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REVIEW OF METHODS FOR ENERGY-EFFICIENCY IMPROVEMENT
IN INDUCTION MACHINES

Purpose. To present a comprehensive analysis of domestic and foreign experience regarding the existing optimization tech-
niques in the problems of the power losses minimization in electromechanical systems with an induction machine for reduction of
the total electricity consumed from the grid.

Methodology. A detailed study of the developments in the field of efficiency optimization of three-phase induction machines
through optimal control and design techniques has been done. Special attention is given to vector-controlled systems. Sustainable
development of a few trends was traced in this domain. The reference value of the field-generating current is an additional degree
of freedom in the mathematical model of the investigated system. It influences the magnetic flux linkage dynamics and mechanical
torque equations. Hence, the implemented model allows for a comparative analysis of different approaches to ensure minimum
energy consumption with an adequate intensity of transients.

Findings. Among numerous control techniques, simple state control, loss model-based control and search control efficiency
optimization algorithms have been highlighted. The simulation example on efficiency optimization of an asynchronous machine
was performed in the framework of an indirect field-oriented control system considering the stepped trajectory of load torque,
which is possible as a result of mechanical perturbation or when the motor performs complex speed profiles or counteracts shock
loads.

Originality. The rigorous review indicates that existing optimization algorithms in conventional still can be used for induction
motor drive applications. However, some existing problems in achieving the best control were not summarized. Accordingly, for
the first time, this review provides suggestions for the future research and development of dynamic energy-efficient control in in-
duction motors.

Practical value. The three-phase induction motor drives are a nonlinear system that is tough to describe precisely theoretically
due to their sudden changes in conditions of operation mode and parameter variation. Thus, advanced algorithms are needed to
enhance their performance in addition to effective hardware solutions. The suggested alternative solution will hopefully lead to

increased efforts toward the development of advanced control systems for future applications.
Keywords: induction machine, energy efficiency, optimization algorithms, dynamic operation, predictive control

Introduction. In the face of the energy crisis, the world is
slowly awakening to the problems of global energy conserva-
tion, increasing energy demands, and limited resources in na-
ture. These environmental issues have driven efficiency im-
provement in all aspects of electrical engineering. It is estimat-
ed that around 50 % of the electrical energy generated world-
wide is consumed by electrical motors, mainly by induction
motors [1]. Given the wide range of applications and heavy
use, the research towards minimization of the electric power
consumption is always relevant, and an introduction of minor
improvements brings tangible global economic effects.

Literature review. In industry, the demand for variable
speed electrical drives has been continuously increasing during
the last decades in a variety of applications from a few watts for
small servo-motors up to several hundreds of kilowatts. Rotat-
ing field AC machines are known since the very beginning of
electrical machines existence, despite the fact that they pos-
sess remarkable robustness and low cost, these machines were
very seldom used as their rotating speed changes with the fre-
quency of the grid. Whereupon, electrical machines of such a
construction were solely used where this feature was essential,
for example, for fans where speed adjustment is not required.
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Together with the advances of semiconductor technology,
the opportunities to construct speed variable AC machines in
a simple way enhanced. The task to operate the machine with
any rotating speed was solved with the help of an inverter
which gave a possibility to generate a three-phase supply volt-
age with variable frequency. Nevertheless, a dynamic control
similar to DC machines, i. e. separate regulation of flux linkage
and motor torque was unavailable. This task was solved with
the development of the so-called field-oriented control. It was
introduced by F. Blaschke in 1971 and has become an extreme-
ly popular control strategy. Nowadays it is state-of-the-art for
asynchronous machines as well as for synchronous.

Currently, a major part of frequency converters imple-
ments vector control or even sensorless vector control. The
basic principle of vector control is separate independent regu-
lation of the motor magnetizing current and quadrature cur-
rent which is proportional to the mechanical torque on the
motor shaft. The magnetizing current determines the value of
flux linkage of the rotor magnetic flux and keeps it on a certain
level. In the case of the rotational speed stabilization, the
quadrature current reference is generated by a separate PI-
regulator, the input of which is equal to the mismatch between
desired and measured rotational speed. Thus, the quadrature
current is always set to a minimum level enough to maintain
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the desired speed of the motor as well as mechanical torque.
Due to that vector control of induction motors have high effi-
ciency at rated speed and torque. However, it has a few draw-
backs connected with operation in the part-loaded mode: the
efficiency of the induction motor dramatically decreases if the
magnetic flux is kept at the nominal level throughout the entire
load range. This fact leads to over-excitation and excessive
copper losses. Thus, the question of power loss minimization
has gained importance in cases when a motor drive is operated
in a much wider load range. Due to that, the question of over-
load potential of the induction machine has also gained im-
portance recently [2].

The reduction of the electrical energy consumed by induc-
tion motors is particularly interesting in applications like con-
veyors and segments of the consumer market like heating, ven-
tilation, and air-conditioning (HVAC). These applications
consume a large part of the total energy consumed by induc-
tion motors. To reduce the power losses and thus increase the
efficiency of the motor in such applications an abundant num-
ber of different energy-efficient control strategies have been
developed as reviewed in papers |3, 4] and the references cited
therein. The focus of these methods is on the minimization of
the power losses when the machine is operated in stationary
points over considerable time intervals. Hence, energy saving
can be achieved by proper selection of the magnetic flux level
in the motor [5]. The optimal choice of the magnetizing cur-
rent makes field-oriented control a truly innovative method in
energy saving. The improper magnetization current control
can result in even greater power consumption though.

Undoubtedly, this review is not intended to be an exhaus-
tive analysis of the selected problem, because annually an
abundance of publications on the analysis and optimization of
power consumption of electric drives appear at international
conferences and in journals under review. According to IEEE,
the total number of papers on the given subject matter is about
several thousands, and there is no way to consider all of them.
Work [6] can put in a claim for the biggest number of citations,
around 2000 other entries. It presents a new quick-response
and high-efficiency control of an induction motor, which fair-
ly differs from the field-oriented control. The two most sig-
nificant differences are as follows. Foremost, the proposed
scheme is based on limit cycle control of flux and torque by
means of optimum PWM output voltage; a special switching
table for selecting the optimum inverter output voltage vectors
is used in order to attain fast torque response, as well as a low
inverter switching frequency and as low harmonic losses as
possible. Secondly, the efficiency optimization in the steady-
state operation mode is achieved by controlling the amplitude
of the flux according to the torque command. The feasibility of
this scheme was verified, and the results proved the excellent
characteristics for torque response and efficiency. This scheme
was found to be promising and superior in every respect to
field-oriented control. The main drawbacks are the necessity
of a nonlinear active filter and the effect of the variation of the
machine constants.

As most recent works on the energy efficiency of induction
motors [7—9] can be distinguished. In [7] the question of pow-
er consumption optimization of the positional asynchronous
electric drive which works in short-time mode has been con-
sidered. It is shown that in such a system the unproductive
power loss can be reduced by selecting an appropriate time of
specified motion working-off in compliance with heat loss
minimization criterion. In work [8] a novel control algorithm
is proposed for induction motors in the field-oriented control
system for the case of the motionless rotor by means of Euler’s
optimization equation for the copper losses minimization. The
analysis of transient processes and algorithmic expressions
showed that motor demagnetization and the pause following
its magnetization during the intermittent duty increase the ef-
ficiency of the vector control system. However, this approach
needs certain minimal pause time during intermittent duty

cycles to operate successfully. Paper [9] establishes generaliz-
ing scientific patterns, allowing us to obtain the parameters of
the modes of the most energy-efficient operation of techno-
logical complexes. However, the technique was tested on
pumping stations and conveyors only.

For the most part, it is difficult to call an actual publication
of systematic or outline nature which would have been entirely
devoted to the energy-efficient vector control. Especially exi-
gency of such a work is felt while trying to analyze domestic
publications on the given subject, the material of which is of-
ten very closely linked to the foreign works without explicit
citation, i.e. authors come to the same or similar ideas in par-
allel without taking into account previous foreign experience.

A great number of minimum-loss control schemes have
been reported previously. If one takes any of the recently pub-
lished methods for minimizing power losses, it would be quite
difficult to classify it to any specific type of existing approa-
ches. However, initially, there were a few trends in this domain
around which sustainable development can be traced. These
schemes can be divided into three categories: 1) methods
based on state control of the motor (simple state control);
2) methods using a model of power losses (model-based con-
trol, LMC); 3) methods of straightforward optimization
(search control, SC).

Simple state control methods. The given methods were his-
torically the first proposed to minimize power losses in an
electric motor and originally were designed for frequency con-
verters operating in scalar V/f mode. Methods of this class are
based on the fact that if the machine is in a state of minimum
power losses, then its electrical characteristics behave in a spe-
cial way [10]. The simplest examples are the power factor cos ¢
and slip speed w,;,, which have a constant value provided that
the minimum power consumption is reached.

Power factor control. A strategy where the power factor is
maintained at a constant level as energy-efficient control is
U.S. patent No. US4249120A, 1981. There have been a lot of
studies done in this area and publications written based on the
patent. Further development of this method is obtained in pa-
pers such as [11] and [5]. Paper [11] shows that for an engine
without saturation, the optimum value of the power factor
cos @ which provides the minimum loss mode is a function of
the engine parameters and rotation speed of the rotor shaft ®,
and does not depend on the load torque on the shaft of the
motor cos ¢ =f(,).

In [5] it is considered how to control the reference for the
power factor cos ™ using fuzzy logic methods, depending on
the angular velocity of rotation on the motor shaft ®,. This
method works satisfactorily with the saturation of the mag-
netic system of the motor. The value of the power factor cos ¢*
remains almost constant at an adequate angular speed ®,,
which allows for the method to be used in scalar control sys-
tems without a speed sensor. In this case the reference for the
magnetizing current i, is obtained as follows

1,;= Pllcos " — cos o],

where PI[...] is the output of the P/ controller, coso is the
measured value of the power factor. The best dynamic perfor-
mance is provided if cos ¢ is measured and calculated for every
sample of the control system. Some authors have suggested
varying cos @ reference as a function of speed and load. How-
ever, additional estimation of speed and torque greatly compli-
cates the system with only marginal improvements.

Slip speed control. Numerically analyzed various indicators
in the system of electric drive associated with the power losses
are presented in [12]. As a result, it is possible to compare dif-
ferent energy efficiency criteria for the optimization problem.
The sufficiently detailed model obtained from the measured
experimental data was considered. The effects of saturation
were taken into account. For the test, a standard 4-pole 2.2-kW
motor (operating speed — 900 rpm, nominal speed — 1500 rpm)
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was selected. The analysis of the presented dependences has
shown that the slip speed cannot be an indicator of the opti-
mum power losses in the motor with saturation. Indeed, the
values of slip speed providing minimum losses are almost two
times different for various load torques on the shaft. This indi-
cator will not ensure good performance. On the other hand,
the constant power factor quite well agrees with the minimum
losses. Nevertheless, the slip speed approach was for the first
time presented in [13] and in [14] it was turned into a practical
method where the optimal value of slip speed w,;, was calcu-
lated as a preliminarily measured tabular function of the angu-
lar rotation speed of the rotor shaft ®,. Another interesting ef-
ficiency optimization technique via constant optimal slip con-
trol of scalar controlled induction motor drive is presented in
[15]. The key difference from similar optimal slip control ap-
proaches is that it requires solving neither losses minimization
equations nor search strategies based on minimum losses or
minimum power. The technique is based on an intuitive adap-
tation of Maximum Torque per Ampere algorithm. It is also
feasible to integrate the solution in standard adjustable speed
drives operated by conventional V/f or slip control. Neverthe-
less, this type of control of induction motors is a good alterna-
tive only for applications where there is no variable load and
there are no high dynamic loads.

Stator current minimization. The input power minimum al-
most coincides with the stator current minimum according to
experimental characteristics given in [12]. It is also well known
that minimization of the stator current usually leads to mini-
mization of losses in the motor drive. Such methods are on the
verge of state control and model-based control. Although the
theoretical optimum obtained is not a strict minimum, but
such an approach is certainly simpler than methods that use
the loss model, and from an energy point of view the result is
almost identical. Such a class of methods is known as maximal
torque per ampere (MTPA) strategy [16]. Operation at MTPA
is achieved when, at a given torque and speed, the slip frequen-
cy is adjusted so that the stator current is minimized. In the
simplest case, the minimization of the stator current is pro-
vided by constant slip speed control. In addition, the ampli-
tude of the stator current will be minimal when the currents
along the ¢ and d axes are equal, which gives a constant slip
speed

I, » min o I,,=1,, & o, = const.

The proposed global maximum torque per ampere (GMTA)
controller in [16] is designed to avoid operation under saturated
conditions. The resulting motor efficiency is reasonably close to
the optimal value. The approach is insensitive to variations in
rotor resistance. However, the dynamic performance is not as
good as in field-oriented control and the error in achieving the
required torque is up to 25 %. In [17] an improved MTPA strat-
egy for induction motor drives is proposed. Compared to [16],
it includes the effects of magnetizing and leakage saturation as
well as yields superior performance ought to alternate gd induc-
tion machine model (AQDM). It is shown that MTPA with
AQDM achieves commanded torque with open-loop torque er-
ror less than 3 % as opposed to the control strategy in [16] and
that the MTPA condition is, in fact, achieved.

In [18] MTPA via search-based control for the FOC-based
doubly-fed induction motor drives is introduced. The method
requires estimation of load torque and rotor speed to calculate
the control reference for the minimization of the magnitude of
total stator current. It is independent of all motor parameters,
which is the inherent feature of online search-based methods.
However, from the simulation results, continuous oscillations
of the stator current and as a result of the torque, which also
affects the speed of rotation, can be observed. This fact may
also introduce additional heat and machine positioning errors.
Depending on the tasks, drawbacks may not be significant.

Model-based control methods. This is by far the most re-
fined and numerous class of methods for the optimization of

energy consumption. The idea of all these methods, as usual,
comes down to the fact that the power losses P, is expressed
as a function of the magnetization current /,;: P (/,,). Then,

the expression for the optimal magnetization current /', as a
function of the parameters and the state of the motor is ob-
tained by aligning the partial derivative to zero 0P,,(1,,)/01,,=
= 0. The advantage of LMC strategies is high regulation speed
and good accuracy.

Among numerous loss minimization methods, LM C algo-
rithms offer a quick response with not high torque pulsations.
Therefore, a technical complexity lies in the plane of deriving
simple and accurate loss model as well as knowledge of motor
parameters. Another difficulty is developing of the model-
based controller with online adaptation. The published meth-
ods differ from each other mainly by loss models (account for
various sources of losses, use of different equivalent schemes of
the motor drive, and others), optimality criteria, the use of loss
model parameters adaptation schemes, various methods of
model representation and optimum computation (multiple
approximation, artificial neural networks, fuzzy logic, particle
swarm optimization, genetic algorithms, and so on).

Analytical solution. An elementary analytical solution for

the optimal magnetization current 1, is obtained by aligning
the partial derivative of the expression for power losses to zero
OP(1,4)/01, 4, Which is also considered as a model-based op-
timization. The main drawback is the need to measure or esti-
mate the motor torque M),. A similar approach is presented in

[19], where the setpoint for 1, is calculated directly from the
analytical expression for power losses. The minimization of
the total copper losses was achieved by optimizing the flux
level as a function of the motor torque. Changes in motor pa-
rameters depending on flux level are taken into account. The
paper also discusses the significance of accounting for stator
core losses when an induction motor is controlled by the con-
ventional field-oriented control system. The method proposed
ensures maximum efficiency in the steady-state mode of op-
eration by means of a deadbeat rotor flux controller without
degradation in transient characteristics.

Authors in [20] proposed an online implementable control
scheme. The method assumes that the optimal magnetic flux is
an exponential function. Moreover, it does not rely on exact
knowledge of the torque profile. The Newton-Raphson meth-
od was applied by authors to numerically solve the optimal so-
lution online. A PC based test bench was successfully imple-
mented, and, despite heuristic approximation, the solution
gives satisfactory results for dynamic transitions. However, the
iterative calculation of the Newton-Raphson method would be
inefficient, thus it probably will be not applicable for DSP
based industrial applications under high sampling rates.
A practical solution was put forward in [21] to determine the
relationship between stator field-generating current and torque-
generating current in the form of a suboptimal solution with
acceptable performance based on a look-up table with given
data points. However, it is hard work to gain such a look-up
table with the desired accuracy for different types of machines
especially when saturation effects of the main inductance must
be taken into consideration. In the framework of linear induc-
tion motors (LIM), authors in [22] presented a very similar and
practical method for solving the optimal flux to minimize pow-
er losses during dynamic operation mode. The main purpose is
to avoid complex computations by means of applying an ana-
Iytical estimation of the optimal flux defined as

War (1) =wo + (W) —wo )| - e Var/as |,

where y,, is the initial steady-state flux under given load condi-
tions, vy, is the desired final steady-state flux calculated from
the LIM scheme, a, and a5 are the loss coefficients. To find
proper values of coeflicients in exponential function the au-
thors use two approaches: conventional calculations through
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the iterative method with a DSP-based controller with a high
sampling rate; proposed a simple analytical solution. The dif-
ference in trajectories is comparatively small. Nevertheless,
this simple method does not bring any tangible improvements
in energy efficiency minimization compared to approaches
discussed earlier in [21].

Paper [23] presents an interesting approach of optimizing
the efficiency of induction motor drives through so-called
natural variables and reference frame independent quantities
as state variables. The state variables such as electromagnetic
torque, reactive torque, rotor speed and square of the rotor flux
linkage magnitude are changed to natural variables that are in-
variant under the transition between coordinate systems. The
expression for the power losses Py, is a function of the reactive
torque 7, and the square of the rotor flux linkage magnitude
A~ The total loss minimization in such an equivalent model is
achieved through an appropriate command of the gd-axis volt-
ages. The total electrical loss is minimized in the case when the
following partial derivatives are constrained to be zero

aP/OSS — 0 61)1055 — 0'
a]-;' ’ a)\‘rr
In [24] it was noticed that ¢ and d axes are equal under the
condition of the minimum of energy consumption

Ploss.q = Plass.d-

Thus, the implementation of the method consists in calcu-
lation of these components based on the loss model, where
total losses in windings and core for the I'-inverse equivalent
circuit

P

loss

R
= R1+meL2 +—Lor 2 |17+
R m R2 m

e fe

R
+(R+R,)I}, —2R—1m,Lm1ld1,q,
fe

and Pl-regulator for obtaining the setpoint of field-generating
current Iy, = a - PI[ Py, . — Py 4] + b (a, b — shift constants).

Paper [25] analyses the possibility of improving the dy-
namical characteristics of a three-phase asynchronous motor.
The study is based on a loss model and three control schemes
are proposed: with a low-pass filter; injection of quadrature
current that generates a torque; speed controller of variable
structure. All proposed methods have shown satisfactory re-
sults. There is another recent approach in which the PID con-
troller and the internal model controller as an alternative to the
classic feedback structure are used to maintain a given speed
and desired setpoints during disturbances in the load. The re-
sults of implementing the internal model controller have
shown better system stability and performance in the system
when compared with the PID controller for the speed control
of the induction motor.

Numerical solution. If the loss model P, (/,;) is rather

complicated than the analytical one, solution for I;, is not
possible to obtain. This situation usually takes place when
modeling saturation effects or power losses in the frequency
converter. Thus, the equation 0P, (1,,)/01,,= 0 is solved nu-
merically with respect to /,, for the given parameters and state
of the motor drive.

Such an approach is proposed in the often-cited paper
[26], in which the loss function including the saturation phe-
nomenon is presented in the following form

2
P"’“(W”TM’“)Z):”IIZd(W2)+(b+CR§)d€$z +
2

+ewry? + 220)2R2TM,

where /,,(y») is the magnetization characteristic, a, b, c, d are
parameters identified in real-time according to measurements
of input power P, =al? + b[fq +el2 ol + dLy 11,0, The
setpoint for y, is sought by numerical minimization of the loss
function P, (), Ty, ®,). The algorithm is coded into a low-
cost 16-bit DSP and verified on a 2.2-kW induction motor
drive prototype. Despite the advantages of the proposed meth-
od, which is an original combination of SC and LMC, there
are a few possible issues: flux and torque pulsations, and sensi-
tivity to parameter variations.

Another example of a paper which also uses the numerical
search is [27]. It presents a dynamic space-vector model for
energy-efficient control of induction motors by means of de-
termining the loss-minimizing flux linkage reference based on
the corresponding steady-state power losses function both for
static and dynamic modes of operation. It is based on stator
currents and magnetization flux estimate y,. Loss minimiza-
tion law is expressed as

Wy = arzmin| 2, (v, )
Y, &€ [\VZ,min ’WZ,max:|'

The minimum point of the loss function is found by means
of'a 1-D golden section method at each sampling. However, in
such an approach the flux linkage reference must be filtered in
order to avoid high magnetization current levels during flux
transients. Although the following filter was used

d X
EWQ,ref = alpf [WZ,ref 7W2,ref:|’

the appropriate choice of the filter time constant has not been
discussed. This point was further numerically investigated in
[28] with respect to an appropriate choice of the filter coeffi-
cients. The analysis was conducted for three induction motors
with rated powers of 370-W, 4-kW and 11-kW. Simulation results
and numerical study has shown that an appropriate choice of the
filter time constant as a fraction of rotor time constant leads to a
reduction of power losses during a torque step change in load.

One more class of solutions in this domain consists of the
fact that the dependence of the optimal field-generating cur-
rent /,, on the state of the engine is approximated polynomi-
ally or tabularly in advance (off-line). This makes it possible to
simplify the algorithm as much as possible, but, obviously,
binds the implementation of the method to a specific motor.
Hence, the simplest option is to choose the optimal setpoint of
the magnetization flux y, ., (and, consequently, /,, ,.,) from a
polynomial approximation of the dependence vy, = f(/). In
[29], a more detailed loss model is considered (taking into ac-
count core losses, main flux saturation, and rotor deep bar ef-
fect) and a preliminary calculation of the optimum as a func-
tion of the motor torque and angular speed v, = f( Ty, ®,).

In an effort to overcome the drawbacks of LMC, the so-
called adaptive backtracking based nonlinear control schemes
(BSC) incorporating the effect of leakage inductance are used.
For the case of its work in association with indirect field-ori-
ented control, there have been many versions developed, but
only a few verified experimentally. The feedback control laws
of backstepping control schemes are based on the Lyapunov
stability theory. Moreover, they can successfully reach global
stabilization in the situation of parameter uncertainty. The
comparative study between the rotor field-oriented control
and non-linear backstepping control was conducted in [30].
For an experimental test, a five-phase induction motor drive
and DS1104 card were used. The experiment confirmed the
higher performance of backstepping control compared to indi-
rect field-oriented control in terms of faster transient response
and rise time both for static and dynamic operation. The draw-
back of BSC is the excessive complexity of implementation
and parameter tuning.
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Artificial intelligence techniques. A noticeable part of the re-
cent publications has been devoted to the application of artifi-
cial neural networks (ANN) and fuzzy logic (FL) to solve the
problems of electric power consumption minimization in elec-
tric motors. One of the most effective fuzzy system applica-
tions is fuzzy logic control (FLC), in control systems that are
normally impossible to describe analytically. The basic idea of
such methods is an approximation of some nonlinear func-
tion. The approximated function may be a dependence of the
field-generating current or magnetic flux linkage of the rotor
on the state of the engine. In addition, ANN and FC have a
high versatility to implement the functional dependencies of
the electric machine. Moreover, they can also be used to eval-
uate the motor state, power losses, update the reference value
of the field-generating current, as well as ensure the boundary
conditions of the regulated quantities, and so on. In light of the
fact that it is onerous to systematize all of the works presented
in this domain in a particular classification, the discussion will
be limited to a review of some recent papers.

A very simple FL-based efficiency optimization scheme
uses feedback on speed and torque to generate an appropriate
level of voltage on stator windings of the three-phase induction
motor. In [31] the method for obtaining a simplified fuzzy
model in the case of induction motor is presented. The idea of
the paper is based in general on the fuzzy linearization of a
nonlinear dynamic system using an inverse fuzzy model.
However, due to simplifications done the given linearization
technique does not fully consider the peculiarities of the non-
linear components in the investigated system. An approach
that utilizes the unstable behavior of the subsystem, as well as
smooth switching between controllers of the linear subsys-
tems, was further investigated by the authors in [32]. It has
been proved that the application of the controller synthesized
for one of the subsystems with unstable behavior improves the
characteristics of the dynamic system keeping its stability. The
controller was further used in [33] in the framework of a gen-
eral approach to the dynamical system’s fuzzy controller syn-
thesis. This is particularly useful during the initialization pro-
cess to form the system with roots on the right side of the
s-plane when the mismatch between the desired value and the
output of the system is huge.

In recent years many solutions have also been devoted to
direct torque control (DTC) methods improvement using
ANN. The main drawbacks behind the high current and
torque ripples in the conventional DTC schemes are by far the
presence of hysteresis comparators as well as the limited num-
ber of voltage vectors and their combinations. In addition, the
DTC switching frequency of the inverter is not invariable and
is affected by the rotor speed, load torque, and hysteresis com-
parators bandwidth. These drawbacks can be overthrown by
using ANN in DTC. The proposed solution in [34] uses the
Levenberg-Marquardt backpropagation algorithm for weights
adjustment.

In general, the fuzzy logic approach optimizes the system
more systematically, but the need for good knowledge of the
drive dynamics is still required.

Search control methods. Another noticeably advanced
class of methods is based on the approach to minimization as
a numerical optimization problem. It consists in the fact that
the objective function is the measured value of power con-
sumption. The search for the minimum is performed directly
in real-time over the control object without using its mathe-
matical model (so-called model-less multivariable control).
The optimization criteria can be measured values of the active
power or power in the DC link, the motor stator current, DC
current, and others. Parameters calculated based on the mea-
sured information, such as power losses, can also serve as an
objective function. When the goal is to minimize, the func-
tions are often called cost function. In a matter of scalar opti-
mization, the power losses minimization SC algorithm can be
described as follows:

1) increase the magnetization current by some value;

2) measure or calculate the cost function, if it is less than
the previous one, then continue to increase the magnetization
current, and if more, begin to decrease it;

3) an algorithm terminates if the change becomes insig-
nificant starting from some step in the algorithm.

Improvements to this class of methods are focused on re-
ducing the minimum search time and measurement noises.
The typical optimization time for modern methods is from
several to ten seconds. A systematic approach in terms of opti-
mal control is presented in [35].

In all probability, the earliest experimentally implemented
solution in this domain is the system that adaptively adjusts the
flux setpoint stepwise in the motor based upon direct measure-
ment of the power input to the drive until the reduction of
power consumed by the frequency converter has stopped. Some
discrete gradient descent algorithms were proposed in this do-
main as well. The change in field-generating current is set to be
proportional to the change in power in the DC link. Thus, a
reduction in search time is achieved compared to a simple step-
wise search. In [36], the idea of a hybrid method, where the
initial approximation of the optimum is calculated analytically
from the loss model approach and the subsequent adjustment
of the flux is through the search technique activation, which
finds the final optimal value of the field-generating current.

In [37] a controller is developed to optimize the efficiency
of an induction motor, based on the search of a stator voltage
that would maximize the specified parameter, namely efficien-
cy. To reduce the slip parameter at low load on the motor shaft
and at low operating frequencies, a slip compensator is intro-
duced.

Numerous heuristic optimization techniques have been
published in response to tuning controller gains including Par-
ticle Swarm Optimization (PSO), Genetic algorithms (GA)
and Backtracking search optimization (BSO). However, opti-
mization techniques usually have limitations on global mini-
mum, trial-and-error procedure, local minimum value, and
optimum trapping, high computational time to achieve the
best results, etc. To solve the above-mentioned problems, a
quantum lightning search algorithm (QLSA) is applied to im-
prove the FLC the IM drive applications in terms of damping
capability and transient response, which was further developed
as a combination of a hybrid FLC and GA method in [38].

Unsolved issues. The aforementioned techniques play an
important role in enhancing the performance of electric drive
control systems. However, they encounter the following chal-
lenges and issues in implementing:

- polynomial or tabular approximation of the optimal con-
trol trajectories in offline mode, which leads to tight binding to
the specific control object and operating conditions;

- high computational time to achieve best optimization
performances;

- embedding low-pass and nonlinear filters;

- a step-change in the field-generating current reference
leads to disturbances in the electromagnetic torque of the mo-
tor resulting in undesirable pulsations in the shaft speed and
additional power losses during transients;

- the question of the dynamic mode of operation is still of
high priority as only a comparatively small number of publica-
tions address the question of power losses minimization in dy-
namics;

- degradation of the stability of vector control to a distur-
bance in the load torque with the magnetization flux decreased
below the minimum;

- pre-calculation of control behavior only for the next
sampling cycle;

- restricted dynamics which can be achieved with a cas-
cade structure for highly dynamic drive applications.

Purpose. To solve and improve these issues, an optimiza-
tion technique is recommended as an alternative which has the
following advantages:
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- calculation of the optimal control trajectories online in
comparison to conventional control, in which as a rule a pre-
calculated control law is applied;

- quicker convergence to a minimum with the same pa-
rameters of the digital system;

- a continuous pattern of control variable regulation which
results in a smoother and faster drive system performance and
more accurate maximum efficiency, which is not possible by
the conventional stepwise change in the control variable (fil-
tering is no longer required);

- power losses minimization in both static and dynamic
modes of operation;

- facility to handle constraints on inputs and state variables
of the multivariable system in an optimal way as well as taking
into account the cost function to be minimized;

- pre-calculation of the future dynamic behavior of the
system over a finite horizon in contrast to conventional con-
trollers possessing no knowledge about the control object it-
self.

Results. An interesting approach that could bring listed ad-
vantages for power losses minimization of closed-cycle opera-
tion IM drive is based on dynamic programming (predictive
control optimal magnetic flux). In order to calculate the opti-
mal flux trajectory, it is necessary to elaborate on the cost
function, system dynamics equations and constraints for state
and control variables.

The cost functional of the optimal control problem is as
follows

ty+Th
J= I L(r,)&(r),u(r))dr,
tﬂ
where T > 0 is
Ry xR¥ xRM »RY  function is the integral cost of

x(t)eRN- state variables and u(t) eRY: control variables in
vector form.
The system equations are

x(r) :f(tk +1:,x(r),u(1:)),

and f:R{ xR xRY — R is a nonlinear function describ-
ing the dynamics.
The system is subjected to box constraints of the form

Ll(t) € [umina umax];

the prediction horizon; the L:

X(l) € [xmina xmax]'

Following these steps, it is possible to define the cost func-
tion, system dynamics equations, constraints and boundary
conditions for a vector controlled IM drive where the rotor flux
linkage v, is oriented along the d-axis of the synchronously
rotating coordinate frame y,,; =y, Wy, = 0:

1. The cost function of power losses is

L

2.2
V3

3 , 2
J= E(1a1+Rz)1M+§(R1+Rz) +
0

3R R
+2L5“’5‘3L2“"2"d}”’

the equation parameters are from [39].
2. The dynamics of the rotor flux is represented as

d R .
pAch —TZW2 + Ryjyy-

m

3. The only constraint to be applied is based on the nomi-
nal value of the field-generating current. Regarding the
boundary-value problem, basically, it is calculated between
two steady-state points for the flux that constantly change on-

line y5(0) = w2, sual Tp) and yo(T) =, gl Tp + AT)).

The imposition of constraints on the control variables and
especially state variables complicates the optimal control
problem in general. From another point of view, they simplify
the data array size.

A few assumptions are taken into account:

1) the speed and current regulators of field-oriented con-
trol have high enough performance to ensure the control char-
acteristic close to perfectly rigid;

2) for the sake of simplification, no saturation effect is ac-
counted;

3) core losses are not considered.

At this point the definition of the Hamiltonian function
from the dynamic programming theory

H(w5(x)1(c)u(t)) =
- L(‘E,X(T),U(T))Jr}\‘r (r)f(tk + t,)'c(r),u(r)),

where X € RY: isthe adjoint state or costate. The system of the
first-order optimality conditions follows from Pontryagin’s

. - oH oH - OH .
Maximum Principle, where o, 0; v, A an  par
tial derivatives.

Simulation results. Simulations have been performed in or-
der to verify the proposed strategy. The algorithm is imple-
mented with Matlab/Simulink software, C language. Param-
eters of 370 W induction motor were used. The comparison
between nominal and predictive approaches for flux control is
made through the test. A load step change is analyzed from 25
to 100 % of nominal motor torque in the time interval ¢ €
€ [0—200] ms and from 100 to 25 % of the nominal motor
torque in the time interval f € [200—400] ms. Speed and load
torque references for one operating cycle are shown in Figs. 1
and 2. A plot of summary energy losses for this period is pre-
sented in Fig. 3. The simulations illustrate the improvement in
regard to energy consumption due to the predictive approach
with respect to the nominal case.

Conclusions. Algorithms for energy-efficient control in in-
duction motor drives are briefly discussed in the sequel. The
described optimization strategies can be successfully applied
particularly in vector and direct torque controlled electrical
drive control systems. Significant power loss reduction is ob-

Te (%)
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100 200 300 400
t (ms)

Fig. 1. Plot of load torque reference

1000

100 200 300 400
t (ms)

Fig. 2. Plot of speed reference
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tained when the machine is operated in part-loaded mode.
The choice of the energy-saving method directly depends on
the drive itself and its field of application. In addition, the
choice of energy-efficient strategy and specific methods is also
dependent on many conditions. IM drive with vector control is
by far the most advanced now, but its algorithms in most cases
do not take into account the saturation of the magnetic circuit,
as well as other losses in the motor. It should be noted that
some manufacturers supply frequency converters only with
their motors (SEW-Eurodrive for example). This is particu-
larly due to the use of non-linear motor models, which allows
us to significantly improve the characteristics of regulation
compared to linear motor models. Even though the methods
of simple state control have historically been the very first,
they are practically not used. Instead, the choice is between
LMC and SC strategies. LMC is the fastest but more sensitive
to parameters variation of the plant. SC methods technically
can be applied for any motor as they are insensitive to param-
eters of the plant but have much slower convergence time of
the search.

An alternative LMC-based predictive algorithm for effi-
ciency optimization of induction motor drive has been pro-
posed. The simulation results show significant loss reduction
in the long run, good dynamic features and stable mode of
operation of the drive system. Also, some new techniques for
parameter identification of the loss model have made LMC
extremely actual. The substitution of a vector control system
with a single predictive controller can be a very attractive topic
for further research in this field.
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Orgaa MeToiB MmiIBUIICHHSA
eHeproe(eKTMBHOCTI ACHHXPOHHHUX MAIIMH

I. T Jlauenxo, O. O. Aztoxo6cbKuil
HauioHanbHuii TeXHIYHUI yHiBepcUTeT «/IHiMpoBCchbKa TO-
JitexHika», M. JIHinpo, YkpaiHa, e-mail: diachenko.g @nmu.
one; azalex@nmu.one

Mera. [IpencraBUT KOMIUIEKCHUIA OLJISI HA OCHOBI Bi-
TYU3HSIHOTO I 3apyOixKHOrO JOCBiIy iCHYIOUMX METOIB
ONTUMI3allil B 3a1ayax MiHiMi3alii BTpaT B eJeKTpoMeXaHiu-
HMX CHCTeMaX 3 aCMHXPOHHOIO MAIIMHOIO [UTSI 3MEHIIEHHS
3arajibHO1 KUJIBKOCTI CITOKMBAHO1 €JIEKTPOEHEPTil 3 Mepexi.

Meroauka. [IpoBeneHo aeTaiibHe BUBYCHHST PO3POOOK Y
rajy3i ontumisaiii eHeproeeKTUBHOCTI TpUMA3HUX MAIITUH
3MIHHOTO CTPYMY, IIIO CITUPAIOTLCS Ha BUKOPUCTAHHST OTITH-
MaJIbHUX METOJIB YIpaBJIiHHS Ta MpoeKTyBaHHSI. OcobamBa
yBara TpuIiJIeHa CUCTeMaM, 110 BUKOPHCTOBYIOTb BEKTOD-
HUI TUI KEPYBAHHS SIK OCHOBY JUISI ITOAANIBIINX TOCTiIKEHb.
V uiit ranysi O0yJ0 MPOCTEXEHO CTIMKMI PO3BUTOK KiJIbKOX
TeHaeHIiii. OnopHe 3HaUeHHS CTPYMY, I1IO TEHEPYE TOJIE, €
JIOAATKOBOIO MipOl0 CBOOOIM B MaTeMaTUUHIl MOJEi 1OCTi-
IKyBaHOI cuctemu. KpiM Toro, maHuii CTpyM BILUTMBA€E HA M-
HaMiKy MarHiTHOTO ITOTOKO3YeTJICHHS i1 BETUYMHY MeXaHiu-
HOTo KpYTHOTO MoMeHTy. PeanizoBaHa Mojesib 103BOJISIE
MPOBOIUTU TOPiBHSUIBHUI aHaJi3 Pi3HUX MiAXOMiB IS 3a-
Oe3rneyeHHsT MiHIMaJbHOTO CITOKMBAHHS €HEprii Mpu auek-
BaTHill iHTEHCUBHOCTI MepeXiIHUX MPOLIECiB.

Pesyapratn. Cepen 4uCICHHMX METOMIB YIIPaBJiHHS
OyJ10 BUIIJIEHO MPOCTE yIpaBJliHHS CTAHOM JBUTYHA, ajro-
pUTMHU onTUMi3alii epeKTMBHOCTI Ha 0a3i Mojeseil BTpar i
MOIIYKOBI anroputmu. [1pukiian MoaetoBaHHSI ONTUMI3allil
eHeproe(eKTUBHOCTI aCMHXPOHHOI MalllMHU OyB BMKOHAa-
HUI y paMKax CUCTEeMH BEKTOPHOTO KepPYBaHHs, OPi€HTOBA-
Hili O TTOJTI0 pOTOPA 3 ypaXyBaHHSIM CTYIIHYACTOI TPAEKTOPIl
KPYTHOTO MOMEHTY HaBaHTaxKeHHsI. CTyITiHUaCcTa TPAEKTOPIsT
MOXJIMBA SIK pe3yJbTaT MEXaHiYHOro 30ypeHHsI abo KOoJu
JIBUTYH BUKOHYE CKJIa[Hi MPpodiJi HIBUAKOCTI, a00 MPOTUIIE
yaapHOMY HaBaHTaXKEHHIO.

HaykoBa HoBu3Ha. PeTenbHMil aHAJi3 MOKa3as, 1110 iCHY-
[04i aJrOPpUTMU ONTUMi3allii y 3BUYaiiHUX CUCTeMax Bce 11e
MOXYTh OYTM BMKOPHWCTaHi IS TIPUKIATHUX 3aCTOCYBaHb.
OnHak JesiKi iCHYI04i Tpo0JieMu B IOCSITHEHHI HalKpalioro
KOHTpOJII0 He Oyau y3arajabHeHi. BinmoBinHo, el orsin
yreplie ga€ AesiKi Mporno3ulii 1010 MailOyTHIX TOCTiIKeHb
i po3poOKN eHeproe(eKTUBHOTO YIIPABIiHHS aCMHXPOHHM-
MM ABUTYHAMM B IMHAMiIYHMX PEXUMaX.
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IIpakTiyna 3HaunmicTb. TpudasHi acCHHXPOHHI eJIeKTPO-
NPUBOIU — 1Ie HeJliHiliHa cucTeMa, SIKy BaXKKO TOYHO Teope-
TUYHO OIMKMCATH Yepe3 iX PanToBi 3MiHM YMOB peXUMY po0o-
TU Ta 3MiHU napameTpiB. TaKuM YMHOM, HEOOXiTHI PO3IIK-
PEeHi aJITOPUTMU JIJISI TTiABUILIEHHS iX eHepreTHYHOI e(DEeKTUB-
HOCTi Ha 101aToK 0 e(eKTUBHUX arapaTHUX pilleHb. 3a-
MPOIOHOBAHUI MPUKJIAA aJbTepPHATUBHOIO DillIeHHS TPH-
3Beic 10 PO3POOKM BIOCKOHAJEHUX CHUCTEM YIMPaBIiHHS
eJIEKTPOMEXaHiYHUMU CUCTEMaMU.

KimouoBi cioBa: acumxponna mawuna, enepeoeghekmue-
HiCMb, areopummu onmumizayii, ounamiyna poboma, NPoOSHO3-
He KepyeaHHs

0030p MeTO0B MOBBIIEHHUS
3Heprod¢¢eKTUBHOCTH ACMHXPOHHbIX MALIWH

I’ I’ Jlauenko, A. A. A3roxo6ckuil

HanmoHanbHbIA TeXHUYECKUI YHUBEPCUTET «/IHEIpoBCcKast
noJuTexHuka», r. Jluenp, YkpauHa, e-mail: diachenko.g@
nmu.one; azalex@nmu.one

eas. [IpencraBuTh KOMIUIEKCHBIN 0030p HA OCHOBE OT-
€YECTBEHHOTO M 3apYOEKHOTO OITBITa CYIIECTBYIOIINX METO-
OB ONTUMM3ALIMU B 3a1a4aX MUHUMM3ALIMU TTOTEPb B AJI€K-
TPOMEXaHMUYECKUX CUCTeMaX ¢ aCMHXPOHHOM MAIIMHON It
YMEHBIIEHHUs 00IIero KoJuuecTBa moTped/isseMoii 3JIeKTPO-
SHEPTUU U3 CETH.

Metomuka. [IpoBeneHo neTaabHOE N3yYeHUe pa3paboToK
B 00J1aCTM ONTUMHU3ALUM SHEProd(hHEKTUBHOCTU Tpexdas-
HBIX MaIlIMH TIePEMEHHOT0 TOKa, OMUPAIOIIMXCS Ha UCTIOJb-
30BaHME ONTUMAIBHBIX METOAOB YIIPABJICHUS U ITPOCKTUPO-
BaHus1. Ocoboe BHUMaHUE YIeJIeHO CUCTeMaM, KOTOPbhIe 1C-
MOJIL3YIOT BEKTOPHBII TUI yIPABICHUSI B KAUeCTBE OCHOBBI
TS falIbHEUIIMX uccienoBaHuii. B 3Toit o6acTu ObU10 Tpo-
CIIEXXEHO YCTOMYMBOE pPa3BUTHE HECKOJIbKUX TEHICHIIWA.
Brio 3amMeueHo, 4TO OMOpHOE 3HAYeHUE TOKA, KOTOPBIii re-
HepUpyeT ToJie, SBASIeTCs AOMOJHUTEIbHON CTeTIEHbIO CBO-
00Jbl B MaTEMaTUUYECKON MOJEIU MCCIEAYeMON CHUCTEMBbI.
Kpowme Toro, aTOT TOK BIMSIET HA AMHAMMKY MarHUTHOTO T10-
TOKOCIIETUIEHUS ¥ 3HAYeHNEe MEXaHNYECKOTO KPYTSIIETo MO-

MeHTa. Peanm3oBaHHast MOIEIb MIO3BOJISIET POBOIUTH CPaB-
HUTEJIbHBIN aHaIU3 pa3AIUYHbIX TTOAXOM0B ISl 00eCTIeUeHMS
MMHUMAJIBHOTO TTOTPEOICHUSI 9HEPTUN TIPU aIeKBaTHOM WH-
TEHCUBHOCTHU MEPEXOTHBIX TPOLIECCOB.

Pesyabratbl. Cpe MHOTOYMCIIEHHBIX METOIOB YIIPaB-
JIEHUsI ObLTU BbIACJIEHBI TPOCTbIE AITOPUTMbBI KOHTPOJISI CO-
CTOSTHUS, aJITOPUTMBI ONITUMU3ALIUYA Ha OCHOBE MOJIEIIH 110~
Tepb, a TaKXKe MOMCKOBbIE aNropuT™Mbl. [Ipumep Monenupo-
BaHUS ONTUMHU3ALUN 3(DHEKTUBHOCTH aCMHXPOHHON Ma-
IIMHBI OB BBIMOJIHEH B paMKaX CUCTEMbl BEKTOPHOIO
yIpaBJIcHUSI, ODUEHTUPOBAHHOM IO IOJII0 POTOPA C YIETOM
CTYMeHYaTON TpaeKTOPUM MOMEHTa Harpy3ku. Takasi Tpa-
€KTOpPUST BO3MOXKHA KaK pe3yJbTaT MEXaHUIeCKOTO BO3MY-
LIEHUS WU KOTJa ABUTraTe/ b OTpadaThIBAET CIOXHBIC MTPO-
(GuIM CKOPOCTH WJIM TIPOTUBOACHCTBYET yOIapHBIM Harpys-
KaM.

Hayuynas noBu3Ha. TimaTenbHBIN aHAIM3 ITOKA3aJl, YTO
CYLIECTBYIOIIME JITOPUTMbl ONTUMM3ALIMU B OOBIYHBIX CH-
cTeMax Bce eI1le MOTYT OBITh MCITOIb30BaHbI TSI TIPUKIIATHBIX
npuioxeHuit. OMHAKO HEKOTOPBIE CYIIECTBYIOIIME MPobe-
MBI B JOCTVMKEHUU JIYUIIErO KOHTPOJIST He ObUTM OOOOIIIEHBI.
COOTBETCTBEHHO, 3TOT 0030p BIEPBbIE TAET HEKOTODPbIE
MPEIOXKEHUST OTHOCUTEJIBHO OyIyIIUX MCCICIOBAaHUMN U
pa3paboTKu 3HepProa(PHeKTUBHOTO yIpaBIeHUs aCUHXPOH-
HBIMM JBUTATEIIMU B TMHAMUICCKUX PEXKUMAaX.

IIpakTuyeckas 3HaYMMOCTh. Tpexda3Hble aCHHXPOHHBIC
3JIEKTPOIPUBOABI — 3TO HEJIMHEHHAs CHCTeMa, KOTOPYIO
TPYIHO TOYHO TEOPETUYECKU OIMMCATh BBUIY UX BHE3AITHBIX
U3MEHEHUU yCIOBUIA pexXxruMa paboThl U U3MEHEHUS mapame-
TpoB. Takum 006pa3oM, HEOOXOIUMBI PACIIUPEHHBIE AJIro-
PUTMBI [IUIS1 TIOBBIIICHUSI MX 9HEPTeTUYeCKOM 3(h(PeKTUBHO-
CTU B JIOTTOJIHEHUE K 2 (MEKTUBHBIM anmnapaTHbIX pellieHn-
saMm. [lpennokeHHBIN TTpUMEp aJlbTEPHATUBHOIO DPEIICHUS
TPUBENIET K pabOTKe YCOBEPIIEHCTBOBAHHBIX CCTEM YIIPaB-
JICHUSI 3JIEKTPOMEXaHUUECKUMU CUCTeMaMU.

KiioueBble Cl10Ba: acuHXpOHHAS MAWUHA, SHEP203p ek -
MUBHOCMb, ANOPUMMbL ONMUMUZAUUU, OUHAMUHECKUL PeHCUM,
NnpoeHO3HOe ynpaeneHue
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