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Abstract: In this paper, we present an analysis of the properties of the prototype three-phase Multi-
channel Permanent Magnet Synchronous Generator (MCPMSG) prototype designed and constructed
by the authors. Each channel of the generator has electrically separated windings, which allows us
to create an island system of electricity generation. The analyzed MCPMSG is intended for critical
applications, and it is designed for four-channel operation. The purpose of this work is to analyze
various configurations of the generator channels to improve the redundancy of the electricity genera-
tion system. The MCPMSG operation with one or two independent sources of energy consumption
in the case of a dual-channel or double dual-channel operation was investigated. For the analyzed
cases, the original mathematical models of the three-phase MCPMSG were developed. On the basis
of numerical and laboratory tests, the influence of individual configurations on the MCPMSG output
parameters was determined. An original method for diagnosing the operation of the MCPMSG
channels was developed. Numerical and laboratory tests of the proposed diagnostic method based
on a single voltage signal were carried out. As part of the laboratory tests, selected operating states
under conditions of full winding symmetry and internal asymmetry were analyzed. The advantage
of the proposed diagnostic method is the control of the operating state of the channels both under
load and in the de-energized state. The proposed diagnostic method for control of the individual
channel requires measurement of only one voltage signal.

Keywords: diagnostic method; dual-channel operation; fault-tolerant; harmonic analysis;

multichannel generator; permanent magnet synchronous generator; redundancy; safety-critical

1. Introduction

The use of fault-tolerant electric systems becomes unavoidable in many critical ap-
plications where failures may endanger the safety of the user or machine. Therefore, it is
essential to develop structures that are resistant to damage and capable of maintaining con-
tinuity of operation. Such solutions can be achieved by redundancy of system components,
for example, a multichannel three-phase system, multiple independent power converters,
etc. Although multiplying components may generate higher cost, it is worth it in terms
of safety.

Multichannel machines are investigated in various areas such as aviation (More Electric
Aircraft—MEA) [1-3], the automotive industry (Electric Vehicles—EVs) [4-6], the marine
industry [7], renewable energy resources (RESs) [8-12], and military applications [2]. In the
literature, the MEA concept is the most popular in regard to multichannel machines.

An overview of electricity generation in aviation is widely presented in [2]. The authors
indicate that electric power systems are progressively replacing pneumatic, hydraulic, and
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mechanical power systems in MEA. Therefore, there is a need for on-board electric power
generation. Over the years, reliability and power density have become more critical
parameters. In [13], it is mentioned that the Permanent Magnet Synchronous Generator
(PMSG) is a primary power source for modern aircraft, both civilian (Airbus and Boeing)
and military (Lockheed Martin). Since the complexity of the on-board power system and its
load are high, the Permanent Magnet Synchronous Machine (PMSM) is the most suitable
due to its good airworthiness, autonomous work, high power density, and robust design.
The authors of [1] also suggest that a favored choice for MEA applications is a dual or
triple three-phase PMSM due to its balance between redundancy and complexity, while
providing a balanced operation after a failure occurs. In addition to MEA, there are papers
that consider the multichannel operation of EVs, since it is also essential to provide high
reliability to both users and machines in the automotive field [4,5].

In addition to reliability and safety, ecology is also an essential aspect, as many coun-
tries are committed to reducing the emission of greenhouse gases [8,10,12]. In the scientific
literature, tremendous work has been conducted on the development of a reduction in
gas emissions and fuel cost in MEA [3]. The reduction in air pollution and the exhaustion
of petroleum resources is also investigated in the area of EVs [6]. In terms of RESs, the
authors focus mainly on wind power generation [9,11,12]. Recently, interest in generating
energy from the movement of marine waves or marine currents, which is in an early stage
of development, has been observed. Therefore, generators for use in the marine industry
are investigated [7,8].

So far, a multichannel generator has not been widely investigated. There are a few
papers on dual-channel generators or motors [4,5,8-10,14—17]. The tests performed refer
to dual-channel work under normal conditions [4,7-13,18,19] and include failures, such
as operation during failure of one or both channels [5,14], short circuit [9,18], and open
circuit [4]. The starter/generator system [3,18,20] is also investigated.

Researchers have analyzed reluctance generators [14,16,17], brushless DC motors with
permanent magnets [5,15], and PMSMs [4,7-13,18,19] in terms of multichannel operation.
Recently, the type of generator that has been the most researched is the PMSG. Many authors
in their work indicate that the PMSM is generally the preferred choice (over reluctance
and induction machines) for various applications, because of its high power density, high
efficiency, compact volume, and low maintenance costs, among others. Although the
PMSMs have a lot of advantages, they are challenging in terms of reactive power, parallel
operation, and fault tolerance [2]. In [1], it is said that in the PMSM, currents can flow in a
failed lane even if it is disconnected from the power supply due to the presence of magnet-
induced electromotive force (EMF). In such a case, at the design stage of the machine, the
effects of a potential short circuit in the winding should be minimized by introducing, for
example, thermal separation of the windings or increasing the hardiness of permanent
magnets to the appearance of such a machine operating condition.

The diagnosis of generator operation and malfunctions is another important issue.
There are different methods of diagnostics in terms of electric machines, and therefore,
different diagnostic parameters can be used, for example, electric current, voltage, signal,
temperature, noise, vibration, etc. [21-25]. Harmonic analysis can, for example, provide
information on the presence of anomalies in generator operation.

The aim of this work is to analyze properties of the prototype Multichannel Permanent
Magnet Synchronous Generator (MCPMSG) prototype designed and constructed by the
authors for critical applications. Various configurations of the generator channels, taking
into account the improvement of the redundancy of the electricity generation system, were
analyzed. There are few works on the MCPMSG. Furthermore, the existing works do not
address the subject of the influence of the channel configuration on the MCPMSG properties.
An original mathematical model was developed for the study of the MCPMSG operation.
Under laboratory conditions, the influence of the channel configuration on the output
parameters of the MCPMSG was verified. An original method for diagnosing the operation
of individual channels of the MCPMSG was proposed by the authors. This diagnostic
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method based on a single voltage signal was tested under the conditions of numerical
tests and laboratory tests. As part of these tests of the proposed diagnostic method, the
capabilities of the prototype MCPMSG were used to analyze selected operating states of
internal asymmetry. The advantage of the proposed diagnostic method is the control of
the operating state of the channels both under load and in the de-energized state. The
proposed diagnostic method for control of the individual channel requires measurement of
only one voltage signal.

The paper consists of several sections. In Section 2, design and configuration analysis
of the MCPMSG is presented. Section 3 contains the mathematical model of the tested
MCPMSG. The operation of the MCPMSG with different sources of energy consumption is
presented in Section 4. In Section 5, the proposed diagnostic method for the MCPMSG is
discussed. The final Section 6 contains a summary and conclusions.

2. Design and Configuration Analysis of MCPMSG
2.1. Analysis of the MCPMSG

The designed and constructed MCPMSG is a demonstrator for testing multichannel
operation. It is not optimized in terms of, for example, obtaining maximum efficiency.
To reduce the cost of the prototype, components of a commercial three-phase squirrel-
cage induction motor with a power of 1.5 kW were used (all components except the rotor
magnetic circuit). The possibility of testing internal asymmetries, e.g., short circuits, and
the introduction of temperature sensors in each phase of each channel (12 sensors) reduced
the slot filling factor. The biggest drawback of the demonstrator is the use of solid steel
in the magnetic circuit of the rotor instead of a package of magnetic sheets. The analyzed
structure of the MCPMSG was designed to work with four independent channels. They are
conventionally named A, B, C, and D. Each channel consists of three-phase windings. There
are no electrical displacements between the channels, which gives much more flexibility
in their configuration. However, a certain increase in the ripple of the generated braking
torque is a cost of this solution. A cross-section of the geometry of the analyzed generator
with locations of the windings of individual channels and prototype is shown in Figure 1.
Each channel is marked with a different color.

Table 1 presents selected parameters of the analyzed MCPMSG.

Table 1. Selected parameters of the analyzed MCPMSG.

Parameter Value
Number of phases/channels 3/4
Number of slots/rotor poles 36/4
Stator/rotor diameter 140 mm/81 mm
Active length/air-gap 140 mm/0.5 mm
Continuous out.'put power for dual-channel 1500 W/1500 rpm
operation/nominal speed
Nominal output phase voltage 73 Vrms
Nominal phase current per channel 3.8 Arms
Winding layers 2
Winding configuration Y
Number of turns per channel phase 84
Phase resistance per channel 1.8 Q)
Number of independent coil turns in phase 1 Coil 1 (1 +27), coil 2 (3 + 25),
of channel A coil 3 (28) (Figure 2)

Permanent magnet N48SH
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(b)
Figure 1. Multichannel MCPMSG: (a) cross-section, (b) prototype.
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Figure 2. Diagram of the connection of windings of conventional channel A.

In the analyzed MCPMSG system, it is possible to operate in a mode of:
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QCO (quad-channel operation);

TCO (triple-channel operation);

DDCO (double dual-channel operation);
DCO (dual-channel operation);

SCO (single-channel operation).

A high safety factor in relation to the power output during the design of the machine
was included. This is important in aviation or military applications [1,2].

While designing the generator, tests under unusual operating conditions were foreseen.
In one of the phases of channel A, it is possible to change the number of turns of the coil
within a certain range. In Figure 2, a winding connection of channel A is presented. It allows
testing related to the operation of the generator under conditions of internal asymmetry
to be tested. In addition, in each phase of the channel, thermocouples were installed to
control the thermal condition of the machine.

Different operating states can be achieved depending on the configuration of phase 1
in channel A. Selected states analyzed in the MCPMSG are presented in Table 2.

Table 2. Analyzed operating states of channel A.

Case/Switch S1 S2 S3 S4 S5 S6 S7 S8 S9  S10

Casel on off on off on off on off on off
Case II on off off on on off on off on off
Case III on off on off on off off on on off
Case IV on off on off on off on off off on

The variant named Case I means the operating state under the condition of electric and
magnetic symmetry. The remaining variants introduce electric and magnetic asymmetry.
Case Il means the operating state with the lack of one turn of the coil in the winding of the
generator. Case III includes the lack of three turns in the coil in the winding. A relatively
insignificant asymmetry can be observed for Case II. In Case III, there is a slightly greater
internal asymmetry. In Case IV, the phase winding contains only two coils (lack of 28 turns
of the coil).

In the analyzed Case I (Table 2), the induced voltages in the tested MCPMSG (Figure 1a)
are the same in each channel. In practice, these voltages may slightly differ. In Figure 3, an
exemplary phase EMF of one of the channels obtained from the numerical model (speed at
1500 rpm) is presented (signed as “num”). Additionally, the phase EMF of phase 1 of each
channel is also presented in Figure 3.

100+ .
50 .
>
L
= 0 —e?-num'
L
m —e?
50 | el
100} _—

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time [s]

Figure 3. Phase EMF waveforms of the MCPMSG.
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Good agreement is obtained between the results of numerical calculations and the
laboratory tests. The received RMS (root mean square) values received from the phase EMF
of the tested generator at the speed of 1500 rpm are listed in Table 3.

Table 3. RMS phase EMF of the MCPMSG—Ilaboratory test.

Phase/Channel Channel A Channel B Channel C Channel D
Phase 1 82.476 V 81.886 V 81.963 V 81.808 V
Phase 2 80.987 V 81.429 V 80.996 V 80.622 V
Phase 3 81.262V 81.102V 81.506 V 81429V

Slight differences in the phase EMF waveforms of individual channels can be observed
in the experiment results. This is a typical result for any prototype made. Even relatively
small changes in the arrangement of the turns in the slots affect the value of the induced
voltage. This is definitely more visible in the MCPMSG than in the classical machine with,
for example, serial connection of groups of turns. It has a negative impact on the operation
of the multichannel generator working in DCO, TCO, and QCO modes. The highest-value
EMEF occurs in phase 1 of the channel A. In this channel, additional outputs of two coils
have been made (Figure 2). Table 4 summarizes the RMS values of phase EMF for DCO
including the internal asymmetry of the generator (numerical).

Table 4. RMS values of phase EMF for dual-channel operation.

Case/BEMF El E2 E3

DCO AB 81.40 V 8140V 8140V

Casel DCO AC 8144V 8144V 8144V

DCO AB 80.91V 8143V 8143V

Case II DCO AC 80.96 V 81.44V 8143V
DCO AB 79.96 V 8153V 8137V

Case I DCO AC 79.86 V 8143V 8143V
DCO AB 64.58 V 81.84V 8131V

CaseIV DCO AC 64.56 V 8152V 81.52V

The symmetry state of the two-channel DCO operation shows that the voltage at the
generator terminals is identical in each phase. At the same time, for the DCO AC case, they
are slightly larger. The appearance of internal asymmetry in one of the channels (phase 1 of
conventional channel A) causes voltage asymmetry at the generator output. This is already
visible even in Case II (one coil missing). A greater degree of asymmetry only makes the
situation worse. It should be noted that the resulting asymmetry in phase 1 of conventional
channel A causes a change in the voltage induced in the remaining channels. The test
results show that the resulting asymmetry is better tolerated by the DCO AC configuration.

The diagram shown in Figure 2 also allows for interturn short circuits, e.g., one turn.
However, this issue is not analyzed in this publication.

2.2. Analysis of the Configuration of the MCPMS Generator

The designed generator structure allows for the implementation of several indepen-
dent variants of the work, for example, work with one or two sources of energy consump-
tion. The potential possibility of the generator channel configuration while operating with
one source of energy consumption is presented in Figure 4. Various configurations of the
MCPMSG with one source of energy consumption are listed in Table 5. Each configura-
tion shown in Table 5 requires the inclusion of the appropriate Sy-Sp switches shown in
Figure 4.
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Figure 4. Analyzed configurations of the channels of the generator operating with one source of
energy consumption.

Table 5. The MCPMSG with one source of energy consumption.

Mode Channel

QCO ABCD

TCO ABCIABDIACDIBCD
DCO AB*IAC*|ADIBCIBDICD
SCO AIBICID

For the presentation of test results, configurations are marked with an asterisk (*).
The character “|1” means “or”, that is, a selection of the operating mode from several
possible ones.

Assuming that each independent load is powered from two channels of the generator,
there are two configurations that can be distinguished (*), that is, AB + CD (Figure 5a) and
AC + BD (Figure 5b). In this case, each independent source of energy consumption is pow-
ered by two channels. The generator operates in a double dual-channel operation (DDCO).
It allows us to increase the reliability of the dual independent electricity generation system.

The possible configuration of the MCPMSG operating with two independent sources
of energy consumption is shown in Table 6. The “+” sign means a combination of the same
or different operating modes.

Table 6. The MCPMSG with two sources of energy consumption.

Mode Channel
TCO + SCO ABC +DIABD + CIACD + BIBCD + A
Double DCO (DDCO) AB+CD*IAC+BD*|IAD + BC

Both the power supply system with one source of energy consumption (Figure 4) or
two independent sources (Figure 5), aim to improve the safety of the operation of electricity
generation systems, for example, in aviation. According to the authors, the case of DDCO
MCPMSG is not considered in the literature. The results published in the rest of this
work are completely original. The analysis of the impact of the channel configuration for
the MCPMSG in relation to work with one reception source is also not considered in the
literature. Existing work mainly focuses on the quite important problem of controlling
the operation of a power electronic system. At the same time, they take into account the
operation of the generator itself in a simplified way.
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Figure 5. Analyzed configurations of the generator channels operating with two independent energy-

receiving sources.

3. Mathematical Model of the MCPMSG
3.1. Model for the QCO Mode

The original mathematical model of the three-phase MCPMSG in the QCO mode
developed by the authors is presented. The model was formulated by assuming the
linearity of the magnetic circuit, a cylindrical symmetric stator, and a permanent magnet-
type rotor (Figure 1). In the notation of the MCPMSG mathematical model, the notation for
generator work is adopted. The general structure of the model for phase current vector i
and phase generator output voltage vector u can be described in the following form:

ePM = Ri + %[L(G)i] +u 1)

dw
Tm =]~ + Dwm+ Togg + Te 2)

where the phase EMF voltage vector e™™ = e"™(#) for permanent magnet flux vector

B™M(6) =™ is

PM
M = o 0 ©)
and the total electromagnetic torque in the generating mode T, = Te(0, 1) is given by
1 M\ L. 1 .t0L(0) .
Te— a(e )I‘I‘EITI (4)

In Equations (1)—(4), vectors and matrices are defined:

e PA it RA0 0 0
B B :B B
PM __ | € M __ | W . |1 | OR"0 O
S PSS U S S R S R IS R
el PP iP 0 0 0RP
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ut LAA(G) LAB(G) LAC(Q) LAD(Q)
uB BA BB BC BD

o= [l o= R e e we
uP LDA(G) LDB(()) LDC(()) LDD(G)

The following symbols are used in Equations (1)—(4): é—electrical rotor position angle,
wm—the mechanical rotor speed, [—total rotor moment of inertia, D—rotor damping of
viscous friction coefficient, Tg\g = Tg%(@)—cogging torque, T;,—mechanical torque on
the generator shaft. The cogging torque of PM machines produced by magnets can be
expanded into a Fourier series. In Equation (1) for channels k,/ € (A, B, C, D), vectors
representing phase EMFs voltages ek, phase permanent magnet fluxes 1|)k, phase currents
i¥, phase output voltages u* used as sources of energy consumption, as well as matrices
of stator resistances R¥ and coefficients of self- and mutual inductances LX!(8) are defined

as follows:

T T
ek = [ef, &k, ek] , W = [p™(6), ¢E™(0), yE™M(6)]
i* = [ik, i, ] T ouk = [uk, uk, uk] TRk = diag(RY, R, RY),
T
L31(6) L3(6) L3z(6)

(6)

where for i € (1,2,3), p*PM(0)—the permanent magnet fluxes linking the stator windings,
L%l(e)—coefﬁcients of self-end mutual inductances. The coefficients L}EI(G) depend on the
rotor construction (cylindrical or salient pole) and the internal structure of the generator
windings (symmetrical or asymmetrical) and can be expanded into a Fourier series.

The phase EMFs voltage vectors eX in Equation (1) ™ for channels k € (A, B, C, D)
are defined:

K [26™M0)  agk™ie) aw“’M(e)}T
€ w[ 189 ’ 289 ’ 386 (7)

where w = d0/dt = pwm—electrical speed, p—rotor number of the pole pairs. The
permanent magnet flux linking each stator winding of the MCPMS generator follows
the trapezoidal profile phase EMF. The real phase EMF functions can be expressed as a
Fourier series.

The total electromagnetic torque T, in Equation (4) is the sum of the magnet torque
and reluctance torque TRE. The magnet torque T'M and electrical output power PPM
generated by the permanent magnets and currents, can be written in the form:

PM
Te

7

TPM _ 1 pPM  pPM _ i i(ek ik) ®)
e _w e s te - i4

m k=Ai=1
Reluctance torque is produced by the interaction of the magnetomotive forces of the
stator current with the angular variation in the magnetic resistance of the rotor.

Equations (1)—(4) generally constitute a mathematical model of the MCPMS generator
in the QCO mode or double DCO mode, for example, DCO AB + CD or AC + BD mode.

3.2. Model for DCO Mode in Star Configuration

The voltage Equation (1) and electromagnetic torque (4) of the MCPMSG for the DCO
AB mode, i.e., where only channels A and B are loaded, can be written in the form:
el [RA0 M L4 LAA(9) LAB(9)] [iA N ut ©)
eB| [0 RPBJ[i®| " dt ]| |LBA(6) LBB(p)] |iB ub
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A - T. T. A\TOLAA(G).
Te(6,i% i) = ﬁ{(eA) i* + () IB} + %(IA) ae( it

(10)

ANTILAB(h) . B\ ToLPE(0) .
+ (%) 2B 4 1By 2L (0B
where for channels k € (A, B), vectors and matrices are defined in (6)-(7). Additional
constraints on voltages and currents are imposed by the arrangement of generator phase
windings in a star configuration (Y). The relationship of line and phase voltages and
currents in a Star (Y) connection, for example, in the DCO AB mode, can be written as
(k€ (A, B)):

kK [,k k k1T _ k sk _ sk 7k ok kT
ey = [efy e55e5] =KyeS, iy =i = [i},i5,i5] ,

k k ,k k17T k L1 (1)
ul = [ul,,ul,uf] =Kyu®, Ky=|0 1 -1
-1 0 1

The output line voltages contained in the vectors u¥, k€(A, B), supply one or many
energy receivers of various types, alternating current (AC) or direct current (DC). For
example, these voltages may be associated with a regulated direct-current load operating
in voltage mode. Equations (9)-(10) with (11) constitute the mathematical model of the
MCPMS generator in DCO AB mode for the star connection (Y). Similarly, equations can be
written for other possible configuration cases, for example, operating in a mode DCO AC
(ke (A, C)orDCOCD (k € (C, D)).

4. The MCPMSG Operation with Different Sources of Energy Consumption
4.1. Generator Operation with One Source of Energy Consumption

The scope of the analysis was limited to the issue of the DCO or double DCO. The
dual-channel operating state can occur with one source of energy consumption (Figure 4,
for example, Sp-on, Sg-on). The experiment and numerical tests were carried out at a speed
of 1500 rpm. An adjustable DC (U4.) load was used as a source of energy consumption, and
it was operated in voltage mode (ITECH DC Electronics Load). The laboratory test stand is
shown in Figure 6. The power supply system uses a synchronous motor with permanent
magnets powered by a dedicated inverter. The tested MCPMSG is coupled to the drive
system through couplings and a torque converter (TS 107 by Magtrol). In the DC load
range, passive diode rectifiers are used. The DC output of the rectifier is connected to the
electronic loads (ITECH DC Electronics Load). A six-channel power analyzer with a motor
module (WT 1600 Yokogawa) is used to record the electrical and mechanical parameters.
The waveforms of current and voltage are recorded using a multichannel oscilloscope
recorder (DL 850E Yokogawa) with the use of voltage and current probes.

4.1.1. Self- and Mutual Inductance

Self- and mutual inductances were determined for the SCO A, DCO AB, and DCO
AC configurations. In the case of the DCO AB and DCO AC, the self-inductance is the
resultant inductance of the analyzed configurations. For the DCO AB configuration, it is the
resultant inductance of parallelly connected channels A and B. In the case of the DCO AC
configuration, it is the resultant inductance of channels A and C. Commercial software was
used to determine the inductance [26]. It offers two methods for calculating inductance, i.e.,
apparent and incremental. The constant current method was chosen, that is, apparent. It
allows you to determine the static inductance based on the quotient of the calculated value
of the coupled flux to the value of the current causing it. When determining the coupled
flux, the flux from permanent magnets is omitted.
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Figure 6. Test stand.

Figure 7a shows the self-inductance of the conventional band 1 of channel A. In
addition, the mutual inductance with the other channels of the same phase is shown.
The consequence of this for the operation of the DCO is a significant change in the self-
inductance of the DCO AC channel in relation to the DCO AB (Figure 7b).

60 \
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— 1
T 40~ LCA
£ 11
o 30 - L PAL
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C
8 20+
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E 10 = =
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Figure 7. Cont.
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Figure 7. Self- and mutual inductance for (a) SCO A, (b) DCO AB, and DCO AC.

A single conventional channel A, due to the arrangement of the windings shown in
Figure 1a, is substantially coupled to channels B and D (Figure 7a). In the C channel, the
coupling is less due to the geometric shift of 90°. The value of the mutual inductance is
practically constant and does not depend on the position of the rotor. In addition, it is
negative feedback.

However, even the feedback between channels A and C is not completely negligible
(Figure 7a). A significantly higher value of self-inductance of the DCO AB configuration
(Figure 7b) substantially increases the values of the impedance of the channel in relation
to the DCO AC configuration. This is due to the geometric distribution of the individual
channels of the analyzed MCPMSG using the full pitch of the distributed winding.

4.1.2. Waveforms of Electromagnetic Torque and Currents

The electromagnetic torque of the generator operating in DCO AB and DCO AC
configurations is presented in Figure 8.

N
o

—DCO AB
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Figure 8. Electromagnetic torque for DCO AB and DCO AC for one source of energy consumption.

The DCO AB configuration generates a smaller value of the braking torque. However,
it has a direct impact on the waveforms of the generator currents (Figure 9).
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Figure 9. Current waveforms for (a) DCO AB and (b) DCO AC.

The values of the currents in the DCO AB configuration are smaller than those in the
DCO AC configuration. Consequently, for the same voltage value of the load, a lower
power output is obtained. Additionally, the phase shift between the currents in individual
channels is observed. Despite the internal symmetry of the generator, a certain value of the
equalizing current flows inside channel AB (Figure 9a). The main reason for the relatively
high value of equalizing currents is the magnetic coupling between channels A and B
(Figure 7a). The EMF in the individual channels (Table 3) contributes much less. In the
DCO AC configuration, the visible equalization current (Figure 9b) flows mainly due to
the difference in the EMF values of both channels (Table 3). The significantly lower current
values of the DCO AB configuration are the result of the higher phase impedance compared
to the DCO AC configuration (Figure 7b).

4.1.3. External Characteristics

In the case of the DCO AC configuration, both channel currents are identical. The
results of the numerical calculations are confirmed by the experiment. The external charac-
teristics of the efficiency of the generator in the DCO operation are determined. The external
characteristics of the generator obtained in the numerical tests are shown in Figure 10a.
The laboratory test results are shown in Figure 10b (DCO AB) and Figure 10c (DCO AC).
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Figure 10. External characteristics for (a) numerical test, (b) laboratory test for DCO AB, and
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The stiffness of the external characteristic for the DCO AC operation is much higher
than that for the DCO AB. The load capacity of the generator in the DCO AC mode is
greater for the same output voltage variation. In both modes of operation, an increase in the
value of voltages induced in unloaded channels is observed. Under laboratory conditions,
a greater difference is observed in the values of induced voltages of unloaded channels in
the DCO AB mode (Figure 10b). This is not visible in numerical calculations. As shown
in Figure 9, in relation to the conventional channel A, there is a large magnetic coupling
with channels B and D. This has a significant impact on the operation of the DCO AB
configuration. Figure 11 shows the results of the numerical calculations of the RMS currents
in the individual generator channels as a function of the line current of the loaded channel.

12 ‘ .
A
—/
— ph
<10 8B .
c
D
5
O
T
C
C
4]
e
(&)
wn
>
4

RMS line current [A]
(a)
12

RMS channel current [A]
(o]

4
2 [
O sk 1 - I
0 2 4 6 8 10 12
RMS line current [A]
(b)

Figure 11. RMS channel current vs. RMS line current for (a) DCO AB and (b) DCO AC.

The line current is the sum of the channel currents (Figure 11). There is a significant
difference between the DCO AB (Figure 11a) and the DCO AC (Figure 11b). In the case
of the DCO AB, the active channels A and B are not loaded evenly. In the theoretically
inactive channels C and D, due to the presence of the magnetic couplings, a high value of
the equalizing current can be observed. Unfortunately, it is proportional to the currents
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of the active channels. The configuration DCO AC behaves completely differently in this
aspect. In the active channels A and C, the currents are identical. The currents in the
inactive channels B and D equal zero.

4.2. Generator Operation with Two Independent Sources of Energy Consumption

The multichannel generator is able to work with two independent sources of energy
consumption (Figure 5). In this case, the generator may be loaded evenly or unevenly.
Working with only one source of consumption, as in the previous chapter, is also possible.
The generator electromagnetic moment is shown in Figure 12. The current waveforms are
presented in Figure 13.
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Figure 13. Current waveforms for (a) DDCO AB/CD and (b) DDCO AC/BD for two independent
sources of energy consumption.

As in the case of the operation with one source of energy consumption, a lower value
of braking torque is obtained for the DDCO AB/CD configuration. The generator current
values are also lower for the DDCO AB/CD configuration. However, in the case of a
symmetrical load, the currents in the individual channels are identical. It changes when
the load of one pair of channels is modified. Again, for the DDCO AB/CD configuration,
the equalizing currents flow in individual channels. The equalizing currents of the DDCO
AB/CD configuration reach their minimum value when the load of both configurations
is identical, that is, DCO AB = DCO CD. With different loads, the equalizing currents
increase. In the case of DDCO AC/BD, the equalizing currents have a marginal value and
are caused only by the difference in EMF of individual channels (Table 3). In the DDCO
AB/CD configuration, the individual channels are practically magnetically independent.
When working with two independent energy-receiving sources, the generator currents are
reduced, regardless of the configuration (DDCO AB/CD or AC/BD). Increasing the load
of one energy-receiving source reduces the output power of the second energy-receiving
source of the tested MCPMSG (Figure 14).
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Figure 14. Output power vs. RMS value of current of the DDCO AB/CD at U “P = const and DDCO
AC/BD at U;.BPP = const.
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For the MCPMSG with windings distributed in the DDCO operating mode, the DDCO
AB/CD configuration shows more independence between the DCO AB and the DCO CD.
Changing the load on the DCO AB causes much less impact on the DCO CD operation.
There is an increase in the power output while maintaining a constant voltage value Upc®P.
In the case of the DDCO AC/BD, the interaction between the DCO AC and the DCO BD
is very large. This suggests that structures with distributed windings with a diametrical
pitch are not dedicated to the implementation of the multichannel operation with different
sources of energy consumption. At the same time, they work very well in a typical DCO
mode with a single source of energy consumption. According to the authors, the problem
of interaction of the DDCO AC/BD mode between the DCO AC and the DCO BD can be
significantly reduced by using a winding with a significantly shortened pitch.

5. Diagnostic Method of the MCPMSG
5.1. Proposed Voltage Signal Method

The multichannel generator is able to work with two independent sources of energy
consumption (Figure 5). In this case, the generator may be loaded evenly or unevenly.
During the operation of the generator, diagnostic information about the state of individual
channels is important. The paper [24] indicates the possibility of diagnostic control by
performing the harmonic analysis (FFT) of the voltage signal for motor operation of the
MCPMSM. In Figure 15, the authors’ proposition for the location of the diagnostic voltage
signal for the MCPMSG is presented [27].

Channels Channels
DCO | DCO Il
Ph/  Ph, Ph Ph!'  Ph, Ph;'
R R R R
——H ——H
—H L:F —H L:F
G)Um S A = . (DUouSlul“ = .
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SZ'[‘ . S \
Source of energy Source of energy
consumption | consumption i

Figure 15. Proposition for the location of the diagnostic voltage signal by using the MCPMSG.

The neutral point of the generator is the neutral reference point for the generated diag-
nostic voltage signal uy. However, this approach limits the diagnosis of the generator with
star-connected windings only. Using the approach presented in Figure 15, the diagnostic
voltage signal becomes independent of the type of the generator winding connection (star,
delta, or mixed connections). While working under the condition of internal symmetry of
the generator, the diagnostic voltage signal 1 should contain only the third harmonic and
its odd multiples (9th, 15th, etc.). The appearance of the internal asymmetry of the genera-
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tor affects the harmonic content of the diagnostic signal uy. The fundamental component of
the voltage signal has an important role and can be determined from

n-p
f 1= E/ (12)

where f1—frequency fundamental component, n—speed, p—number of pairs of poles.

Typical harmonics of the 1 voltage diagnostic signal waveform should theoretically
include the 3rd, 9th, 15th, and higher harmonics. This is a typical situation for the ideal
g diagnostic run corresponding to the analysis of a fully symmetrical typical PM or
MCPMSG generator. After the appearance of the unbalanced operation (without indicating
a specific cause), the emergence of a diagnostic harmonic defined by Equation (11) should be
expected. Additional higher-order harmonics (fifth, seventh, etc.) should also be expected.
However, its diagnostic significance is slightly smaller. Higher diagnostic harmonics (fifth,
seventh, etc.) can potentially be used to determine the type of asymmetry, e.g., winding
break, partial-turn short circuits, etc. According to the authors, the fundamental diagnostic
harmonic f1 and its relation to the third harmonic f3 are the most important. The proposed
diagnostic method allows us to control the operation of the MCPMSG of each pair of DCO
channels (Figure 5). The diagnostic system can also be extended to direct control of each
generator channel.

5.2. Results of Numerical Research and Laboratory Tests—DCO

A typical DCO operating mode will be obtained if the Syjy switch is open (Figure 15).
In this situation, the second pair of channels remains in idle mode. At the same time, the
ugq diagnostic signal is available. In order to examine the MCPMSG diagnostic system
mentioned above, one of the configurations (DCO AC) including the asymmetry cases
listed in Table 3 was tested at a speed of 1500 rpm. The diagnostic signals obtained from
the channel AC of the analyzed cases are shown in Figure 16 (numerical calculations) and
Figure 17 (laboratory tests). The content of the higher-order harmonics of the voltage signal
obtained from numerical calculations is presented in Figure 18. The results of the laboratory
tests are shown in Figure 19.
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Figure 16. Diagnostic voltage signal ug; of DCO—numerical calculations.
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The numerical and laboratory tests confirmed that the proposed diagnostic approach
is correct. On the basis of the diagnostic voltage signal, it is possible to control the operating
status of individual channels. Any irregularities in the channel operation will result in the
appearance of the fundamental component of the diagnostic signal. An increase in the
fundamental component signifies an increase in internal asymmetry or other irregularities
in the operation of the generator channels. As has been presented, even the lack of one turn
of the coil in one of the channel windings can be observed in the diagnostic signal. In the
case of operation of, e.g., redundant systems, where a multichannel mode can also be used,
there is always a problem of a control of the correctness of their work.

Table 7 presents the results of the amplitudes obtained for the two most important
frequencies of the diagnostic signal, i.e., f1 and f3.

Table 7. Amplitudes of critical diagnostic frequencies in the DCO mode.

Case/Harmonic f1[mV] f3 V] filf3 [%]
um 7.7 32.83 0.023
Casel test 60 30.78 0.194
num 90 32.67 0.276
Case II test 260 29.31 0.887
num 279 3231 0.865
Case III test 380 28.95 1312
num 3447 2405 1421
CaseIV test 4306 26.79 16.08

It can be seen that the laboratory test for the symmetry state (Case I) showed the
existence of a significantly higher diagnostic frequency than in the case of numerical
calculations. The value of the amplitude f1 of the diagnostic signal proves the existence
of various internal asymmetries of the MCPMSG prototype. The introduction of, for
example, the division of the phase winding of one of the channels (Figure 2) generates
electrical asymmetry. One can risk a statement that the f1 harmonic of the proposed voltage
diagnostic signal can be used to assess the quality of the classical machine prototype. In
the case of the MCPMSG, it is possible to assess the quality of the individual channels
of the generator in this way. Regardless of the existence of a certain internal asymmetry
in the real model, the tests carried out show that the appearance of internal asymmetry
increases not only the diagnostic frequency f1; in addition, the f7/f3 ratio also increases,
which numerical and laboratory tests clearly indicate. If the amplitude of the harmonic f1
is less than 1% of the harmonic f3, this is a situation that does not cause abnormalities in
the operation of the generator channels.

Therefore, sometimes it is recommended that all channels work because only working
channels can be monitored. In the case of the proposed method, it is possible to monitor
the condition of the channel even when it is not involved in the generation of electricity
(switch Sy—off in Figure 15). The diagnostic voltage signal is available in any operating
state of the multichannel generator at a speed greater than zero.

The motor current signature analysis (MCSA) method [21] was tested under numerical
and laboratory conditions in relation to the possibility of detecting anomalies in the opera-
tion of the generator channels. In the MCSA method, the anomaly should be manifested by
the appearance of the third harmonic component and its odd multiples. The sensitivity of
the MCSA method turned out to be insufficient in relation to Case II and Case III. It was
only in Case IV that the results clearly indicated a problem in the channel operation. In
addition, the MCSA method is suitable for monitoring loaded generator channels.

5.3. Results of Numerical Research and Laboratory Tests—DDCO

In the case of the DDCO, the operation of both channels must be controlled. This also
includes the case of a no-voltage operation of one of the DDCO systems. The analysis is
limited to one configuration, i.e., the DCO AC (DCOI) and the DCO BD (DCO II). However,
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in the case of the DDCO, both channels, even under conditions of internal symmetry of
the generator (Case I), may be loaded differently. For the analysis, it is assumed that the
DCO AC channel works with different loads. The following generator operating conditions
are assumed:

CON I: DCO I—OFF, DCO II—ON;

CON II: DCO I—ON, DCO II—ON (LOAD DCO I < LOAD DCO II);
CON III: DCO I—ON, DCO II—ON (LOAD DCO I = LOAD DCO 1I);
CON IV: DCO I—ON, DCO II—ON (LOAD DCO I > LOAD DCO II).

The results of numerical calculations in relation to the first two diagnostic frequencies
are presented in Table 8.

Table 8. The DDCO mode critical diagnostic frequency amplitudes (Case I).

Case/Harmonic f1[mV] f3 V] f1lf3 [%]

DCOT 0.78 334 0.023

CONI DCOTI 0.76 32.84 0.023
DCOT 234 33.87 0.069

coNTI DCOTI 223 33.19 0.067
DCOT 3.34 35.17 0.094

CON 111 DCOTI 334 35.17 0.094
DCOT 0.94 34.15 0.027

CON1V DCOTI 0.97 35.82 0.027

Under the symmetry conditions of the DDCO operation, the load change in DCO I
does not affect the diagnostics of the DCO II operation. There is some interaction between
DCO T and DCO II. The change in the operating conditions of the MCPMSG resulting from
different loads on both channels does not affect the harmonic content of the diagnostic
signals. This is the advantage of the proposed diagnostic method.

More interesting is the case of asymmetry in the DDCO operating mode. One of the
cases (CON III) in which internal asymmetry appeared in DCO I (Cases II, III, and IV) is
analyzed. Table 9 presents the results of the numerical calculations.

Table 9. Critical diagnostic frequency amplitudes in the DDCO mode (CON III).

Case/Harmonic f1[mV] f3 V] f1lf3 [%]
DCOT 3.34 35.17 0.094
CON I—Case I DCOII 334 35.17 0.094
DCOT 63.8 35.00 0.182
CON II—Case I1 DCOTI 56.9 35.11 0.162
DCOT 202.8 34.95 0.58
CON ITT—Case III DCOII 117.4 35.1 0.335
DCOT 5336 27.78 14.54
CON IV—Case IV DCOII 1109 3245 3.441

The appearance of the asymmetry in the DCO I causes, as expected, an increase in the
diagnostic harmonic f;. Its percentage in relation to the frequency f3 also increases. This
relationship is similar to the case of the DCO I (Table 6) standalone operation with respect to
percentage content. At the same time, it can be seen that in DCO II, there is also an increase
in the content of the diagnostic harmonic f. However, this is not a diagnostic method error.
The uoy diagnostic signal takes into account the effect of the resulting asymmetry in DCO
I. This shows the high sensitivity of the proposed method. This is also confirmed by the
results of laboratory tests (Table 10).
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Table 10. Amplitudes of critical diagnostic frequencies of the DDCO mode (CON III)—laboratory test.

Case/Harmonic f1[mV] f3 [Vl f1lf3 [%]

DCO1 70 30.65 0.223

CON I—Case I DCOII 72 31.16 0.231
DCO1 296 30 0.987

CON II—Case II DCO I 157 30.9 0.508
DCO1 427 319 1.33

CON III—Case III DCOTI 273 32.2 0.848

DCO1 2870 26 11.038

As shown in Section 4.1, there are relatively large magnetic couplings between the
channels in the analyzed solution. This is the reason for the increase in the amplitude of
the diagnostic frequency f1. The analysis of the voltage and current waveforms shows that
after the occurrence of an asymmetry event in DCO I, the shape of the current and voltage
waveforms in DCO II changes. The consequence of this is a change in the time course of the
diagnostic signal, manifested by an increase in the amplitude of the diagnostic frequency f1.
In practice, this means that the DCO II, despite its internal symmetry, generates asymmetric
voltage waveforms at the generator terminals.

6. Summary and Conclusions

This article proposes the use of the MCPMSG for safety critical applications. In com-
parison to classical solutions, the use of the MCPMSG allows us to obtain an improvement
in the redundancy of the power generation system. The MCPMSG can work with one
energy consumption system. In this case, the two channels are treated as redundant. The
other option is to work with two independent energy-receiving sources. In both cases,
the configuration of the channels is important since it affects the generator operation. The
analysis of the MCPMSG properties in various channel configurations is possible due to
the mathematical model developed by the authors. Regardless of the type of configuration
of individual generator channels, their condition should be monitored in terms of correct
operation. Conclusions were formulated on the basis of the tests that were carried out.

For the DCO it is preferred to use the configuration of the channels that are not
magnetically coupled. This solution provides higher efficiency of energy conversion and
balanced magnetic tension. In the DCO with magnetically coupled channels, in solitary
operation or with various loads, the efficiency deteriorates due to the appearance of
equalizing currents.

Numerical and laboratory tests have shown that there is more interaction between
the DCO AC and the DCO BD channels in the DDCO mode. The change of the DCO AC
load affected the operation of the DCO BD. This problem can be reduced by reducing the
pitch of the distributed winding or by using a typical concentrated winding. The proposed
method of diagnosing the operating state of the channels is based on harmonic analysis of
the voltage signal. The appearance of the diagnostic harmonic component in the voltage
signal indicates deviations from symmetric operation. The advantage of this approach is
the ability to monitor channels in a non-current state. The proposed diagnostic method can
also be used under practical conditions to assess machine quality. Even small differences in
the values of induced voltages, phase resistances, etc., have an impact on the increase in
the diagnostic frequency f1 of the diagnostic signal. The effects of damage to one of the
channels are noticeable in the remaining efficient channels. This shows the high sensitivity
of the proposed diagnostic method.

The validity of the proposed MCPMSG is verified by the experimental results.

The prototype, the extended mathematical model, and the proposed diagnostic method
will allow for further testing of the MCPMSG, e.g., analysis of emergency states such as
short circuits (e.g., one turn) in the windings of the band of a given channel.
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