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Keršys, R.; Makaras, R.; Keršys, A.;

Liubarskyi, B. Synthesis of the

Current Controller of the Vector

Control System for Asynchronous

Traction Drive of Electric

Locomotives. Energies 2022, 15, 2374.

https://doi.org/10.3390/en15072374

Academic Editors: Larysa Neduzha,

Jan Kalivoda and Abu-Siada

Ahmed

Received: 23 February 2022

Accepted: 22 March 2022

Published: 24 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Synthesis of the Current Controller of the Vector Control
System for Asynchronous Traction Drive of
Electric Locomotives
Sergey Goolak 1, Viktor Tkachenko 1, Svitlana Sapronova 2, Vaidas Lukoševičius 3,* , Robertas Keršys 3 ,
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Abstract: This paper deals with the analysis of the operating conditions of traction drives of the
electric locomotives with asynchronous traction motors. The process of change of the catenary system
voltage was found to have a stochastic character. The method of current controller synthesis based
on the Wiener–Hopf equation was proposed to enable efficient performance of the traction drive
control system under the condition of the stochastic nature of the catenary system voltage and the
presence of interferences, when measuring the stator current values of the tractor motor. Performance
simulation of the proposed current controller and the current controller used in the existing vector
control systems of the traction drives used in the electric locomotives was implemented. The results of
the performance simulation of the proposed current controller were compared with the performance
of the current controller in existing vector control systems of the traction drives. The results are
applicable to the design of vector control systems of traction drives in electric locomotives and to the
study of the influence of performance of electric traction drives in electric locomotives on the quality
indicators of the power supplied by the traction power supply system under the actual operating
conditions of the locomotive.

Keywords: optimal controller; traction drive; vector control system

1. Introduction

The selection of an optimal control option for specific technical applications should
be based on the reasonably selected methods appropriate for the respective objects. In
terms of traction drive control in an AC electric locomotive, the choice should account for a
series of potential uncertainties. These uncertainties are primarily related to the operating
conditions of AC electric locomotives. Studies [1–3] have shown that the voltage change
process in the catenary system of the AC traction power supply network is a stochastic
process. The stochastic character of the voltage change process in the catenary system of the
traction power supply network is determined by the conditions under which the electric
rolling stock passes through the feeder zone [4,5], the electromagnetic compatibility of the
units of the electric rolling stock that are located in a single feeder zone at the quality of
same time [3,6], and the current collection quality [7–9].
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It should also be noted that the load of the traction drive in an electric rolling stock
changes as the wheel of the electric rolling stock interacts with the rail. Several studies have
been dedicated to this problem. The study [10] investigates the influence of curved line track
spans on the traction drive load. The influence of the track profile on the characteristics of
the traction drive has been demonstrated in studies [11,12]. The investigation of the wheel-
rail friction coefficient can be found in the study [13]. An analysis of studies dedicated to
the interaction of the influence of the electric rolling stock (ERS) wheel on the characteristics
of the traction drive has suggested that the change in load of the electric rolling stock
traction drive also has a stochastic character. In summary, an analysis conducted on the
influence of the operating conditions of the ERS on the electromechanical processes in the
traction drive has suggested the following conclusion: both the change of voltage in the
catenary system and the change of the traction drive load have a stochastic character. The
stochastic character of the variation in the voltage of the catenary system and the moment
of load of the traction drive leads to greater losses in the traction motors [14] and affects
the stability of performance of the traction drive control system [15–17].

In view of the stochastic character of variation of the voltage parameters of the cate-
nary network and the traction drive load, it would be particularly practical to analyze
the electromechanical processes in the traction drive system under the actual operating
conditions of the AC electric locomotives. Practicality is primarily related to the fact that
the above factors act on the quality of drive control. The quality of drive control, in turn, is
associated with losses in the drive, which act on the energy efficiency of the performance of
the traction drive system. The control system is responsible for the quality of control in
the traction drive system. An analysis of traction drive systems in AC electric locomotives
has suggested that asynchronous motors are the most widely used traction motors in
contemporary AC electric locomotives [18]. Study [18] also provides the topologies for the
design of traction drive control systems using the asynchronous motor. The control systems
for this kind of drive may be the following: scalar, vector, and direct torque control (DTC).

The scalar control system belongs to the category of design-free open-loop control
systems [19,20]. Open-loop control systems do not offer any possibilities for optimiza-
tion of the control algorithm. Optimal control systems are designed on the basis of
closed-loop control systems [21–23].

DTC systems [24–26] and vector control systems [27–29] belong to the category of
design-closed-loop automatic control systems. This category of systems offers the possibil-
ity to apply the principles of optimal control [21–23].

The vector control systems of traction drives have become the most widespread
systems in rolling stocks [18]. As a result, a major focus is placed on vector control systems.
Comparison of the strengths and drawbacks of vector control systems versus DTC [27–29]
has suggested that, in contrast to DTC systems, the drawbacks of vector control systems
may include slow response to change in the resistance torque of the traction drive. In light
of this drawback of vector control systems, the stochastic character of the change in the
traction drive load can be further ignored. Hence, optimization of performance of the
vector control system should account for the stochastic character of only the process of
change of voltage in the catenary system.

Two directions can be identified in the design of the optimal control systems: opti-
mization of performance of the overall system, and optimization of individual elements of
the system, i.e., the controllers. Traction drive control systems are designed on the basis of
the energy efficiency criterion [30,31].

In terms of energy efficiency, the Pontryagin criterion is the most effective when
designing optimal control systems [32,33]. However, the design of the control system that
is optimal by Pontryagin’s criterion has certain implications. The implications stem from
the double-channel character of the vector system. Here, the control is implemented using
two channels: flux linkage channel and speed channel. It should also be noted that the
control using the two channels is distributed by time: the flux linkage control channel
is the first to operate, and the speed channel is activated after the former has completed
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its operation [27–29]. This entails certain difficulties in the practical implementation of
this kind of system [34].

This issue can be solved by analytic design of optimal controllers. Proportional in-
tegral controllers (PI) are used as current controllers in electric locomotives with vector
control systems. The parameters of this kind of controller are based on the design of the
desired logarithmic amplitude-frequency characteristic of the current control circuit [27–29].
This approach can be considered appropriate in view of the hypothesis that the process
of change of the stator currents in an asynchronous motor is deterministic. As demon-
strated above, this process is stochastic under the actual operating conditions of electric
locomotives. Furthermore, another factor that influences the quality of control has not
been taken into account in the design of this kind of controllers in these systems [27–29]. It
is related to the following circumstances. In a vector control system, current sensors are
activated in the feedback of the current control channel. Sensors enable identification of
the present values of the phase currents of the asynchronous motor stator. Electromagnetic
interference of the current sensors is caused by the asynchronous traction motor. These inter-
ferences are usually so-called ‘white noise’, that is, they have zero mathematical expectation
and nonzero dispersion [35].

The study [36] is dedicated to solving the problem of synthesis of the optimal cur-
rent controller operating under stochastic conditions [36]. Despite the advantage of this
approach, namely, the simplicity of practical implementation of the algorithm, the question
of control quality remains open. The controller parameters are calculated on the basis of
the energy efficiency criterion for the specified design of the controller. However, they are
optimal for the specified design only. Hence, this is not necessarily an optimal solution in
terms of the quality of the control.

This weakness can be eliminated by synthesis of the optimal controller having an
arbitrary design [37]. In case of this approach to the design of optimal controllers, it is
the controller design that is subject to optimization, and its parameters are calculated
specifically for the resulting design of the controller. However, this approach to the design
of optimal controllers leads to uncertainty. It is related to the necessity of solving a system
of equations where there are more unknowns than the equations.

The study [38] is dedicated to the synthesis of the optimal controller using the max-
imum principle. For the controllers based on the criterion of maximum, the design is
synthesized, and the optimal controller parameters are calculated. Despite the obviously
correct approach to solving the task of synthesis of the optimal controller, the algorithm
specified has an essential drawback. The drawback is related to the fact that at low values
of the error signal at the input, the output signal of the controller changes according to the
linear law. The signal reaches the maximum possible value at the controller output, i.e.,
the controller enters the saturation mode under the presence of significant values of the
error signal at the input.

This drawback may be eliminated by synthesis of the optimal controller using the
dynamic programming method [39]. This algorithm is effective for the design of optimal
controllers, provided that there are no control-related limitations. In case of any limitations, the
method becomes difficult to implement. This is due to the fact that non-zero initial conditions
need to be entered into the system of differential equations describing the system performance.
This prompts the necessity to solve the system of non-homogenous differential equations.

Optimal filtration methods may be used for the synthesis of optimal controllers under
stochastic conditions. In the case of the deterministic control signal and stochastic interfer-
ence, the Kalman–Bucy filter method is the most effective [40]. This filter is implemented
for the purpose of writing down the transfer function of the system by using the state-space
representation. It is the most effective when analyzing the performance of the system
in the time domain.

However, vector systems of drive control in asynchronous motors are discrete. They
are implemented by means of z-transformation, i.e., in the frequency domain. In the
frequency domain, the controllers synthesized by using the Wiener–Hopf equation are
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the most effective. These controllers are also the most effective under the conditions of
stochasticity of both the control signal and the interference [41,42].

Hence, it is relevant to implement the synthesis of optimal current controller on the
basis of the Wiener–Hopf equation for the vector control system for the traction drive in
electric locomotives with asynchronous motors.

The purpose of the study was to perform the synthesis of an optimal current controller
based on the Wiener–Hopf equation for the vector control system for traction drive in
electric locomotives with asynchronous motors.

The following was implemented for the purpose of the specified objective:

− The structural scheme was obtained in the transfer functions of the control chan-
nel for the current of the vector control systems for the traction drives in the AC
electric locomotives;

− The synthesis of design and parameters of optimal current controller was obtained by
using the Wiener–Hopf equation for the vector control system for the traction drive in
the electric locomotive with asynchronous motors;

− Modeling of the synthesized current controller performance under the condition of
deterministic character of the control signal and stochastic ‘white-noise’-type interference;

− Comparison of the resulting transient characteristic of the synthesized controller with
the transfer characteristic of the PI controller that is used in vector control systems for
the traction drive in the AC electric locomotives.

The study may be used when investigating the energy efficiency of traction drives in
AC electric locomotives, the interaction between the catenary system and the ERS, and the
optimization of the control systems for traction drives in electric locomotives.

2. Materials and Methods

The optimal current synthesis was performed for the vector control system for the
traction drive with the asynchronous motor. The structural scheme of the vector control
system is presented in the study [28]. The control scheme parameters are presented
in relative units.

A structural scheme in the transfer functions was designed for the vector control
system. Current control channels were identified in the scheme. Optimal current controllers
were synthesized for the current control channels by using the Wiener–Hopf equation.

A simulation model of the current control channel with the synthesized current con-
troller was developed in the MATLab software environment. The transient characteristic of
the current control channel was obtained for the conditions where the deterministic signal
acted as a control signal at the controller input, and the stochastic ‘white-noise’-type signal
acted as an interference.

The transient characteristic was obtained for the initial control scheme for the same
initial conditions. In this scheme, the PI controller was used as the current controller.

The transient characteristics obtained were compared in terms of the errors of the
output control signals. The model was performed for the steady-state operation of the
traction drive under its nominal operating conditions.

An AC electric locomotive with series DC-3 (ДC-3) asynchronous traction motor (Dnipro,
Ukraine) was chosen as the object of the investigation. Type AD914U1 (AД914У1) asyn-
chronous motors are used as traction motors in the electric locomotives of this series. Technical
specifications of the AD914U1 (AД914У1) traction motor are presented in Table 1 [43].
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Table 1. Parameters of AD914U1 (AД914У1) traction motor.

Parameter Value

Power P, kW 1200
Phase-to-phase RMS voltage Unom, V 1870

RMS value Inom, A 450
Rated frequency of the supply voltage f, Hz 55.8

Number of phases n, pcs. 3
Number of pole pairs pp 3

Nominal rotational speed nr, rpm 1110
Efficiency η, % 95.5

Power factor cosϕ, per unit 0.88
Active resistance of the stator winding rs, Ω 0.0226

Active resistance of the rotor winding reduced to the stator winding r′r, Ohm 0.0261
Stator winding leakage inductance Lσs, Hn 0.00065

Rotor winding leakage inductance reduced to the stator winding, L′σr, Hn 0.00045
Total inductance of the magnetizing circuit Lµ, Hn 0.0194336

Moment of inertia of the motor J, kg·m2 73

Current controller calculations were performed using the methodology presented in
the study [44]. Calculations were performed using relative units. The calculation results
are presented in Table 2.

Table 2. Calculation results for the basic values and parameters of the controller.

Parameter Designation Value

Current loop tuning coefficient X, r.u. aIx 2
Current loop tuning coefficient Y, r.u. aIy 2

Proportional coefficient of current controller X, r.u. KpIx 0.155
Integral coefficient of current controller X, r.u. KiIx 0.00922

Proportional coefficient of current controller Y, r.u. KpIy 0.155
Integral coefficient of current controller Y, r.u. KiIy 0.00922

The remaining parameters necessary for the synthesis of an optimal current controller
were obtained as a result of the calculations and are provided below.

3. Calculations of the Optimal Current Controller Parameters by Using the
Wiener–Hopf Equation
3.1. Definition of the Current Control Channels in the Transfer Functions of the Vector Control System

The structural scheme of the vector control system is presented in the study [28] and
is depicted in Figure 1.

The following assumptions were made during the development of the above structural
diagram:

1. In this paper, research on system operation of asynchronous motor asymmetric
modes and on asynchronous motor asymmetric power supply system will not be con-
ducted. Therefore, the induction motor model is chosen in x–y coordinates in order to
avoid coordinate conversion;

2. The investigation will be carried out in steady-state mode of operation at motor shaft
rotation frequencyω = ωset. For this mode, the stator currents are fixed: I∗x = 1 and
I∗y = 0, respectively.
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Figure 1. Structural scheme of the vector control system (* values presented in relative units of measurement).

Figure 1 depicts the structural scheme of the vector control system in the case of the
common system of coordinates α-β oriented according to the flux linkage of the rotor in
the system. Therefore, to define the structural scheme of the current control channel, the
structural scheme of the ‘Frequency converter—Asynchronous motor’ system should be
developed for the common system of coordinates α-β, which are oriented according to the
flux linkage of the rotor.

Taking into account the recommendations for creating a vector control system with an
induction motor represented in x–y coordinates [45], the structural diagram of the vector
control system for an induction motor (Figure 1) is presented in transfer functions (Figure 2).
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Figure 2. The structural scheme of the system ‘Frequency converter—asynchronous motor’ in the
case of the common coordinate system of coordinates α-β, which are oriented according to the flux
linkage of the rotor.
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Figure 2 includes the following designations:

kfbI, kfbFL, and kfbS—feedback coefficients for the current, flux linkage, and speed, respectively;
T1e, T2, and TFC—time constants for the stator circuit, rotor circuit, and the frequency
converter, respectively;
WCR(p), WFL(p), and WSR(p)—transfer functions of the current controller, flux linkage
controller, and speed, respectively;
k2—coefficient of the electromagnetic link of the rotor;
kFC—coefficient of the transfer function of the frequency converter;
R1e—equivalent active resistance of the stator circuit.

The values indicated with the index * are used in relative units.
To synthesize a current regulator, a current transfer channel with a transfer

W(p)C = i(p)/iset(p) function for x and y coordinates should be identified. Figure 2
suggests that the transferred functions of the current control channels are the same for
coordinates x–y. Given the assumption that studies are conducted for the modeω = ωset,
for which the stator currents are fixed: I∗x = 1 and I∗y = 0 the structural diagram of the
current transmission channel is shown in Figure 3.
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For convenience of subsequent calculations, the following transformations of the
structural scheme were performed (Figure 3):

− The scheme (Figure 3) with a non-unique transfer function of feedback (kfbI) was
transformed into the structural scheme with a unique feedback connection (Figure 4);

− In the scheme (Figure 4), the interferences acting on the current sensors in the stator
circuit was depicted as signal f;

− The signal having the specified stator current value (I1set) was designated as x, and
the output signal of stator current (I1) was designated as y.
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The design scheme for the current control channel resulting from the transformations
above is presented in Figure 4.

Transfer function of the control object in the design scheme:

W′O(p) =
kfbI·kfFC

Re1·(TFC·p + 1)·(Te1·p + 1)
(1)

In expression (1), active resistance of the stator circuit was defined by expression:

Re1 = rs + r′r·k2
2 (2)
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where rs = 0.0226 Ω—active resistance of the stator phase (Table 1); r′r = 0.0261 Ω—active
resistance of the rotor phase reduced to the stator (Table 1); k2 = Lµ/(L′σr + Lµ) = 0.9774—
coefficient of the electromagnetic link of the rotor; Lµ = 0.0194336 Hn—inductance of the
magnetic circuit of the motor (Table 1); and L′σr = 0.00045 Hn—inductance of the rotor
phase leakage reduced to the stator (Table 1).

The time constant of the stator circuit in Equation (1) was determined by using formula:

Te1 =
k2·Lσe

Re1
= 0.023 s (3)

where Lσe—equivalent inductance of the motor leakage.

Lσe = Lσs + L′σr +
Lσs·L′σr

Lµ
= 0.001115 Hn (4)

where Lσs—inductance of the stator winding leakage.
Time constant of the frequency converter in Equation (1) was determined by using formula:

TFC = aT·Te1 = 2× 0.023 = 0.046 s (5)

where aT—current controller tuning coefficient. It is usually accepted that aT = 2.
The transfer coefficient of the frequency converter is determined by expression:

kFC =
Isnom

I1
=

450
1

= 450 A (6)

where Isnom = 450 A—nominal value of the stator current (Table 1) and I1—nominal cur-
rent value at the current controller output. The vector control scheme (Figure 1) was
implemented in relative units, I1 = 1 A.

The feedback coefficient for the current:

kfbI =
1

Isnom
=

1
450

= 0.0022 1/A (7)

The transfer scheme of the current control circuit is therefore the following:

W(p) =
W′O(p)·WFC(p)

1 + W′O(p)·WFC(p)
· 1
kfbI

=
kfFC

1 + kfbI·Re1·W′O(p)·WFC(p)
(8)

To determine the structure and parameters of the optimal current controller using
the Wiener–Hopf equation, it is necessary to determine the signal parameters and the
interferences that act at the controller input (Figure 4).

3.2. Determination of the Parameters of the Signal and the Interferences That Act at the Controller Input

Reference signal x(t) = α·sin (ω·t + β) and ‘white-noise’-type interference f(t) act at
the system input (Figure 4) [46]. In the performed analysis, it was found that vector drive
control systems with asynchronous motors are discrete systems. They are implemented
using the z-transformation, i.e., in the frequency domain. In the frequency domain, the most
effective regulators are those synthesized using the Wiener–Hopf equation. Additionally,
the regulators synthesized with the Wiener–Hopf equation are the most effective under the
condition of stochasticity of both the control signal and the disturbance [41,42].

According to the methodology for the calculation of the optimal controller using
the Wiener–Hopf equation [41,42], it is necessary to obtain the spectral densities of the
control signal and of the interference. To determine the spectral density of the signal at
the controller input x(t) taking into account the structure of the vector control system, the
following operations had to be performed:
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− Time dependences of the phase currents of the stator had to be obtained for the model;
− The resulting dependences had to be transformed for the system of coordinates x–y;
− The signal parameters had to be calculated.

Calculation of the controller parameters is performed for the steady-state nominal
operation of the control system. As a result, to reduce the number of coordinate trans-
formations, the following hypothesis was established: it can be assumed, with a certain
minor error, that the current at the input of the current control channel (Figure 3) is equal to
phase A stator current of the traction motor. Studies [43,47] propose the model of AД914У1
asynchronous motor in three-phase coordinates. This model provided the time diagrams
of the stator current and phase voltage of phase A for the steady-state mode (Figure 5a).
These time diagrams were used to determine the parameters of signal x(t): amplitude
α = 450 A, phase shift between the voltage and the current β = 1.4 rad. Using this model,
time diagrams of the stator current and phase voltage of phase A for steady state mode
were obtained (Figure 5a). They are used to determine the parameters of the signal
Isa: amplitude A = 450 A, phase shift between voltage and current ϕ = 1.4 rad. The
current feedback coefficient is equal to the inverse of the nominal current. In other words,
a current whose amplitude is equal to α = A·kfbI = 450·1/450 = 1 relative units, that is,
the reduced value of the current amplitude is obtained. The induced current phase value
is defined as β = ϕ/(2·π) = 0.223 relative units. In other words, the expression for the
feedback current is y = α· sin(ω·t + β).
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Figure 5. Time diagrams: (a) of the stator current and phase voltage of phase A for the steady−state
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The ‘white-noise’-type signal parameters were determined on the basis of the following
considerations. The mathematical expectation of the ‘white-noise’-type signal was equal to
zero [46]. Lower ‘white noise’ dispersion was chosen than the tolerable control error equal
to 5%. The chosen value of the mean squared deviation of the interference was N = 0.3375.
Then, the dispersion of interference N2 = 0.114. Time diagram of the interference signal is
provided in Figure 5b. Since the noise is fed to the current regulator input, which receives the
reduced stator current value expressed in relative units, the noise from the current sensor f is
also expressed in relative units.

Spectral density of the reference signal was calculated by using formula [48]:

Sy(ω) =
1√
2·π
·

∞∫
−∞

y(t)·e−jω·tdt =
1√
2·π
·

∞∫
−∞

(α· sin(ω·t + β))2 ·e−jω·tdt =
α2

ω2 + β2 (9)
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Spectral density of the interference was calculated by using formula [49]:

Sf(ω) = N2 (10)

A hypothesis was proposed under the condition of synthesis of the optimal current
controller, namely, that the signals y(t) and f(t) are not correlated.

3.3. Determination of the Structure and Parameters of the Optimal Current Regulator

Under the condition of synthesis of the optimal current regulator, the closed-loop sys-
tem is required to perform a certain Z(p) function using reference signal Y(p) in accordance
with transfer function H(p):

Z(p) = H(p)·Y(p) (11)

Error of the control adjusted for interference F(p):

e(p) = Z(p)− Y1(p) (12)

For this purpose, the weighting function for the closed-loop system g*(t) was deter-
mined to ensure that the mean squared error has the lowest value:

e2 = lim
T→∞

1
T
·

t∫
−∞

e2dt =
∣∣∣z(t)− y1(t)

∣∣∣2 → min (13)

where z(t)—the specified function and y1(t)—the reference signal.
This means that the synthesized system would provide maximum suppression of the

interference f(t) in the reference signal. The Wiener–Hopf procedure was used to find the
transfer function of the optimal controller. For this purpose, the weighting function of the
system has the following expression:

g(t, τ) = g∗(t, τ) + ε·η(t, τ) (14)

η(t,τ)—some function; ε—small parameter.
Reference value y1(t) was obtained by using the convolution function:

y1(t) =
t∫

−∞

[g∗(t, τ) + ε·η(t, τ)]·y1(τ)dt (15)

Then, the filtration error is:

−
e

2
= M

{
|z(t)·y1(t)|

2
}
= M


∣∣∣∣∣∣z(t)·

t∫
−∞

[g∗(t, τ) + ε·η(t, τ)]·y1(τ)dτ

∣∣∣∣∣∣
2
 (16)

where M[·]—the operation of mathematical expectation.
Optimal weighting functions were determined based on condition:

∂e2

∂t
= 0 near the point ε = 0 (17)

∂e2

∂ε
= 2·M


∣∣∣∣∣∣z(t)−

t∫
−∞

g∗(t, τ)·y1(τ)dτ−
t∫

−∞

η(t, τ)·y1(τ)dτ

∣∣∣∣∣∣
 (18)
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In the integrand of the second integral (18), τ was replaced with ξ. Furthermore,
the non-random character of the function η(t,ξ) was taken into account. This enabled the
authors to remove it under operator M[·]:

∂e2

∂ε
=

t∫
−∞

η(t, ξ)·

M[z(t)·y1(ξ)]−M

 t∫
−∞

g∗(t, τ)·y1(ξ)·y1(t)dτ

dξ (19)

Taking into account the non-random character of g*(t,τ) and the fact that η(t,τ) = 0, the
following was obtained:

M[z(t)·y1(ξ)] =

t∫
−∞

g∗(t, τ)·y1(ξ)·y1(t)dτ (20)

Considering the character of operation M[·], the Wiener–Hopf equation was obtained:

Rzy(t, ξ) =
t∫

−∞

g∗(t, τ)·Ry(τ, ξ)dτ (21)

where Rzy(t,ξ)—cross-correlation function of signals z(t) and y1(t) = x(t) + f(t); Ry(τ,ξ)—
correlation function of signaly1(t); and g*(t,τ)—weighting function of the optimal closed-
loop system.

Frequency transfer function of the Wiener filter was obtained from expression (21):

Wopt(jω) =
1

2·π·ψ(jω)
·

∞∫
0

e−jωtdt·
∞∫
−∞

Szy(jω)

ψ(−jω)
·ejωtdω (22)

where:
Szy(jω) = Szy(jω) + Szf(jω) (23)

where Szy(jω)—cross-spectral density of the wanted signal and the input signal; and Szy(jω),
Szf(jω)—cross-spectral densities of the signals, respectively.

The spectral density of the composite signal y1(t) was subjected to the factorization procedure:

Sy1(jω) = ψ(jω)·ψ(−jω) (24)

where:
Sy1(jω) = Sy(jω) + Sf(jω) + Syf(jω) + Sfy(jω) (25)

Reference signal y(t) and interference f(t) are not correlated to each other, so:

Syf(jω) = Sfy(jω) = Szy(jω) = 0 (26)

Spectral density Sy1(jω) is an even function of frequencyω. It can be depicted as follows:

Sy1(ω) =
b0 + b1·ω2+, . . . ,+bm·ω2m

a0 + a1·ω2+, . . . ,+an·ω2n (27)

where a0, a1, . . . , an—coefficients at even degrees of the denominator of the function and
b0, b1, . . . , bn—coefficients at even degrees of the numerator of the function.

From which:  ψ(jω) = A· (ω−γ1)·(ω−γ2)·,...,·(ω−γm)
(ω−λ1)·(ω−λ2)·,...,·(ω−λn)

,

ψ(−jω) = A· (ω+γ1)·(ω+γ2)·,...,·(ω+γm)
(ω+λ1)·(ω+λ2)·,...,·(ω+λn)

.
(28)
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where γi, λj—zeros and pluses of function Sy1(jω):

A =

√
bm

an
(29)

Condition H(p) = 1 was accepted. This condition corresponds to the synthesis of the
optimal servo system. As a result, Equation (22) became simpler:

Wopt(jω) =
B(jω)

ψ(jω)
(30)

where:

B(jω) =
r

∑
i=1

ai

ω− ηi
(31)

where ηi—poles of function:

ηi =
Sy(jω)

ψ(−jω)
(32)

Located in the upper half plane:

ai =

[
(ω− ηι)·

Sy(jω)

ψ (−jω)

]
ω=ηi

(33)

Spectral density of the output signal under the conditions of absence of correla-
tion between reference signal y(t) and interferences f(t) in accordance with Equation (23)
is determined as:

Sy(ω) =
α2

ω2 + β2 + N2 ≈ N2·ω
2 + α2

ω2 + β2 (34)

Factorization of expression (34) is as follows:

Sy(ω) = N·ω+ jα
ω+ jβ

·N·ω− jα
ω− jβ

(35)

where:
ψ(−jω) = N·ω+ jα

ω+ jβ
, (36)

ψ(jω) = N·ω− jα
ω− jβ

. (37)

whereas signals y(t) and f(t) are not correlated, then:

Sy(ω) =
α2

ω2 + β2 =
α2

(ω+ jβ)·(ω− jβ)
(38)

In accordance with expression (32):

Sy(ω)· 1
Ψ(−jω)

=
α2

(ω+ jβ)·(ω− jβ)
· ω+ jβ
N·(ω+ jα)

=
α2

N·(ω+ jα)·(ω− jβ)
(39)

The function has two poles: η1 = jβ and η1 = -jα. Pole η1 = jβ is located in the upper
half plane. Then:

ai =

[
(ω− jβ)· α2

N·(ω+ jα)·(ω− jβ)

]
ω=jβ

=
α2

jN·(β+ α)
(40)
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Considering expression (31), the following was found:

B(jω) =
α2

jN·(β+ α)·(ω− jβ)
(41)

Using Equation (30), the frequency transfer function of the optimal system was obtained:

Wopt(jω) =
B(jω)

ψ(jω)
=

α2

jN·(β+ α)·(ω− jβ)
· (ω− jβ)
N·(ω− jα)

=
α2

jN2·(β+ α)·(ω− jα)
=

k1

T·jω+ 1
, (42)

where:

k1 =
α

N2·(β+ α)
=

1
0.33752·(0.223 + 1)

= 8.752, r.u.; T =
1
α

= 1, r.u. (43)

Then, the structure of essentially optimal current control channel controller of the
vector system for maximum suppression of the action of interference f(t) is the following:

WCRopt(p) =
WCRopt(p)

WO(p)·
[
1−WCRopt(p)

] = k1·(1 + kfbI·Re1·(TFC·p + 1)·(T1·p + 1))
kFC·(T1·p + 1− k1)

. (44)

Hence, expression (44) determines the structure of the optimal controller.

3.4. Simulation Results

The structural scheme of the current control channel (Figure 4) was implemented in
the MATLab program environment for the basic vector control and the system of vector
control with the optimal current controller. Simulation of the performance of the control
scheme was performed in the presence of the reference signal y(t) and interference f(t) at
the controller input. The time diagrams of the stator current of phase A of the traction
motor were obtained for the basic control scheme and for the control scheme with the
optimal controller (Figure 6).
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Figure 6. Time diagrams of stator current of phase A of the traction motor: Isa1—of the basic scheme
of vector control; Isa2—of the control system with the optimal controller.

As suggested in Figure 6, the system of vector control with the optimal current
controller is more resistant to the action of interferences.
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To compare the quality indicators of control of both the systems, the transient characteris-
tics of the basic system of vector control and of the system with the optimal controller were
obtained. For this purpose, a unit step-type signal was fed to the input of the both systems (45)
under the condition of absence of the interference current at the controller input:

x(t) =
{

0, if t < 0,
1, if t ≥ 0.

(45)

The transient functions of the basic vector control system (Isa1) and the vector system
with the optimal controller (Isa2) are presented in Figure 7a. The time values of the transient
process for the basic system (tst1) and the system with optimal current controller (tst2), the
steady-state value of the stator current (Isa1st) and (Isa2st), and the maximum value of the
stator current (Isa1max) and (Isa2max), respectively, were determined based on the transient
characteristics. The results are presented in Table 3. The overshooting of both systems was
calculated using the formula:

σ =
Isamax − Isast

Isast
·100%. (46)
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Figure 7. Transient functions: (a) under the absence of an interference at the current controller input
(of the basic control system (Isa1) and system with the optimal current controller (Isa2st)); (b) under
the presence of an interference at the current controller input (of the basic control system (Isa1) and
system with the optimal current controller (Isa2st)).

Table 3. The results of comparison of the control quality of the basic system versus the system with
optimal controller.

Parameter Designation
Unit of

Measurement

Value

Basic
System

System with
Optimal Controller

Time of transient
process tst s 0.166 0.0138

Steady-state values Isa.st A 450 450
Maximum value Isa.max A 514.4 450

Overshooting σ % 14.3 0
Control accuracy ε % 1.3151 0.0134

The results of the overshoot calculations are presented in Table 3.
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To determine the precision of control of both control systems, transient functions
were obtained under the condition of the presence of the ‘white-noise’-type of interference
controllers at the input. Transient functions under the condition of interferences of the
basic control system (Isa1) and the system with the optimal current controller (Isa2st) are
presented in Figure 7b.

The control errors were calculated for the steady-state mode of both systems using formula:

ε =
1

N−1 ·∑
N
i=0(Isast − Isai)

2

Isast
·100% (47)

where: Isast—steady-state value of stator current; N—number of samples.
The results of calculations are presented in Table 3.
The control quality parameter, such as the time of the oscillatory process, was not taken

into account due to the lack of its relevance in the investigation. Since there is no overshoot
in the proposed regulator as opposed to the basic regulator (Figure 7), this means that the
current control channel with the proposed regulator has an infinite phase stability margin.

4. Discussion

In the present study, the deterministic signal was used as the reference signal and the
stochastic signal was used as the interference.

This circumstance can be explained by the following two factors:

1. Objective difficulties in obtaining the experimental data on the dependence of the
stator current of the traction motor in the case of the stochastic character of the change
of the phase voltage;

2. Performance of the existing models of the asynchronous motor under the stochastic
character of change of the phase voltage was not analyzed. The results of the sim-
ulation of performance of the asynchronous traction drive with the vector control
system may be flawed.

The second factor also explains the choice of only the current control channel of the
vector control system for the investigation.

The quality of the current control channel of the vector control system for the asynchronous
traction drive was determined according to its transient characteristics under the condition of
absence of interferences at the input (Figure 7a). Comparison of the quality indicators of the
basic system and of the system with the optimal controller (Table 3) showed that:

− The steady-state value of the output signal of the both systems was equal to 450 A. This
value corresponded to the value of the nominal phase current of the asynchronous
traction motor;

− The speed of response of the system with the optimal controller was higher than that
of the basic system. Time of the transient process (Table 3) of the system with optimal
controller tst1 = 0.0138 s, of the basic system—tst1 = 0.166 s;

− Transient function of the system with the optimal controller was free from oscillations.
The basic system had oscillations. Value of overshooting of the basic system was 14.3%.

The accuracy of the overshooting of the current control channels was determined based
on the transient functions of the systems in the presence of ‘white-noise’-type interference
at the controller input (Figure 7b). The comparison of simulation results (Table 3) showed
that the system with the optimal controller had a 1.3% lower control error than the basic
system. This fact suggests that the power loss caused by control interferences is 1.69%
lower in the traction drive with the optimal controller than in the drive with the basic
control system. This can be supported by the phase current diagrams of the stator (Figure 6)
under the presence of interferences at the controller input. For the steady-state mode, the
phase current value of the stator of the traction motor with the basic control system was
444 A, with the optimal controller—450 A.

There are some important caveats to the study that deserve mention:
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1. The current control channel models of the control circuits were based on the assumption
that the control signal at the input of the current controllers is a deterministic signal;

2. The character of load variation was not taken into account (it can have a stochastic nature);
3. The investigations were carried out for the mode of operation, when the value of the

shaft rotation speed is equal to the value of the given rotation speed;
4. The optimal current controller will work correctly for the set operating mode of the

traction drive system. This fact is related to the condition that the parameters of the
optimal current regulator depend on the values of stator current and noise variance.
During transients, these parameters change.

Nonetheless, it should be taken into account that the models of the current control
channels were based on the assumption that the reference signal at the current controller
input was a deterministic signal. This factor implies certain limitations to the application
of the model developed. To account for this factor, additional investigations must be
conducted. At the same time, the authors realize the difficulties related to retrieval of the
experimental data under the conditions of operation of an electric locomotive.

In the process of work on the present paper, the authors encountered objective diffi-
culties related to the absence of any possibility to conduct a full-scale experiment and
retrieve valid experimental data. This is related to the fact that the control systems
are essentially microprocessor systems by design. To record the experimental oscillo-
grams of the signals at the current control input, it is necessary to obtain permission
from the respective manufacturers of the systems. This is difficult to implement as this is
related with trade secrets.

Further work to improve on these new developments is suggested:

1. Investigation of the influence of the stochastic nature of voltage changes in the contact
network on the supply voltage of the autonomous voltage inverter;

2. Investigation of the influence of thermal noise of the autonomous voltage inverter on
the operation of the vector control system;

3. Investigation of the thermal noise of traction motor windings on the operation of the
vector control system;

4. Investigation of the stochastic nature of the traction drive load on the operation of the
vector control system;

5. Development of a current regulator, whose parameters are adapted to the operating
conditions of the locomotive.

5. Conclusions

1. The structural scheme was obtained in the transfer functions of the current control
channel of the vector control systems for the asynchronous traction drives in the AC
electric locomotives. Spectral densities of the reference signal and of the interference
at the current controller input were calculated.

2. The design synthesis was performed, and parameters of optimal current controller
parameters were obtained by using the Wiener–Hopf equation for the vector control
system for the traction drive in the electric locomotive with the asynchronous motor.

3. Simulation of the current control channel of the basic vector control system and of the
system with the optimal controller was performed.

4. The transient characteristics of the current control channels of the basic control system
and the optimal controller were obtained under the condition of absence of interferences
at the controller input. Comparison of the time of the transient processes showed that:

− The speed of response of the system with the optimal controller was higher by
1.3 s compared to the basic control system;

− Transient characteristic of the system with the optimal controller was free from
oscillations. The oscillations were present in the transient characteristic of the
basic system. The overshoot of the basic system was equal to 14.3%.

− The steady-state value of the transient function of the both systems was 450 A, which
corresponded to the nominal value of the phase current of the stator of the traction motor.
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The accuracies of control of the two systems were calculated on the basis of the
transient characteristics of the current control channels under the condition of the presence
of ‘white noise’ interferences at the controller input. The accuracy of the control of the
system with the optimal controller was higher by 1.3% than that of the basic system.

Analysis of the time diagrams of the phase currents of the traction drive showed that
the presence of interferences at the input of the current controller in the optimal controller
did not influence the value of the phase current of the motor stator. In the basic system,
the value of the phase current of the stator was lower by 1.3% compared to the operation
without interferences. This fact suggests that the power loss is 1.69% lower in the traction
drive with the optimal controller than in the traction drive with the basic control system.

6. Patents
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