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The subject of this study is an installation for experimental research designed to study the characteristics and
control algorithms of multiphase motors with the number of working phases from 3 to 8, connected by a star, a trian-
gle, or in another way, allowing phase currents to flow, creating a rotating electromagnetic field. The installation con-
sists of two separate independent units: a controller, or a human-machine control interface, and a power inverter
module (converter). The controller is connected to the converter by a two-wire half-duplex interface (RS485) via
the Modbus RTU communication protocol. The installation also includes synchronous motors with the number of
phases 3, 5, 7.

Using the developed installation for experimental research, it is possible to carry out experimental studies of
multiphase motors when implementing various control algorithms for a converter that implements pulse-width vector
modulation. The time required to implement control algorithms is minimal. According to the results of the experi-
ments, it is possible to carry out a comparative analysis of multiphase motors in terms of energy efficiency, in terms
of vibration of electromagnetic origin, in dynamic parameters. An experimental assessment of the load of the con-
verter keys is possible.

The created installation is an effective tool for checking the reliability of the results of theoretical studies of
electromechanical systems based on multiphase motors.

Key words: installation for experimental research; multiphase motor; multiphase converter; controller touchpad

How to cite this article: Tereshkin V.M., Grishin D.A., Makulov L. A. Installation for experimental research
of multiphase electromechanical systems. Journal of Mining Institute. 2019. Vol. 240, p. 678-685.
DOI: 10.31897/PM1.2019.6.678

Introduction. A significant number of publications devoted to the study of electromechanical
systems based on multiphase motors emphasize their promise in traction electric drives, in particu-
lar in electric vehicles.

For example, in [1-3, 11], the theoretical principles of vector control based on direct torque
control (DTC) are considered in comparison with the classical method of field-oriented control
(FOC), in the implementation of which sine-pulse-width modulation (SPWM) is used. The work
does not raise the question of the possibility of using vector control of multiphase electric ma-
chines. However, a direct current electric drive based on a four-phase asynchronous motor already
exists and is being operated (with confidence we can assume that with vector control), which is
installed on the onshore electric locomotive «Granite». The electric drive was developed by Sie-
mens engineers. Four electric induction motors are installed on each section of the electric loco-
motive. The power of each motor is 1.2 MW, the number of pole pairs of the motor is p = 4, the
converter has two frequency ranges — from 0 to 60 and from 60 to 120 Hz. A specific winding
scheme is provided for each range, which is set by the automation unit depending on the fre-
quency. Traction power ratio of one two-section locomotive is 9.6 MW.

In [4-10], studies and comparative analysis of 3-, 4-, 5-, 7-phase systems are presented. How-
ever, many theoretical results need experimental study in order to exclude their unreliability.

Many foreign theoretical works are devoted to the study of electromechanical systems based on
multiphase motors [12-20]. It was found in the works that with an increase in the number of phases
of the motor, the phase current decreases, the level of vibrations decreases, and the reliability of the
electric drive increases. However, in these works there is no comparative analysis of the operating
modes of the converter keys, i.e. the component of research results that can only be obtained
through experiments is not sufficiently represented.

678
Journal of Mining Institute. 2019. Vol. 240. C. 678-685 e Electromechanics and Mechanical Engineering



Vladimir M. Tereshkin, Dmitry A. Grishin, Irek A. Makulov DOI: 10.31897/PMI.2019.6.678
Installation for experimental research of multiphase ...

Fig.1. Electric machine (@) and stator (b) of a five-phase prototype engine

Most of the works have a theoretical orientation and do not contain the results of experimental
studies. Timing diagrams obtained using engineering programs, most often MATLAB, which, in
essence, are variations of theoretical studies, are given as illustrations.

This work is devoted to the description of the installation and prototype models created for ex-
perimental studies and comparative analysis of 3-, 4-, 5-, 6-, 7- and 8-phase electromechanical
systems.

Formulation of the problem. To conduct experimental research and comparative analysis of
multiphase electric drives, an electrical complex is required, which includes: multiphase electric
machines, a converter that generates a multiphase symmetrical voltage, a programmable controller
of the control system, measuring devices.

Figure 1, a shows an electric machine, on the basis of which 3-, 5- and 7-phase synchronous
motors with excitation from permanent magnets are created, and Fig.1, b shows the stator of a
5-phase synchronous motor. Also, a 3-phase and 7-phase windings are stacked in a similar stator
package with the number of teeth Z = 30. For the spatial symmetry of the 7-phase winding, Z = 28
is necessary, therefore, the prototype of the 7-phase motor has a spatial asymmetry of the working
winding. This factor must be taken into account when analyzing the results of experimental studies.

The number of turns in the phase of the prototype samples have the following values:
Wiph = 150, Wspn =90, Wi,n =64, i.e. the relation can be written as Wspn = 3/5(Wspn),
Wipn = 3/TW3pn. The input voltage values of the converters must satisfy the relations: Uins = 3/5Uins,
Uin7 = 3/7Uin3, to ensure equal phase currents. With an increase in the number of phases, the ma-
chine becomes lower voltage, and the consumed input current of the converter increases in propor-
tion to the increase in the number of phases of the motor. Copper consumption remains unchanged.

If the same stator packet is used, the number of turns in the phase will satisfy the relation
Wiph = Wsph = Wiph, then the phase current ratios take the form: Isyn = 3/555pn, I7ph = 3/713pn. In this
case, the input voltage of the converters must have equal values.

With an increase in the number of phases of the motor with equal numbers of turns in the
phase, the machine becomes more low-current, and the consumed input current of the converter re-
mains unchanged. Copper consumption also does not change.

There is a theoretical justification for these findings, and experimental confirmation and engine
prototypes are required to confirm their validity.

The most advanced for comparative analysis multiphase windings of prototype engines should
have the same value ¢, e.g., g3 = gs = g7 = 1. By that, the number of stator teeth Z (of 2p =4) de-
fined respectively as: Z3 = 12, Zs = 20, Z; = 28. The number of stator teeth increases, and the ratios
should be written as follows: Zs/Zs = 3/5, Z:/Z3 = 7/3.

The installation allows experimental studies with engines in which the number of phases is
equal to 3, 4,5, 6, 7, 8. For a correct comparative analysis of the experimental results, it is neces-
sary that the packages of stators of multiphase motors differ only in the number of teeth, and the
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relations will be: Z3 = 12, Z4 = 16, Zs = 20, Zs = 24, Z7 = 28, Zg = 32. The numbers of teeth are
given for windings in which 2p =4, ¢ = 1.

The main goal of the installation is to provide the possibility of experimental studies of pulse-
width modulation vector algorithms for multiphase motors and to verify the results of theoretical
studies.

In [6], for example, a 4-phase winding was studied during the formation of the resulting volt-
age vector. However, no obvious advantages over the three-phase winding were found. Perhaps ex-
perimental studies, which will evaluate the operation of the converter keys, the energy characteris-
tics of the complex (the input power of the converter is the mechanical power on the shaft), engine
throttle response (the permissible speed of increasing the frequency of the converter), will help to
identify the advantages of a 4-phase machine. For example, a prototype five-phase synchronous
motor allowed a discrete increase in the frequency of the converter from 1 to 3 Hz, and when jump-
ing from 1 to 4 Hz, the field «slipped away» and the engine fell out of synchronism. The experiment
was conducted without feedback and a control system; the ten-step switching algorithm (PWM
95 %) was evaluated.

The installation will allow conducting experimental research of engines using techniques
aimed at studying the features of multiphase machines.

The main need for a universal installation for experimental studies of multiphase electrome-
chanical systems is dictated by the following circumstances.

When implementing six-step switching and vector pulse-width modulation in a three-phase sys-
tem of 2°=8 vectors, 6 active-state and 2 zero-state. The use of zero vectors formed the basis for
the implementation of SVPWM and DTC. Only one algorithm is possible for generating a symmet-
ric three-phase voltage with temporary ABC phase rotation.

With the implementation of vector pulse-width modulation in a five-phase system, the forma-
tion of 2° = 32 vectors, 30 active-state and 2 zero-state is possible. Zero vectors can also be used to
implement SVPWM and DTC. Thirty active vectors (or 30 «chords» in 5 keys) can form three ver-
sions of a symmetrical five-phase voltage with various forms of phase voltage [5]. There are three
converter control algorithms, each of which generates a symmetrical five-phase voltage. In addition,
it is possible to form a time sequence of phase rotation ACEBD for a five-phase winding with spa-
tial phase rotation ABCDE. Each of the three algorithms in combination with the ACEBD phase
sequence of phase rotation generates the rotation frequency of the resulting vector, which is three
times higher than the frequency of the converter. The resultant vector of the third harmonic be-
comes working, and the five-phase machine is a two-speed. When implementing converter control
algorithms that increase the rotation frequency of the resulting voltage vector, the number of
switched keys per period increases, and the switching frequency decreases. The effect was obtained
theoretically, tested experimentally and needs to be investigated.

With the implementation of vector pulse-width modulation in a seven-phase system, the forma-
tion of 27 = 128 vectors, 126 active-state and 2 zero-state. Zero vectors can also be used to imple-
ment SVPWM and DTC, 126 active vectors can form nine symmetrical seven-phase voltage vari-
ants with various forms of phase voltage. There are nine converter control algorithms (each algo-
rithm implements a fourteen-step switching sequence). Each of the nine algorithms generates a
symmetrical seven-phase voltage. It is possible to form time sequences of phase rotation
ACEGBDF and ADGCFBE of a seven-phase winding with spatial phase rotation ABCDEFG.
There is an algorithm that, in combination with the time sequence of phase rotation ACEGBDF,
forms the frequency of rotation of the resulting vector, which is five times the frequency of the con-
verter, the fifth harmonic resulting vector becomes operational. There is an algorithm that, in com-
bination with the time sequence of phase rotation ADGCFBE, generates the rotation frequency of
the resulting vector, which is three times the frequency of the converter, the resulting third har-
monic vector becomes operational. Potentially, the seven-phase machine is a three-speed. When
implementing converter control algorithms that increase the rotation frequency of the resulting volt-

680
Journal of Mining Institute. 2019. Vol. 240. C. 678-685 e Electromechanics and Mechanical Engineering



Vladimir M. Tereshkin, Dmitry A. Grishin, Irek A. Makulov DOI: 10.31897/PMI.2019.6.678
Installation for experimental research of multiphase ...

age vector, the number of switched keys per
period increases, and the switching frequency
decreases. This effect also requires experi-
mental studies.

Active vectors can be formed by
«chords» in six, five, four, three and two keys
for a seven-phase system, as well as in four,
three, two keys for a five-phase system. In this
case, a symmetric seven-phase and five-phase
voltage is formed. These issues were partially
considered in [5, 10], but they need further
experimental study.

Research is needed on the ripple voltage
of the common point of the multiphase wind-
ing with respect to the converter zero point. It
is theoretically obvious that with an increase
in the number of phases, the amplitude of the
pulsations decreases, and their frequency in-
creases. With an increase in the number of
phases, the phase voltage form tends to mean-
der, the amplitude of the voltage ripple tends
to zero, and the ripple frequency tends to in-
finity. In practice, even with the number of
phases 11, this process enters saturation.

The operability of the 11-phase system is
provided by 22 keys, which form 2'' = 2048
vectors, 2 of which are zero and 2046 are ac-
tive. Each of 2046 active vectors is formed by
a chord of 11 keys, but there are also active

vectors that are formed by chords of 10, 9, 8 ol

keys, etc. Theoretically, an 11-phase machine =

is potentially five-speed and at one frequency Fig.2. Installation for experimental research (a),
of the converter (reference frequency) has five debug board of the converter (b), controller

(touch panel to control the five-phase converter modes) (c)

speeds at the 1st, 3rd, 5th, 7th, 9th harmonics.
All these questions are theoretically worked
out and need experimental research. Installation for experimental research of multiphase electro-
mechanical systems will help to resolve many issues when creating electric drives based on mul-
tiphase motors.

Methodology. Figure 2 shows a photo of the installation for conducting experimental studies
of multiphase electromechanical systems with the 3, 4, 5, 6, 7, 8 phases. Five-phase and three-phase
synchronous motors are presented that are connected to the converter.

The converter is a board that is divided into a low-current control and high-current power part.
The low-voltage part is made using the ATmega644 micro-controller, has its own power supply and
a communication interface with the HMI (controller), as well as an 12C connector for connecting
external sensors. The power unit consists of eight pairs of complementary MOSFET keys located in
removable pads for quick replacement. The power part has a separate input for connecting a power-
ful power source up to 100 V. Both parts are completely galvanically isolated from each other. The
power part is controlled by means of optocouplers and special DC / DC converters, which supply
power to the key locks at the moment of their opening.
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Fig.3. Touchpad of the controller: a — selection of a multiphase
system; b — a seven-phase converter;
¢ — control of seven-phase converter modes
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The firmware implements the Modbus
command exchange interface, as well as the
specified key operation algorithm, start, stop,
calibration and data generation from sensors
and errors. The resulting algorithm is also pro-
grammatically checked for opening both keys
in the shoulder to prevent through current. The
power section can be emergency shut off by a
switch on the board. Both parts of the converter
are protected by fuses.

In this installation, the touch panel opera-
tor SP307 Aries was selected as the HMI con-
troller. It allows using the visualization ele-
ments and modbus commands to control the
converter in real time. The project, loaded into
the operator panel, allows you to control 3-, 5-
and 7-phase motors using the menu and the cor-
responding settings windows. If necessary, the
project can be modified for specific engines.
Added teams, sensors and graphs (trends).

To change the control algorithms, pop-up
windows with a schematic representation of the
inverter arms are used. The half-wave of the
generated inverter voltage is divided into
chords (patterns). By pressing the upper or
lower shoulder key of the desired phase in the
corresponding pattern, the algorithmization of
work occurs. To form a «silence interval», you
can turn off both keys in the shoulder (phase).
To eliminate through current, accidental inclu-
sion of both shoulder keys in the pattern is pre-
vented. For recording and subsequent playback,
each pattern has its own code.

The fields for configuring the operating
mode of the converter allow you to change the
duty cycle of the pulses (PWM), the limiting
frequency, acceleration and resolution of the
acceleration of the converter.

When starting up, the converter generates an alternating voltage with an initial frequency of 1
Hz and, with given acceleration and resolution, begins to linearly increase the frequency to a prede-
termined limit frequency. For a new acceleration cycle, the inverter must be stopped.

The HMI is connected to the converter with a two-wire half-duplex RS485 interface, through
which the Modbus RTU communication protocol is implemented.

Fig.3 shows the touch panel of the controller, which provides the implementation of algo-

rithms. In the variant of a multiphase system in Fig.3, a (for example, a seven-phase system), by
touching the «7-phase SM» image, an image appears on the screen of the touch panel (Fig.3, ). To
set the required algorithm for the converter, which will form 14 «chords» in 7 keys (or 14 vectors
forming vector pulse-width modulation), just touch the image of the keys on the touch panel screen
(Fig.3, b) in a certain sequence. For example, to implement an algorithm:
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B

1)1,6,10,14,3,7,11(A.C_E G B.D: F));  2)1,6,10,14,4,7,11(A.C_E G B D, F.);
3)1,5,10,14,4,7,11(A.CzE_ G B D. F,);  4)1,5,10,14,4,8,11(A.C:E_ G B D F.);

5)1,5,9,14,4,8,11(A.C:E.G B D F.); 6)1,5,9,14,4,8,12(A.C-E.G B D F );
7)1,5,9,13,4,8,12(A.C:E.G.B D F ); 8)2,5,9,13,4,8,12(A_C:E.G.B D F );
9)2,5,9,13,3,8,12(A_C:E.G.B.D F ); 10) 2,6,9,13,3,8,12(A_C E.G.B.D F );

11)2,6,9,13,3,7,12(A_C_E.G:B.D.F );  12)2,6,10,13,3,7,12(A_C_E G.B.D.F );
13)2,6,10,13,3,7,11(A_C_E G.B.D.F.);  14)2,6,10,14,3,7,11(A_C_E_G B.D.F.),

you need to touch the keys in the appropriate sequence. Between the numbers given in the algo-
rithm and the keys shown in Fig. 3, b, the relation 1-1H, 2-1L, 3-2H, 4-2L, 5-3H, 6-3L, 7-4H 8-
4L, 9-5H, 10-5L, 11-6H, 12-6L, 13-7H, 14-7L. The formation of the algorithm takes no more
than 1 min.

The touch panel of the controller can take the form shown in Fig. 3, c. In this mode, the touch
panel allows you to configure the mode of operation of the converter, for example, you can set the
mode in which the frequency of the converter will increase by 1 Hz for 1 s or another dynamic
mode that needs to be investigated.

The shape of the phase voltage, which is set by the control algorithm, is fixed by a digital oscil-
loscope.

The development of the controller software will allow the formation of zero vectors of various
durations, and on the oscilloscope screen it will be possible to observe the phase voltage shape
when implementing SVPWM with a zero vector, for example, using the following control algo-
rithms:

* SVPWM algorithm for a 5-phase system

2,4,6,8,10; 1,4,6,7,9; 1,4,6,8,9; 1,3,5,7,9; 1,4,6,8,9; 1,4,6,7,9; 2,4,6,8,10; 1,3,6,8,9; 1,4,6,8,9;
1,3,5,7,9; 1,4,6,8,9; 1,3,6,8,9; 2,4,6,8,10; 1,3,6,8,9; 1,3,6,8,10; 1,3,5,7,9; 1,3,6,8,10; 1,3,6,8,9;
2,4,6,8,10; 1,3,5,8,10; 1,3,6,8,10; 1,3,5,7,9; 1,3,6,8,10; 1,3,5,8,10; 2,4,6,8,10; 1,3,5,8,10; 2,3,5,8,10;
1,3,5,7,9; 2,3,5,8,10; 1,3,5,8,10; 2,4,6,8,10; 2,3,5,7,10; 2,3,5,8,10; 1,3,5,7,9; 2,3,5,8,10; 2,3,5,7,10;
2,4,6,8,10; 2,3,5,7,10; 2,4,5,7,10; 1,3,5,7,9; 2,4,5,7,10; 2,3,5,7,10; 2,4,6,8,10; 2,4,5,7,9; 2,4,5,7,10;
1,3,5,7,9; 2,4,5,7,10; 2,4,5,7,9; 2,4,6,8,10; 2,4,5,7,9; 2,4,6,7,9; 1,3,5,7,9; 2,4,6,7,9; 2,4,5,7,9;
2,4,6,8,10; 1,4,6,7,9; 2,4,6,7,9; 1,3,5,7,9; 2,4,6,7,9; 1,4,6,7,9; 2,4,6,8,10; 1,4,6,7,9; 1,4,6,8,9;
1,3,5,7,9; 1,4,6,8,9; 1,4,6,7.9; 2,4,6,8,10;

* SVPWM algorithm for a 3-phase system

2,4,6; 1,4,5; 1,4,6; 1,3,5; 1,4,6; 1,4,5; 2,4,6; 1,3,6; 1,4,6; 1,3,5; 1,4,6; 1,3,6; 2,4,6; 1,3,6; 2,3,6;
1,3,5; 2,3,6; 1,3,6; 2,4,6; 2,3,5; 2,3,6; 1,3,5; 2,3,6; 2,3,5; 2,4,6; 2,3,5; 2,4,5; 1,3,5; 2,4,5; 2,3,5;
2,4.,6;1,4,5; 2,4,5;:1,3,5;2,4,5;1,4,5;2,4,6; 1,4,5;1,4,6; 1,3,5; 1,4,6; 1,4,5; 2.4.6.

You can measure the voltage ripple between the common point of the multiphase winding and
the zero of the converter and make sure that with an increase in the number of winding phases, the
ripple frequency increases and the ripple amplitude decreases. For example, for a three-phase wind-
ing, the ripple frequency is the frequency of the third harmonic, for a five-phase winding it is the
frequency of the fifth harmonic, and for a seven-phase winding, the ripple frequency is seven times
higher than the frequency of the converter (reference frequency).

Figure 4 shows the time diagrams of the voltage ripples of the common point of the winding
relative to the inverter zero for five-phase and three-phase motors.

If the winding has an even number of phases, then the ripple amplitude is zero. Perhaps this
factor became the main one when choosing a 4-phase asynchronous motor for a locomotive. The
ripple is zero, for example, in a five-phase winding, if a symmetrical five-phase voltage is formed
by “chords” in four keys. The timing diagram of this mode is shown in Fig.5.
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Discussion. The experimental results ob-
tained with the help of the created installation
will allow us to conduct a comparative analysis
and evaluate the expected advantages of multi-
phase electric drives, for example, by vibra-
tional properties and energy characteristics, to
explore new modes of operation of an electric
machine that are not possible with a three-
phase machine, namely, modes of changing the
time sequence of phase rotation.

The study of multiphase electromechanical
systems will require the study of dozens of
converter operation algorithms. The created
installation allows you to implement the
created algorithms with minimal time on a
simplified technology by touching the key
images on the touch panel.

The installation can be improved in the di-
rection of expanding functionality, as well as
increasing the objectivity of the comparative
analysis of multiphase systems. For this, en-
gines with stator packages are required, which
differ only in the number of teeth, as well as
controller upgrades at the software level. As a
result of modernization, a larger number of
converter circuits will appear on the touch
panel screen, and a larger number of keys form-
ing a multiphase voltage will appear on the
universal debug converter board. It will also be
possible to implement algorithms using zero
vectors.

Conclusion. A facility has been created
for conducting experimental studies of multi-
phase electromechanical systems (the number
of phases is 3, 5, 7). The installation allows im-
plementing various converter control algo-
rithms, revealing new qualities of multiphase
electromechanical systems, and also checking
the results of theoretical studies for reliability.

The main areas of application of the installation:
» diagnostics of vibrations of electromagnetic origin and the effect of the number of phases of

the motor on its vibrational (noise) characteristics;

* a comparative analysis of the mechanical characteristics of engines with a different number of

phases.
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