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eamenb, MOOANLHBLL Pe2Yasimop,
Heuemxuil pezyasmop, 2udPuo0-
Hblll MAHEBPOBbL MEN0603

1. Introduction

Statistical data reported in [1] reveal that 27 % of all
operations on Ukrainian railroads are performed by shunt-
ing locomotives. In addition, shunting locomotives are
widely employed at industrial enterprises. Such operations
imply the transportation of a small amount of cargo on short
distances (for example, within a station, or an enterprise),
which is why using powerful locomotives is impractical.
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More than 90 % of shunting locomotives in operation at
present have exhausted their resource, thereby making a
task on updating the fleet a pressing issue.

An analysis of the process to renovate the means of traction
on world railroads shows [2, 3] that the polygon of railroads
where the traction of diesel locomotives is applied, as well as
the amount of transportation performed by diesel locomotives
on railroads, occupy a leading place. Despite the fact that the
countries of Western Europe and America have already (or




almost) completed the process of introduction of advanced
types of traction (which led to a certain decrease in the output
of diesel locomotives in some countries), the need for diesel
locomotives will remain stable in the world. In addition, many
countries will require replacing and modernization of previous-
ly manufactured obsolete locomotives. Given this, the leading
foreign companies that produce diesel locomotives, such as
Brush Traction, Alstom, Toshiba, General Electric, intensify
their work aimed at creating new designs of locomotives.

The result of the global trend for improving energy
efficiency is the need to transfer to more environmental-
ly-friendly and reliable types of shunting traction rolling
stock. They represent of the most important controlling
elements of railroad stations that ensure smooth operation.
Given the above, creating hybrid assemblies for shunting
traction with prospective control systems is one of the im-
portant scientific-technical tasks in railroad transportation.

2. Literature review and problem statement

Analysis [2] reveals that along with improving existing
shunter locomotives by replacing unreliable elements, global
companies have been working on creating the new types of
them. Authors of [3] analyzed the trend that involves devel-
opment of more reliable, energy efficient, and environmen-
tally-friendly autonomous locomotives.

Asnoted in [4], the main requirements for shunting loco-
motives of the new generation are:

— maximal energy utilization in order to create traction
power, minimize energy consumption for auxiliary needs and
the cost of purchasing fuel and lubricants;

— to minimize labor costs over the life cycle, including
the cost of maintenance and repairs of all types;

—advanced environmentally-friendly and ergonomic
properties, which comply with the acting and would-be do-
mestic and international standards.

As stated in [5], practical solution to the creation of
a locomotive, which would meet the above-specified re-
quirements, is to employ a combined (hybrid) power unit.
This kind of unit, considered in [5], consists of the block of
energy accumulators, for example, a traction battery, and a
diesel generator set (DGS) of low power. A similar solution,
investigated in [6], substantiated the possibility to reduce
fuel consumption by not less than 40 %, since the larger part
of shunting operations would be carried out using the power
of the traction accumulator. This could ensure high environ-
mental efficiency of the locomotive.

At present, there exists a large number of hybrid locomo-
tives with an induction motor drive, which are analyzed in
paper [6]. At the same time, increasingly used are the valve-in-
ductor drives (VID), which are described in [7]. As stated in
[8], such drives, by their traction parameters, are not inferior
to DC motors and to the frequency-controlled drive; moreover,
they possess significant advantages in their structural design.

Parameters of such an electromechanical energy trans-
ducer, specifically flux linkage and inductance, depend not
only on the magnitude of current, but also on the position
of the rotor. For example, inductance of a machine at the
misaligned and aligned position of teeth of the rotor and the
stator can vary by several times [9]. Such a change affects
time constants of the engine, which are the input values when
setting up the controllers. Control systems that are used in
transportation [10] operate at fixed values of time constants,

which is why applying them impairs the quality of dynamic
modes of VID. Based on the analysis conducted, we can
conclude that the nonlinear object of control, specifically the
valve-inductor engine (VIE) in combination with a hybrid
set, requires the application of custom systems based on fuzzy
control algorithms.

3. The aim and objectives of the study

The aim of present work is to study dynamic modes of
VID with controllers of different types, which would make it
possible to choose the most efficient among them, estimated
for quality (maximal overshoot, adjustment time, and the
number of oscillations).

To accomplish the aim, the following tasks have been set:

— to identify parameters of the control object and to con-
struct its simulation model;

—to synthesize the modal and the fuzzy-proportion-
al-integrated-differential-(FPID) speed controllers and to
analyze quality of their performance;

— to build a simulation model of the hybrid diesel loco-
motive with a valve-inductor drive and to study its dynamic
modes;

— to fabricate a model sample and to test the operability of
control system with the best indicators of controller quality.

4. Construction of a mathematical model of
the valve-inductor drive

The substantiation of the transition to hybrid traction is
given in [11]. Using the energy accumulators in the system
makes it possible to give up the systems that control the
diesel engine speed in favor of control systems over traction
motors. In order to study performance of such a system, it is
required to construct a mathematical model of the valve-in-
ductor drive.

We have selected the VIE of brand DVI-165 to serve as
the basis. A given engine is assembled in the configuration of
8/6, its mathematical model represents the following system
of differential equations [12, 13]:
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where iy, ip, ic, ip are the currents of the stator’s respective
phases; w4, wg, we, wp are the flux linkages of the respective
phases; eq, ep, ec, ep are the voltage of power sources; 0 is the
rotation angle of the rotor; o is the angular velocity; My, is
the driving moment; M, is the moment of resistance; J is the
rotor’s moment of inertia.

To identify the parameters of such engine, we applied the
software complex FEMM, which calculates magnetic field
using the method of finite elements. Figure 1 shows a distri-
bution pattern of magnetic lines in VIE at switched phase A
at the aligned and misaligned position. The results of calcu-
lation that we obtained were approximated by the method of
Chebyshev polynomials. Fig. 2 shows the distribution sur-
faces of the phase flux linkage and electromagnetic moment.

a b

Fig. 1. Distribution of magnetic lines in VIE at switched phase
A: a — in the misaligned position; b — in the aligned position

a b

Fig. 2. Distribution surfaces: a — electromagnetic moment
depending on rotation angle of the rotor and

the magneto-driving force; b — flux linkage depending on

rotation angle of the rotor and the magneto-driving force

An integral part of the valve-inductor drive (VID) is an
electronic switch (ES). ES is required for VID to connect
phases of the motor to the power source depending on the
signal of a rotor position sensor. Since the operation of VIE
does not depend on the direction of current in the phase,
then, in order to switch current, it typically employs a
half-bridge (one-half-period) circuit [14]. In this case, each
phase requires two switches and two reverse diodes. Thus,
the number of power elements increases in proportion to the
number of phases. In contrast to the circuit of switching an
induction motor, the circuit for VIE switching has a signif-
icant advantage. It implies elimination of the occurrence of
short circuit currents at simultaneous opening of the upper
and lower power switches in vertical. Such switches are
commonly field or IGB transistors. The occurrence of short
circuit current is dangerous as the power source may fail, as
well as transistors and devices of their control.

Using a system of differential equations (1), we devel-
oped a simulation model of the electromechanical energy
transducer with ES. Fig. 3-7 show oscillograms of VIE
direct start with a current limit at the level of 900 A.

Fig. 3. Oscillogram of engine current at direct start

Fig. 4. Defragmentation of the oscillogram of engine’s phase
current A at direct start

Fig. 5. Oscillogram of engine torque at direct start

Fig. 6. Defragmentation of the oscillogram of engine torque
at direct start

Fig. 7. Oscillogram of engine speed at direct start

The obtained results of modeling a direct start confirm
that significant moment pulsations for this type of engine are
inherent for a given type of engine. When current reaches a
value of 670 A at the rated speed, they are in the range of
300-1,280 Nm.

5. Synthesis of the modal and the FPID speed controller

VID control system is a system of a subordinate regula-
tion of coordinates with the possibility of applying various
existing speed controllers [9, 10]. Such speed controllers as



P-, PI-, and PID are characterized by quality indicators that
are not high enough to control the non-linear and complex
systems [15]. Given the development of microprocessor
technology, more widespread are control systems based on
a modal regulator and fuzzy control. That is why further
research is aimed at synthesizing these types of controllers.

A modal controller is the inertia-free regulator. It is in-
cluded in the feedback link. At its input, algebraic summing
of all feedbacks is performed for the state vector. A state of
the system at any given time #y is a set of information about it
whose availability suffices, along with a certain controlling
influence, to predict the state of the system at any moment
of time ¢.

In this case, in order to describe the system, it is appro-
priate to employ the apparatus of linear algebra [16].

Then X is nothing short of the vector-column of states
of the system:
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Any linear stationary system can be described in the
vector-matrix form by equations:

X=AX+BU; (6)
Y=CX+DU, (7)
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is the matrix of control influence at the output of coordinate
of dimensionality mxz.

The system that is described by equations (6) is called
fully controllable if, at a limited influence U, it can be trans-
formed from any state x((ty) into any resulting state x(¢;) at
a change in time #(<t<t;. The condition for control is:

RangP =n, (®)

where 7 is the order of the system; P is the matrix of control-
lability of dimensionality nxm.

If condition (8) is met, it is possible to build a modal con-
troller according to the structural circuit in Fig. 8.

Fig. 8. Structural circuit of the closed multidimensional
system with a modal controller

In this case, a closed control system will be described by
the following equations:
X=AX+BU,
_ ©®
U=V -KX,

where U is the control matrix; V is the matrix of the task; K
is the matrix-line of feedback, consisting of the coefficients
of feedback for the vector of state X.

Based on the shown structural circuit, we built a simula-
tion model of the operation of VID with a modal controller.
Fig. 9-11 show oscillograms of current, moment of the en-
gine, and the speed of the train.

Fig. 9. Oscillogram of engine current when operating VID
with a modal controller

The speed limit of the engine was set at 2,000 and
3,000 rpm. In a time of 10 seconds, additional load was app-
lied to the engine, which corresponds to drawdown of speed.

Characteristics of controllers can be improved in some
cases by using the methods of fuzzy logic [9, 17].



Fig. 10. Oscillogram of moment when operating VID with a
modal controller

Fig. 11. Oscillogram of speed when operating VID with a
modal controller

Underlying fuzzy logic is the theory of fuzzy sets, where
the membership function of an element from the set is not
binary, and may take any value in the range of 0—1. Such
logic makes it possible to build systems that are capable of
processing inaccurate information. They make it possible
to perform full range of logical operations over fuzzy sets:
merging, intersection, denial, etc. [18], as shown in Fig. 12.

a b c

Fig. 12. Basic operations on fuzzy sets:
a — merging; b — intersection, ¢ — denial

A general structure of systems with fuzzy control is
shown in Fig. 13.

In the example we use as input variable a difference between
the assigned and actual values of controlled parameter, in our
case, the speed of engine rotation. This difference, together
with its derivative for time, is transferred to the very system of
fuzzy control as two input variables. At the same time, a vari-
able for the correction of the controlled parameter is obtained
based on the original variable of the system of fuzzy control, by
using a unit of calculation of controlling variables.

In order to construct a fuzzy-controller, we applied the
procedure reported in paper [18]. The structure of fuzzy
PID-controller for DVI-165 is shown in Fig. 14.

Fig. 14. Structural circuit of fuzzy PID-controller

Based on the shown structural circuit, we built a simula-
tion model of the operation of VID with a modal controller.
Fig. 15—17 show oscillograms of current, engine moment,
and speed.

Fig. 15. Oscillogram of engine current when operating VID
with a fuzzy controller

Fig. 16. Oscillogram of moment when operating VID with a
fuzzy controller

Upon analyzing the oscillograms of operation of the
drive with a modal and a FPID controller, we obtained basic
performance quality indicators summarized in Table 1.

Fig. 13. Generalized functional circuit of fuzzy control



Fig. 17. Oscillogram of speed when operating VID with
a fuzzy controller

Table 1
Basic indicators of the quality of control processes
Quality indicator Modal controller | Fuzzy controller
Maximum overshoot, 6., % 12.27 3.75
Control time, ¢, s 5.08 3.01
Number of oscillations, N, 2 1

A transition process for speed with a modal controller
has an overshoot, which is almost completely absent when
using fuzzy logic. We have achieved a reduction in the con-
trol time up to 2.07 seconds, confirming the appropriateness
of employing such a control system on traction rolling stock.

7. Analysis of the operation of hybrid VID of shunting
locomotive with a fuzzy speed control

The principle of modernizing a shunting locomotive was
considered in more detail in paper [11] where it was proposed
to install a diesel generator set with a synchronous genera-
tor of low power that recharges accumulator and capacitor
batteries. The batteries power, through static converters,
traction valve-inductor engines. A design circuit of the mod-
ernized locomotive is shown in Fig. 18.

The system of transformation of thermal energy into
electric energy acts as batteries charger and does not exert
any significant influence on the operation of traction electric
drive. That is why when building a simulation model, the
system diesel-generator — energy accumulator was replaced
with a constant voltage power source.

An analysis of the operation of traction electric drive
of the hybrid locomotive with a fuzzy speed controller was
performed at a section of the railroad from Kharkiv to Mere-
fa (Ukraine) with an actual profile shown in Fig. 19, speed
limit, and a train weight of 723 tons. Substantiation of the
choice of optimal regime for passing the section is given in
[19, 20].

Fig. 18. Design circuit of the modernized locomotive

Fig. 20—22 show oscillograms of current, moment of
traction VIE, and the speed of train motion.

The charts derived confirm high accuracy and speed per-
formance of the synthesized FPID-controller and the expedi-
ency of application of such a system for hybrid rolling stock.

Fig. 19. Profile of section from Kharkiv to Merefa

Fig. 20. Oscillogram of current of traction VIE during
train motion

Fig. 21. Oscillogram of torque of traction VIE during train
motion

Fig. 22. Oscillogram of train motion speed

8. Confirmation of feasibility of
the traction valve-inductor drive with
a synthesized control system

To confirm the feasibility of VID with
a FPID speed controller, we fabricated a
model sample whose physical appearance is
shown in Fig. 23.

In this case, the wheelset is attached
by racks to the base via two supporting
bearings. A gear is mounted onto the en-
gine shaft, and the wheelset holds a cog
wheel with 16 and 51 teeth, respectively.
Transmission number of the gear unit is 3.2. The engine
is rigidly fixed to the base. Power wires and control wires
are separated and shielded to protect against interference
and disturbance. We used a lever of the mechanical brake
as a load. Power source voltage Ud=100 V during tests was



maintained at a constant level with a PWM frequency of
20 kHz, at current limit at the level of 3 A. To facilitate work
with a model sample, connection to the LCD display is en-
abled. with the possibility to visualize information, which is
especially important at the stage of adjustment.

Fig. 23. Model sample of VID with a FPID-controller

Testing of VID was carried out employing a control sys-
tem based on fuzzy logic. The purpose of experiments was to
analyze performance of the drive at different speeds of machine
rotation, stabilization of speed, ensuring smooth acceleration
of engine (and wheelset, accordingly), acquiring oscillograms
of basic coordinates of the transition process. By using a com-
puter, we fully controlled the drive: range, smoothness and di-
rection of speed regulation, the choice of algorithm for smooth
start and ensuring the required starting effort.

When the engine reached the preset speed of 2,000 rpm
at a time moment of 13 seconds, additional load was applied
in a stepwise fashion, which is matched with a drawdown of
speed as shown in Fig. 24.

Fig. 24. Oscillograms of the operation of VID with a FPID
controller

During work of the drive, we investigated emergency
mode of the engine using fuzzy logic (disabling one of the
phases was purposefully enabled in the transducer). At the
same time, it worked continuously, which confirms the ad-
equacy of procedure for the synthesis of a FPID-controller

proven by physical simulation on the mod-
el sample of VID.

9. Discussion of results of studying the
operation modes of control systems
over the traction valve-inductor drive

The results of the simulation of direct
start of VIE show that when maintaining
aphase current of the engine at the level of
900 A, electromagnetic moment amount-
ed to 1,400 Nm. One can also conclude
that significant moment pulsations are
inherent for a given type of engine is. It
is recommended to build a control system
that would ensure the optimal mode of ES
operation both in terms of minimizing the
moment pulsations and maximizing the
performance efficiency.

The designed simulation model of VIE does not account
for the mutual influence of adjacent phases, yielding an error
of up to 7 %, however, it makes it possible to take into consid-
eration its nonlinearities. This necessitates the construction
of non-standard speed controllers, specifically the modal and
the FPID controller.

The study of the two synthesized control systems al-
lowed us to establish that the best quality indicators of speed
control were demonstrated by a fuzzy controller, which, ac-
cordingly, proves the feasibility of its application.

When investigating the work of a hybrid locomotive using
a simulation model as an example, we studied an actual pro-
file of the railroad (Fig. 14). The model constructed does not
make it possible to take into consideration resistance of the
train along the curved sections, condition of the track, impact
of the environment, etc. Further consideration of these com-
ponents will make it possible to determine as the percentage
of the main resistance the degree of influence of the specified
factors on the accuracy of simulation. This would allow us to
argue about the expediency of the complication of the model.

There are no drawdowns in speed when changing the
load (Fig. 17), which confirms the high accuracy and perfor-
mance speed of the synthesized FPID- controller; charts in
Fig. 19 demonstrate feasibility of such a system.

The studies conducted in continuation of work reported
in [11] allow us to devise algorithms of control over a trac-
tion drive based on VIE. This makes it possible to employ
the microprocessor equipment, to construct new means for
electric motor protection, as well as to select the required op-
eration mode of both the drive and a hybrid locomotive. The
research we conducted implies, in the future, studying the
operation of control systems not only under traction regime,
but also under regenerative mode.

10. Conclusions

1. We identified parameters of the valve-inductor engine
for a hybrid shunting locomotive in the form of dependences



of phase flux linkages and their derivatives for currents
and rotation angle of the engine’s rotor, as well its electro-
magnetic moment. A special feature of identification is the
application of a finite element method for the calculation of
magnetic field, and the Chebyshev polynomials for the ap-
proximation of obtained discrete experimental data.

2. Control systems based on a modal controller and
fuzzy logic were synthesized. It is established that the
modal controller has the following quality indicators:
maximal overshoot — 12.27 %, re-adjustment time — 5.08 s,
number of oscillations — 2. For the FPID-controller, the
quality indicators are: 3.75 %, 3.01 s, and 1, respectively.

Thus, upon analyzing the quality of their operation, it was
found that the best indicators were demonstrated by the
FPID-controller.

3. The adequacy of procedure for the synthesis of FPID-
controller was proven by physical simulation using a model
sample of VID as an example at the rated load and under
emergency modes.

4. The research results have shown that the construction
of drives based on VIE makes it possible to improve quality
indicators of the control system. This would ensure the pro-
cess of control over train motion along a section of the track
with the assigned profile and motion schedule.
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