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The article proposes and substantiates a method for studying the dynamics of
an asynchronous electric drives with frequency control from the input side of
the signal for setting the speed of rotation of the electric motor. In this
method, a constant speed reference signal is added to a harmonic variable
frequency signal. The set of amplitude changes and phase shifts of velocity
oscillations are the initial data for identifying the dynamics of the studied
control method. The logic of this method is determined by the previously
obtained nonlinear transfer function of the link that forms the mechanical
moment in the asynchronous electric drive with frequency control.
Experiments have shown the dynamic benefits of the drive with positive
stator current feedback.
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1. INTRODUCTION

Asynchronous electric drives with frequency control (AED) are widely used in various areas of
industry and energy. Until recently, the units with which these drives work had similar operating modes.
These modes can be characterized as static or quasi-static [1]-[4]. The required rotational speeds of electric
motors in these drives remain unchanged for a sufficiently long time or change very slowly. In this regard,
the main characteristics of the drives remained static characteristics: slip, efficiency, power factor,
Requirements for dynamic modes (time of the transient process, the lag of the change in the rotation speed
from the change in the reference signals) remained secondary. This situation has now changed. Very often it
is required to justify and select such a control method that will provide fast and accurate speed
"reproduction” of AEDs complex and often quite dynamic reference signals. This dynamism of reproduction
determines the efficiency of the entire mechanism or complex with which the electric drive works.

There are several "new" features of complexes with asynchronous electric drives:

1) Units and mechanisms, which are equipped with AED, become more complicated and optimized by
technology, in connection with which static modes of operation require clarification and become
dynamic or "quasi-dynamic", i.e. the speed of rotation of the electric motor in them “adjusts” to the
operating conditions [5], [6]. Such mechanisms include, for example, pump drives in power systems,
which seek to optimize operating modes for resource consumption.

2) Efficiency and good overload capacity of asynchronous electric motors require their implementation in
areas where they were not previously used. Despite the fact that the advantages of permanent magnet
synchronous motors and DC motors as control objects over asynchronous motors remain, in some cases
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3)

the use of the latter is highly desirable. An example of such an application can be traction drives for
unmanned aerial vehicles. The required speed and torque control ranges, usually not exceeding 1:10,
can be implemented on asynchronous electric drives, and the advantages of the latter in weight and load
capacity will become advantages. In this connection, it is necessary to determine their dynamics, i.e. to
determine the "limits" of the dynamic characteristics of the AED that can be implemented [7]-[9].
Classes of drives, in which it is absolutely necessary to solve dynamic problems precisely on the basis
of AED, have been identified. Such areas include, for example, wind power plants operating on a
common power supply system [10]. In such installations, the conversion of mechanical wind energy
into electrical energy is carried out using a double-feed electric machine. It is an asynchronous electric
motor with a wound rotor, into the circuit of which a frequency converter is connected. This allows you
to "adjust" to non-stationary air flows and generate "green" electrical energy of a fixed amplitude and
frequency.

The choice of the most dynamic way to control an asynchronous electric drive is complicated by the

following circumstances:

1)

2)

3)

2.

When used in control systems, vector nonlinear equations that describe AEDs [11]-[13] should be
greatly simplified and linearized. This will inevitably lead to significant identification errors and
possible control errors. Therefore, the use of known methods for identifying the dynamic characteristics
of closed automatic systems by their mathematical description [11]-[13] is unlikely to be effective.
AEDs with frequency control is an essentially nonlinear system, and the traditional control methods
(vector and scalar) for them are formed under a number of significant assumptions [2], [3], [6]. As a
result, theoretical conclusions often do not coincide with practical results.

The experimental results obtained under the same conditions, for example, at stator voltage frequencies
(and, accordingly, rotation speeds) close to the nominal ones, are not confirmed at speeds two to three
times lower. This is a consequence of the same drive non-linearities.

Very often, the control algorithm, which is optimal in terms of consumed resources and dynamics for
the nominal mode, becomes emergency for other speeds. The solution of all these and other problems is
very important for modern industry and energy, in which AEDs are most widely used, therefore, the
assessment of the dynamic capabilities of one or another AED control algorithm from the point of view
of increasing the efficiency of its operation in this mode is an extremely urgent taskThe way to solve
this problem can be not only theoretical, but also experimental.

PROBLEM DEFINITION
Traditionally, of all the existing AED control methods, vector control with feedback on the speed of

rotation of the motor shaft is distinguished [14]-[17]. According to many sources [17], [18], this method of
control is considered to be the most "dynamic". However, a series of experiments [19], [20] showed that
vector control does not have an unconditional "dynamic" advantage. Moreover, forced scalar control with
dynamic positive stator current feedback (DPF) without direct measurement of speed has almost the same
transients in step speed reference Figure 1 as transients in vector control Figure 2.
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Figure 1. The processes of acceleration of the drive with DPF up to speeds of 90 rad/s (a) and 170 rad/s (b)
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Figure 2. Processes of acceleration of a drive with vector control up to speeds of 90 rad/s (a) and 170 rad/s(b)

The analysis of a number of parameters of the AED operation, according to specially developed
methods [19], [20], including the spectra of currents of the rotors of asynchronous electric motors [21], [22],
showed that the errors in vector control are very significant. These errors are caused by assumptions
inevitable in the synthesis of vector control equations. In many studies [2], [8], [19] it is noted that the
"discrepancies” of the parameters of the motor model used in the vector control algorithm with the
parameters of a real motor are very significant and can give significant errors in control. However, it is no
less important that the rotor and stator currents are non-sinusoidal and contain harmonics that differ from the
fundamental harmonic that forms the torque in the AED. And vector control “in principle” neglects them,
controlling only the fundamental harmonics of current and voltage. One way or another, according to
experiments with acceleration to various speeds, the "advantage" of vector control is insignificant. This may
indicate both a not too "subtle” method of experimental evaluation of the dynamic properties of a drive, and
about the same dynamic efficiency of control methods, which contradicts the generally accepted concepts of
"dynamic" vector control. To obtain accurate conclusions, a more "subtle" experimental technique is
required.

3. SOLUTION
3.1. Theoretical substantiation of the method

To assess the AED by dynamic characteristics, a nonlinear transfer function of the link that forms
the electromagnetic torque in an induction motor was proposed [19], [23]. It looks like this

2M(Typ+1)Sk
w1[(1+T2p)2SE+52]

W(p) = )

where, T; = ;—" — the transient time constant of the rotor, § = % — the relative slip, M, — the critical moment,
1

2
s — the critical slip at the nominal frequency w1

The block diagram of the AED with such a link is shown in Figure 3. As can be seen from formula
(1), the function changes when the frequency of the stator voltage w; and the absolute slip B change. In
addition, it should be borne in mind that when w1 changes, the critical moment My also changes. When
accelerating from one frequency w; (in this case 10 Hz), to another frequency w: (50 Hz), the frequency
characteristics change from W1 to W2 and W3 Figure 4.

Sophisticated methods of analysis of nonlinear systems and methods of their linearization [24], [25]
make it possible to assess the stability of such systems in engineering analysis, but it is rather difficult to
theoretically substantiate the advantages of one or another AED control algorithm with variations in the
reference signals. In this regard, an experimental technique is proposed that allows you to evaluate the
effectiveness of a particular control method. It is with these signals that variables are best interpreted. non-
stationary task signals that are processed by automatic control systems in optimized complexes in robotics
and power engineering.

The experimental identification method of the dynamic efficiency for frequency ... (Vladimir L. Kodkin)
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Figure 3. The working section of the mechanical characteristics of the induction motor
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Figure 4. Frequency responses of an electric motor at a stator voltage frequency of 10 Hz (W1), 30 Hz (W2),
50 Hz (W3)

3.2. Results of experiments

The experiments were carried out on the stand shown in Figure 5. The phase rotor of the M1 motor
allows you to control not only the stator currents, but also the rotor currents. A special generator SG1 allows
you to generate a task signal of any complexity. Since the AED is an essentially nonlinear system, it is not
enough to obtain an estimate of the dynamics only by the response to a step task. Therefore, the drive speed
reference signal is generated as the sum of a constant value signal and a sinusoidal signal generated in the
SG1 signal generator. Since the transfer function changes with a change in the frequency of the stator
voltage, the experimental identification must be carried out at several of the most characteristic frequencies
of the stator voltage and rotation speeds of the electric motor.

For this, during the experiments, the constant components of the task signals, corresponding to 10,
20, 30 and 50 Hz (30, 60, 90 and 150 rad/s), were selected. These speeds are set by potentiometer R1. The
sum signal is fed to the input of the frequency converter All. The amplitude of the periodic component of the
reference signal from the SG1 generator should be no more than 10% of the level of the DC component in
order to slightly change the transfer function of the link of the electromagnetic torque driver W. The
frequency of the periodic component of the reference signal is in the range from 0 (step reference) to 5 Hz, of
which 0, 0.41, 1 and 5 Hz were chosen. During the experiments, the speed setting signal and the real value of
the motor shaft rotation speed were recorded. The signals are “collected" in the PG digital oscilloscope and
transferred to the laptop. The dynamic property identifiers will be the recorded amplitude differences and
phase shift between these signals. A more dynamic automatic system “works out” the reference signal with
less amplitude attenuation and less phase shift. [20], [23].
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Figure 5. Schematic diagram of the drive with the slip-ring induction motor for the study of the dynamic
characteristics of the drive (SG1- signal generator; UZ1 — frequency converter; BR — encoder; PG —
oscilloscope; M1 — slip-ring induction motor)
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The proposed method is close to the identification method described in [11], [13]. Unlike
identification objects considered in [11], an asynchronous electric drive cannot be described by a linear
fractional-rational function [8], in this case, the transfer function of the drive should be "redefined" by the
frequency of the stator voltage, after which the input and output signals of the electric drive. With the same
reference signal Figure 6, three sensorless ones - scalar and vector control Figure 6(a) and four control
methods were analyzed: vector with speed feedback Figure 6(b), scalar control with DPF Figure 6(c). The
speed diagrams in a drive with open loop control algorithms for scalar and vector control have minor
differences, therefore they are presented in one graph Figure 5(a). The exact results of measurements of
differences in amplitudes and phase shifts of all experiments are presented in Table 1. In almost all cases,
control with DPF has some advantage, which was noted earlier in the analysis of the response to a stepwise
action. For the amplitudes of the fundamental harmonics of the speed change (we are large 6.4 rad/s versus
5.0 and 4.99 rad/s) and for the phase shifts between the task signal and the actual speed (the least 72 versus
84 el. Deg) in all experiments, the best results were obtained in a circuit with a DPF on the stator current.

One of the reasons for this should be recognized that this control method "works" with all harmonics
of the motor currents, in contrast to sensorless vector control and vector control with speed feedback. As
shown in [20], the DPF linearizes the nonlinear transfer function of the AED. However, the reasons for the
advantages of scalar control with DPF are not the subject of this work. Subsequently, the proposed method
for identifying the AED dynamics was applied to a more complex input signal Figure 7. This is an example
of a triangular reference. This complex signal, with a peak value of 2 V, was added to the constant reference
signal to rotate the motor at 90 rad/s, i.e. corresponding to a stator voltage frequency of 30 Hz. The duration
of the "triangle” cycle is 1 s. The output signal measured the maximum value in Volts and the phase shift in
seconds. Figure 7 shows the reference signals and signals of the AED rotation speed for three control
methods. Enlarged diagrams for AED with scalar and vector control Figure 8(a) and with DPF Figure 8(b)
and the amplitude of the speed diagram (0.89V versus 0.68V) and the phase shift (0.23s versus 0.37s) for the
AED with DPF are noticeably better.
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Figure 6. Diagrams of the electric drive with a harmonic signal of the speed reference with a frequency of 1
Hz (a) Open loop system (scalar and vector control), (b) vector control with speed feedback, (c) scalar
control with DPF, (d) speed reference signal

Table 1. Experimental results with a harmonic signal of the speed reference with a frequency of 1 Hz

Control system type Ao, rad/s Ao, el. Deg
Open loop system +5,03 84
Speed feedback system +4,99 84
Current feedback system +6,4 72
Uf?f; \ Urer, V Uref, \Y
1 1 A
0
u,v
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»
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Figure 7. Diagrams of the electric drive with the open loop control system and at triangular reference signals
for frequencies 1 Hz (a) scalar control), (b) vector control, (c) scalar control with DPF
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Figure 8. Enlarged diagrams of the electric drive with the open loop control system and at triangular
reference signals for frequencies 1 Hz
(a) vector control, (b) scalar control with DPF

4. CONCLUSION

Thus, as a result of the research carried out, the following provisions can be distinguished. The
proposed experimental technique has shown its efficiency and sensitivity in assessing the dynamics of such
essentially nonlinear structures as asynchronous electric drives with frequency control. It can be used in their
research with the aim of optimizing for those technological complexes that require good dynamics. The
technique turned out to be more laborious than traditional experimental techniques that estimate the dynamics
by the response to a jump in the driving signal, but for a nonlinear system such as AEDs, this laboriousness is
inevitable.

The technique is based on the previously obtained formula for the nonlinear transfer function of the
link forming the electromagnetic torque, taking into account the changes in dynamics with changes in the
frequency of the stator voltage and motor load. This means that this formula should also be recognized as
more accurate than the vector equations of asynchronous electric motors used in the derivation of vector
control (at least with changes in the frequency of the stator voltage from 10 to 50 Hz and in the frequency
range of input signals from 0 to 5 Hz).

The proposed control method with DPF for the stator current, linearizing the nonlinearities of the
AED and forcing the magnetic fluxes in the motor is the most effective method for controlling the dynamic
characteristics. The method of control with DPF for the stator current proposed in [20], [22] linearizes the
nonlinearities of the AED and forces the magnetic fluxes in the motor. According to the results of
experiments using this technique, it should be recognized as the most effective method of control according
to the dynamic characteristics of the "reproduction” of signals for setting the rotation speed and recommend it
for such drives (including for controlling doubly-fed electric machine of wind turbines).
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