = —RRrYra — Lrnpw gy + RrM s,
dyrp
Lg 7 —RRrYry + Lrnpwyra + RrM Isp,
do
YW
dt
do  nM
J— = ——Usp¥ra — IsaV¥Rp) — b — 7L (D
dt Lg

where 6 is the angular position; w is the rotor speed; iy,
and iy, are the stator currents per phase; ¥g, and Vg, are
the magnetic flux in the rotor; uy, and ug, are the stator
voltages per phase, which act as input control variables; Tz,
is the load torque. Also, Lg and Rp are the rotor inductance
and resistance per phase, respectively; Ls and Rg are the
stator inductance and resistance per phase, respectively; M
is the mutual inductance constant; J is the rotor inertia
moment; b viscous damping coefficient; n,, is the number of
pairs poles. Some auxiliary parameters were defined based
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on machine data as,

_ Rg _ M?Rg | Rg
"SI VT oLlLs | oLs
M . M?

oLgrLg’ LrLg

Now, a complex coordinate representation of the induction
motor dynamics can be derived as

U5 _ gy — mporg — yls + —
d =P —JnpwW)YR — YIs pLSMS
R = —201yl? + 20MRe(F Is)
a Rl = niyr n € S
do
dr
s My s — b 2)
— = ——Im —bw—T1
dt Lg 5 @ L

The variables in the complex notation for this representa-
tion of the induction motor are,

Uy = Ugq + jitsy = |ugle/® 3)
Is = Isy + jlsp = |Is|e® )
VR = VRa + jVre = YRl )
[VRI* = Vra® + Vb (6)
\Is|* = Isa® + Isp* (7
A = arctan (WRb) ®)

YRa
p = arctan (Is—b) &)

Is,

Re (Vrls) = Yralsa + Vrolsp (10)
m (Yrls) = Yralsy — Vrolsa (1)

where Vg is the conjugate complex of 1/z. Re (-) and Im
(-) are the real and imaginary of the complex number (-),
respectively.

Ill. ADAPTIVE SCHEME FOR POSITION CONTROL OF
INDUCTION MOTORS

In this paper, the proposed control scheme for adaptive
angular position tracking consists of the design of a controller
defined by two stages. First, the angular position of the motor
shaft is conducted to a desired position, 6*(¢), trajectory by
the regulation of the stator currents. The second stage consists
of a control loop to define the stator currents monitoring the
required paths of the stator currents in the first stage /¢ (f)
and I, (1), through the voltages of the stator.

A. INTERNAL CONTROL LOOP

First consider the complex model, (2), of the induction motor
to design an angular position and magnetic flux control
scheme, using the stator phase currents /s, and Is, as control
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variables. For control design purposes, can be rewritten as,

d*0  n,M b 1

=y — - = 12
2~ Il g = S0 = STL (12)
d 2R 2RrM
Sy R R we (13)
dt Lg Lg

with W = |y/|2.

To follow reference trajectories for the angular position
0*(¢t) and the square flow modulus W*(#) we propose
auxiliary controllers as,

JLR do* d /’ d;
Uy = — Q3 9—ey — 0 gey — A e
6 = 7 3.0 4,0 2,0€0 1,0 A 0
b
— (X()yg/ / eg(t)dtdt + —w (14)
0o Jo J
Lg d\Il* /t dr
u — ey — o e
v = 2Rl 2,wey 1w N
— ap, \p/ / ey(t)dtdt + —‘I’] (15)
where
ep =60 — 0%
ey =W — U* (16)

The parameter values of control are selected by the next
proposed stable polynomials for the close loop dynamics,

Po(s) = (s +po)* = 5" + 4pps’ + 6pjs” + 4pys + pj

7)

Py(s) = (s + pw)’ = 5° 4 3pus® + 3pis + py, (18)
thus,
20,0 =pg. a9 =4p,
a9 =6p5. @z =4py (19)
v =Py, odLw =3py
.y = 3py (20)

with pg, py > 0. To attain an adaptive performance of
the proposed control scheme, in this paper, a strategy based
on B-spline neural networks is introduced to overcome the
inherent problem in the control design stage of parameters
uncertainty and unmodeled nonlinear phenomena.

First, the parameters p,theta and p,Psi are defined with
a constant value greater than zero which could even remain
constant. However, the dynamic performance of the control
algorithm might be degraded when facing other complex
operation conditions as described previously or the presence
of uncertainties or nonmodeled phenomena. Thus, we defined
in the proposed scheme an initial value of these two control
gains, and the training procedure for the proposed B-spline
neural network architecture begins in an offline way to ensure
steady-state performance, hence the training algorithm itself
searches for the best gain values to cover some operation
conditions and unknown transient events. Once this is done,
in the online stage, the instantaneous learning rule (explained
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in section III-E), accompanies the BSNN behavior which
causes the control gains to be now dynamic, therefore, the
optimum values are determined depending on the scenarios to
which the induction motor is subjected. Under this condition,
the proposed algorithm alone determines the optimal values
of the control gains, avoiding the dependence on the model
and parameters.

Now, under this consideration, the reference signals of
electrical currents are defined as,

I§ = %(u\v +jue) 2y

thus,

1
Is, = E(wRa”\IJ — YrpUg)

1
I5, = G(WRbulIJ + YRratts)
(22)

B. REQUIRED INPUT VOLTAGE FOR POSITION CONTROL
Considering the dynamics of electrical currents, Ig, and
Isp, described in (1) and based on the required trajecto-
ries of these variables, (22), it is proposed to determine
the input voltages with adaptive control parameters, «; g4,
and o; p,

*

t
S
4 — 2. a€la — al,a/ e, dt
dt 0

Usqg = 0'LS|:

t t
— ®0.q / e () dtdt
0 Jo

+ visqa — nBYRa — ,Bnpwwa:| (23)
dilg, t
usp = olLg o e — iy | en dt
0

1
t t
— ®0.b / enp(t) dtdt
0 JO

+ vIsp — nBYry + ﬁnpwwRa} (24)

with ey = Is, — I§, and e, = Isp — I,. In the same way,
we proposed to determine the control parameters by,

2.4 = 3pa (25)
azp = 3pp (26)

3 2
Q0 =P, Q1a=3p,,

3 2
Qb =P, A1p = 3P,

with p,, pp > 0. Also, we proposed to include an adaptive
performance with the correct definition of these values by
BSNN.
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C. FLUX OBSERVER
A flux observer is implemented to improve the transient
response of the control strategy,

d~ . - —~
Elsu = —ylIsq + nBYRa + BrpwVrp
1
+ ——usa + kaeq 27
oLg
d . - —~
EISb = —ylIsp + nBYry — Brpwra
1
+ ——ugwp + kpep (28)
oLg
el =_= —n,w —
A PR e A P
RrM
s (B, e, 29)
R

d ~ Rp ~ ~ RrM ~

ElﬂRb = —L—R%ﬁRb + np@Yra + KISb

RrM
Lg

+ (7],3 + )eb + ,Bnpwea (30)

where e, = Ig, —’I\SH and ep, = Igp — Tgb, and ~ denotes
the estimated signal. Asymptotic estimation of the magnetic
flux signals can be thus verified by employing the Lyapunov
function

1 1 1 1
V:§é+§4+§ga+§4b (31)

with

d
—V=—(+k)et—(y +hkp)ej

dt
Rg , Rr 5
— aewa — aewb (32)

The observer parameters must be then selected such as
kg, kp > —y. The magnetic flux estimation errors are
represented as: ey, = YRrq —@Ra and ey, = wa—lﬁRb. Also,
these parameters can be tuned using neural networks to attain
adaptive behavior, for instance, considering positive values.
Also, it can be defined as constant by, k, = 5y, k, = 5y. The
Lyapunov function described in this paper was introduced
in our previously published work [16]. However, what sets
this study apart is the reduced reliance on motor parameters.
Here, the gains k, and kj are dynamically determined through
a BSNN scheme, mirroring the methodology applied to
determine gains in other controllers. The initial conditions
of the flow observer could be selected depending on the
characteristics of the induction motor data, for example,
{p\Ra(O) =1, @Rb(O) = 0. The other variables are specified
at zero as initial conditions if the motor is considered turned
off.
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FIGURE 1. Proposed adaptive control scheme.
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D. CONTROL SIGNALS
The required electrical currents trajectory, (22), including
now the proposed flux observer leads to,

1 - -~
I5, = E(lﬁmuw — YRpUo)
1 —_ -~
Iy, = E(waM\I/ + YRralto) (33)

where ¥ = {ﬁ\,%a + I/ﬁ,%b.

Thus, the required control signals for the angular position
are (14) and, considering the flux observer strategy, (15) is
now defined by,

LR d\IJ*
2RRM

— Ot()\y/ / eqj(r)dtdt—i——\ll] (34)

t
— 0y pey — o] \p/ eydt

also from (16) the flux error is determined using ey =
U — W*. Similar to other control parameters proposed in
this paper, these «; ¢ are calculated dynamically by BSNN
strategy. In summary, (23) and (24),

B t
Ugg =0Lg| — &2 aCla — Oll,a/ ejqdt
L 0
t t 7
— Oto,a/ / e(t)dtdt (35)
0o Jo J
B t
ugp =oLg| —arpep — Oél,h/ eppdt
L 0
t t 7
— Ol(),b/ / ep(T)dtdt (36)
0o Jo J

Fig. 1 presents the proposed adaptive control scheme where
variable interaction can be appreciated. The observed errors,
ex(t), serve as input to the BSNN, and depending on the
operating condition of the IM, fine adjustments are made to
the controller gains, p,,, and k,, respectively.
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FIGURE 2. B-spline neural network with the proposed architecture.

E. ADAPTIVE PERFORMANCE OF CONTROL PARAMETERS
Nowadays, the high performance of digital microprocessors
permits a combination of control strategies based on models
with those based on measurements. However, dynamic
performance must be guaranteed by the engineers in the
design stage, also, with a compromise between low demand
and computational complexity of those strategies to attain the
desired behavior in a real-time environment.

In our proposed regulation scheme, the applicability
of the proposed control scheme is extended to cover
more demanding operation conditions different from those
analyzed in the design stage, using an adaptive algorithm
based on B-spline neural networks. Therefore, the control
parameters pq, pp, ka, kp, po and py from (23), (24), (27), (28),
(14), (34), respectively, could be determined adaptatively
following actual dynamic operation condition of induction
motor and specific load torque.

In this paper, a class of neural networks is selected due
mainly to two powerful features: a) adaptability in a real-time
environment considering the low computational demand in
processing the output signal and, b) convergence capabilities
of the learning rule. The first characteristic comes from
its reduced architecture which consists of three stages, two
layers consisting of inputs and outputs, respectively, and one
hidden layer defined by basis functions’ output, Fig. 2. The
second feature is attained by the correct definition of knot
vector which considers the expected values of input signals
and so, establishes the shape of the basis functions together
with the learning rate. Therefore, the proposed adaptive
control gains, in this paper, are determined by,

Pm =Ypw, withm=a,b,0, ¥
ky = yrw, withn =a, b 37

where y, and yj represent the outputs of the basis functions
arranged in a row vector of an appropriate size for the number
of neurons, as response of the input error, ej,, e, €g, €y, €4
and ey, respectively. A key issue to attain the expected steady
state and dynamic performance depends on the definition of
basis functions. In this paper, the hidden layer of the artificial
neural network architecture is defined by three neurons which
include three uni-variate fourth-order functions known as
basis functions. Due to the presented strategy the deviations
of desired values are the inputs the three knot vectors are: 1)
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[-4.5-1.51.54.5]; i) [-0.05 0.35 0.75 0.115] and; iii) [-0.115
-0.75 -0.35 0.05]. The weighing factors are updated to attain
the best dynamic performance adapting on their own to the
new operating condition by the algebraic sum. In this case,
using an architecture based on three neurons,

km+1 k k
m+ Wi m AW] m
w2 =|w + | Awp (38)
w3 w3 Aws

The weighing factor updating, Aw*m, is determined by an
instantaneous learning rule,

km §ei‘m(t) km
= G0 gy (39)
o2

where km represents the current value; e; represents the actual
error (inputs); y(t) is the output of the basis functions; and ¢
is the learning rate determined as a previous step. This update
of the weighing factors is carried out with a low number
of calculations due to the NN architecture, thus, is suitable
for an online implementation. The learning rule convergence
is guaranteed using a correct choice of the learning rate, ¢,
typically defined with values smaller than one. In the offline
stage (training stage) this value is adjusted very small like
le—3, after depending on the dynamic response of the inputs’
changes can be adjusted with larger values. To attain the
results presented in this paper the learning rate was defined
as { = 2e — 3 considering the fast dynamics produced by the
power electronic driver. The proposed control strategy begins
with offline training of the BSNN with approximate values of
control gains, and after, an online continuous learning process
to adapt the control strategy performance to the unknown
operation conditions of the induction motor.

In the design stage of the proposed position control
algorithm, it is important to know approximated values of the
motor parameters in advance, considering that the strategy
begins from an approximated mathematical model. Besides
that, information about typical operating conditions of the
motor for a stable state and possible transient scenarios must
be included in the offline training of the B-spline neural
network scheme. The input signals should be normalized
to develop a fine-tuning of the learning rate to ensure the
convergence of the learning rule. In the offline training,
if the BSNN is conditioned considering these main aspects
of the position control algorithm, it will cope with unknown
complex scenarios and nonmodeled dynamics not included
in the control design stage as, for example, the dynamics
of the power electronic components inside the VSC driver.
Thus, it is possible to reduce the complexity and prior
requirements of the controller structure while high dynamic
performance facing unknown scenarios and uncertainties
is guaranteed. The proposed control scheme exhibits high
steady state and transient performance and desirable features
for real-time applications such as robustness, adaptability,
and low computational demand.
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IV. DESIGN OF AN EFFICIENT ELECTRIC MOTOR DRIVE
SYSTEM
A. TWO TO THREE PHASE CONVERTER
The coordinate reference for the three-phase power system is
a three-axis system with a 120-degree phase shift. However,
to facilitate the control implementation and analysis, the
adoption of orthogonal coordinates is preferable.

In this paper, the transformation matrix used is,

1 =1 _1
Usq 3 2 2 usi
1 1
u - 4 = u
SO NI > S3
if the three-phase source is balanced,
1
uso = %(MSI + us2 + us3)
The inverse transformation matrix is,
2 g 2
u 3 3 17}
uSl B E i \/_i uSa
52| = ) 3 3 3 Sh
us3 _1 1 2| |uso
374 3

This transformation is applied in this work to achieve the
presented results.

B. THE 84-MULTI-PULSE CONVERTER
An Electric Motor Drive System (EMDS) is a complex
system that includes various components designed to control
and regulate the operation of the induction motor. The
purpose of the motor drive system is to efficiently convert
electrical power into mechanical power, providing precise
control over the motor’s speed, torque, and position. A Volt-
age Source Converter (VSC) is typically used in EMDS
to provide precise and efficient control on the speed and
position of the shaft. By using the Neutral Point Reinjection
(NPR) technique that involves injecting currents into the
neutral point of the DC-link capacitors, several advantages
arise. Examples of advantages are: enhancement of the
voltage and current quality caused by the reduction of the
harmonic distortion, increasing of the converter Efficiency,
reduction in losses and stress on the switches, energy
savings and increased overall system efficiency and dynamic
performance. 84 pulses VSC has demonstrated to be a good
implementation of the NPR technique [17], [18].

The signal involving the thee phase system is known as
Vinoduie, and it defined by (40), which means it is a constant
for balanced systems with constant amplitude.

Vinodule = v V% + Vlz, + V% (40)

It is of paramount importance to consider the significance
of maintaining reduced amplitudes and lower frequencies
for achieving effective speed and position control during
startup and under varying the operating conditions. Voltage
Source Converters (VSCs) play a crucial role in finely tuning
amplitudes and frequencies to ensure efficient control. These
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adjustments are particularly vital as deviations in torque
or position demand substantial energy and can introduce
significant voltage system distortions.

Synchronizing the phase and tracking of the required
amplitude of a three-phase voltage signal to ensure the
motor performance can be found in [16], [19], and [20].
Determining the frequency of this dynamic signal presents
a challenging endeavor.

Phase-Locked Loop (PLL) uses the strategy presented in

[16], [19], and [20] and it is illustrated in Eq. (41).
ot =2 | —tan™! ¢ + 41
Ve + g2 — B
This equation presents «, and B which are obtained

as the three-phase voltage signals in Stationary Reference
Frame [21].

SRS

1 a
%} b (42)

2 c

In (42) a, b, ¢ are the three-phase balanced voltages or
currents, as we can use this for obtaining the phase angle for
both signals.

Using PLL, the Power Factor for phase-a is obtained as

cos (wt,, — wt;,) (43)

the argument (wf,, — wt;,) is the difference between the
angle of the voltage of phase-a (a)tva) and angle of current of
phase-a (wf;, ).

The complete controller comprises an 84-pulse VSC,
with control signals determined in a digital processor
using Equations (14), (34)-(39), and measured variables
(Figure 1) including three-phase instantaneous currents and
rotor position. The output signals of these equations involve
basic mathematical operations suitable for straightforward
implementation in common processors. The proposed 84-
pulse VSC architecture exemplifies the efficient implemen-
tation of the developed position control strategy. While the
presented results consider its dynamics, during the control
design stage, these dynamics are treated as non-modeled or
uncertain elements, successfully compensated by the adaptive
strategy.

V. EVALUATION OF THE REGULATION PROPOSED
STRATEGY

A. TEST CASE: 500 HP MOTOR

An asynchronous 500 hp motor is first used to demonstrate
the scope of the proposed regulation scheme. The induction
motor parameters are taken from [21] for 500 and 50 hp,
respectively. In this case, some drastic operation conditions
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FIGURE 3. Trajectory tracking for angular position, case A.
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FIGURE 4. Demanded load torque and electric torque, case A.

are evaluated, and the required trajectory angle tracking is:

0° if t< 5 sec,
45° if 5<t <40 sec,

0% =1 —45° if40 <t <85 sec,
—90° if85 <t < 120 sec,
0° if t > 120 sec

The trajectory from the initial to the final desired values
is determined by a Bézier function, with a duration of
15 seconds for each transition, Fig. 3. It can be appreciated
that the actual angular rotor position is tracking the required
angular position although different requirements of load
torque are presented.

Also, the motor is subject to variations in load torque
with a transition of ten seconds from the initial to the final
value, Fig. 4. At the beginning, the load torque is zero,
after which, three new values of torque are demanding 600,
1250, and 1980 Nm, respectively. Notably, as the load torque
approaches the nominal power, the adaptive control scheme
effectively maintains the required angular rotor position.
Despite these load torque variations, the scheme ensures
other variables remain within physically permissible limits,
exemplified by the electromagnetic torque aligning with the
demanded load torque, as illustrated in Fig. 4.

On the other hand, Fig. 5 exhibits that the magnetic flux
follows the optimal reference values for different load torque
with a compromise between applied magnitude voltage
and demanded electrical current. Thus, a reliable operation
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FIGURE 5. Required trajectory tracking for the magnetic flux, case A.
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FIGURE 6. Dynamic evolution of the control gains, case A.

condition is guaranteed below the maximum allowable values
for a steady state condition of this motor.

The control parameters are updated online by the proposed
strategy based on B-spline neural networks. The behavior of
the dynamic gains is shown in Fig. 6. Here, it presents the
evolution of the control gain, pg, defined in (19), py, in (20)
due to the operation requirements of the induction motor.
Also, the responses of the other four control gains associated
with the dynamics of estimated electric currents, p,, pp,
in (25) and (26), and k,, kp in flux observer scheme (27)
and (28), respectively. All control gains are updated based on
the requirements of the induction motor.

To attain the steady state and transient performance of the
proposed controllers defined in section III, it is necessary to
generate a three-phase input currents as a response to the load
torque are presented in Fig. 7. The zoomed box illustrates
the currents are very close to sinusoidal shape, which can be
associated to a smooth behavior of the motor. The magnitude
values are bounded within the nominal motor parameters.

The EMDS based in 84 pulses Voltage Source Converter
described in IV-B is used to be able to feed the current
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FIGURE 8. Applied three-phase input voltage, case A.

of Fig. 7. The variations of the are exhibited in Fig. 8.
The adaptive control strategy or this proposal is evaluated
including some fast dynamics associated with the power
electronics components where the three-phase voltage is
not exactly an alternating sinusoidal wave, but a staircase
with low harmonic distortion, which is presented inside the
zoomed box.

The EMDS has to be able to provide a voltage profile vari-
able to produce the desired shaft position, as it is illustrated
in Fig. 9. Controllers and voltage source converters, rely
typically on filtered signals as the depicted in black on this
figure for computing the desired output. The signal illustrated
in blue is the one demanded by the system. It’s important to
clarify that the strategy of this paper presents the advantage
of not incorporating filtering stages for the voltage module.
The figure illustrate that, even with high-frequency variations
on the voltage module, the resulting position is according to
behavior the expected.

Torque variations are related to the frequency fluctuations
during motor startup, and shifts in shaft position. To illustrate
this, we incorporate Fig. 10. In this figure, the blue signal
vividly displays abrupt transitions when the (PLL) detects
the 2 phase angle. The black signal, in contrast, portrays
the frequency variations after the application of a Low Pass
Filter (LPF). It is important to emphasize that, in this study,
we employ the unfiltered signal to illustrate our approach
effectively, as it allows us to capture the intricate nuances
of the system dynamics without any signal smoothing or
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FIGURE 9. Voltage module for 500 hp induction motor.
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FIGURE 10. Frequency profile required for 500 hp induction motor.
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FIGURE 11. Power of Phase-a for 500hp induction motor.

filtering. Again, the figure intends to illustrate that the
resulting position is according to expectations, even with
high-frequency variations.

The devised approach takes into account a minimal reactive
power for executing the designated tasks. In Fig. 11, the
generated power is depicted, where segments below zero
signify the reactive power. As depicted, nearly consistently,
the power remains positive, indicating a negligible demand
for reactive power.

Power factor is calculated with the strategy of (42), and
presented in Fig. 12. As the reactive power is close to zero,
the power factor is near to unity for most of the analyzed
time.
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FIGURE 12. Power Factor for Phase-a for 500hp induction motor.

100

ngular position

a

0 50 100 150
t [s]

FIGURE 13. Trajectory tracking for angular position, case B.

B. TEST CASE: 50 HP MOTOR

In order to contrast the applicability of the regulation strategy
and its adaptability to induction motors of different power
and parameters, a 50 hp three-phase IM is used. In this
case, different desired trajectories covering new desired
angular rotor positions are defined, and drastic load demand
requirements are used. Here the prerequisite of angular
position is,

0° if t <20 sec,

—90° if20<t <55 sec,

0" = 90° if55<t <75 sec,
38% if75 <t < 125 sec,

142° if t > 125 sec

Following the case A, the angular position reference
tracking is reached with high precision and avoiding high
overshoots, as presented in Fig. 13.

Besides that, the system is subject to changes in load torque
as depicted in Fig. 14. First, the load demands 49.5 Nm, then,
a drastic increment of the load is presented to attain the full
torque. After that, the load diminished one-third to attain a
value of 132 Nm. Finally, an increase is exhibited to reach
171.6 Nm.

The electrical currents required to the expected behavior
are within the limits for an induction motor of this power,
Fig. 15, while the three-phase input voltage is presented in
Fig. 16. The waveforms fulfill the requirements for induction
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FIGURE 14. Demanded load torque and electric torque, case B.
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FIGURE 15. Electric currents demanded by the induction motor, case B.
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FIGURE 16. Applied three-phase input voltage, case B.

motor controls considering applied voltages and demanding
electrical currents. Also, with an adaptive control scheme as
proposed in this paper, it is possible to reduce the dependence
on previous knowledge of motor parameters.

The performance of the proposed control scheme for a
50 hp induction motor was attained with the same architecture
of BSNN and parameters design the motor’s parameters were
replaced by the corresponding to this power. As can be
seen, the behavior of this particular motor has high dynamic
performance such as the 500 hp IM, thus, the adaptive control
scheme fulfills the requirements for different power and
parameters of induction motors for angular position control
tasks. Thus, the dynamic evolution of the control gains is
presented in Fig. 17. Two correspond to the internal control
loop, also, two correspond to the control loop of electrical
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FIGURE 18. Voltage module for 50 hp induction motor.

currents, and two of the flux observer. The values of the
control gains begin with a predefined value determined by
the previous stage offline (training rule), so their magnitudes
are updated to guarantee the expected dynamic performance
until a new steady state condition is reached. The results show
more drastic changes when a transient event is presented,
the learning rule updates the weighting factors attaining a
fast transient response with stable performance. This strategy
enhances the convergence to an optimum due to the search
space is bounded by the basis functions and the learning rate
analyzed in section III-E.

The variable voltage profile required to produce the desired
shaft position, is portrayed in Fig. 18. Blue signal is the one
used for the strategy presented on this paper, but black signal
is added for comparison with traditional systems with low
pass filters.

The frequency fluctuations for this case are illustrated in
Fig. 19. As in previous case, the blue signal is the one used for
the position tracking while the black uses a Low Pass Filter.
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FIGURE 21. Power Factor for Phase-a for 50hp induction motor.

For this motor, a minimal reactive power for executing the
designated tasks is required. In Fig. 20, the demanded power
is depicted. The portions below zero indicate the reactive
power required for operation.

Power factor presented in Fig. 21. As the reactive power
demanded is higher than previous case, the power factor is
lower, but most of the analyzed time is higher than 0.9.

VI. CONCLUSION

This paper proposes a control scheme for regulating rotor
position in high-efficiency induction motors. The approach
includes a thorough analysis of the performance of the
voltage converter source, establishing a crucial link between
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control scheme and the power stage. Furthermore, the
suggested control strategy facilitates seamless extension
to motors of several power ratings. The uncertainties and
non-modeled phenomena are dynamically compensated with
the incorporation of B-spline neural networks working
synergically with a strategy based on the model. Thus, the
use of adaptive strategies makes it possible to cover a wide
range of operation conditions and motor parameter variations.
Several merit figures were included to verify the good the
performance of the proposed strategy. Among them, the
Power Factor attained was higher than 0.9 in both cases
analyzed. Reactive Power was presented as the negative
portion of the instantaneous power, and it was verified that
is close to zero. The shape of the voltage and current was
included to verify the closeness to the ideal sinusoidal signal,
even-though stair cased signal was produced by the EMDS
based in 84 pulses VSC.

Based on the analysis and results presented in this paper,
the proposed position control scheme exhibits desirable
features for highly demanding real-time applications, besides
that, the requirements of detailed mathematical models were
diminished. Accordingly, the immediate next step consists of
the implementation of the whole system in the laboratory to
verify the appropriateness of the proposal in particular study
case. The mathematical operations related to the controller
decision making will be translated to a digital controller.
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