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Abstract: The paper is a presentation of an analysis concerning performance of a 12/8
dual-channel switched reluctance motor (DCSRM). Formulas constituting a base for
a non-linear mathematical model of DCSRM are presented. Simulation and laboratory
tests were carried out for the motor operating in the dual-channel and single-channel
mode. The results of the field theory-based calculations are presented in the form of
fluxes in individual phases expressed as functions of currents and a rotor position angle.
The results of the computer simulations are shown as the static characteristics of fluxes
and the torque as well as voltage, current, and torque waveforms. The results of the labo-
ratory tests are also presented.
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1. Introduction

The so-called critical drives, e.g. fuel pump drives in aircraft or electric motorcar pro-
pulsion systems, are nowadays expected to be highly resistant to failures of both the electric
motor and the motor supplying circuit. A solution potentially capable to meet requirements
imposed on critical drives consists in selection of the dual-channel switched reluctance motor
(DCSRM) [1-5]. DCSRMs can be used in the so-called dual-channel operation mode, where
corresponding phases of both channels are supplied at the same time, or in the single-channel
operation mode [1-3]. In a failure condition consisting in damage of a phase winding in one of
the channels or a malfunction of the circuit supplying the channel, the motor is capable to
operate in the single-channel mode, allowing thus to maintain the drive operation continuity.

The purpose of the present paper is to present an analysis of performance of a DCSRM
carried out on the grounds of simulation and laboratory tests performed on a three-phase dual-
channel DCSRM.

Figure 1 shows the cross-section of a 12/8 DCSRM with one phase of channel A (u{*, if*)
and channel B (u, i) marked as an example.
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Fig. 1. A schematic view of cross-
section of a 12/8 three-phase DCSRM

Figure 2 presents a schematic diagram of the circuit supplying a three-phase DCSRM with
converter circuits supplying channel A and channel B windings. The examined motor can be
operated in the so-called dual-channel mode where the corresponding phases of both channels
A and B are pulse-like supplied at the same time or in the single-channel operation mode
where the pulsed supply is provided only to phases of one of the channels, A or B.

A
\
YN ‘H N ‘H N
TaE: i E !
ZX‘H ZX‘H /
‘B DCSRM
"é ZX‘H ZX‘H
=
B G <
VN ‘5 VN ‘5 N ‘5

Fig. 2. A schematic diagram of the circuit supplying a 12/8 three-phase DCSRM

For the examined DCSRM, a mathematical circuit model has been developed taking into
account non-linearity of the magnetic circuit and mutual linkages both between windings of
a given channel (A or B) and between phases of two different channels (A and B). The paper
presents results of simulations that were further verified by means of laboratory measu-
rements.
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2. A mathematical model of DCSRM

To model a three-phase DCSRM, the so-called flux-based field-circuit model with indirect
linkage has been used. In such a model, the functional dependence of relevant fluxes on the
rotor position and phase currents were determined by means of 2D field methods, and then the
set of the obtained relationships was used in the circuit model. The machine model discussed
here takes into account the non-linearity of the magnetisation characteristics and all linkages
existing between phases of both channels. For the purpose of the present model it is assumed
that the fluxes of the individual phases for both channels, A and B, can be expressed as the
sums of the fluxes depending on the rotor position angle and only one phase current in a given
channel, according to the definition [6, 9]

vt (0,i%,i%) =y (6,i") +y*"(6,i%), (1)
v (6,i",1%) =y (6,i") + ¢ (0,i%), )
where:

Z’/’ (6.i}) Zl// 6.i%)

v (6,i%) = sz, G A ADE Zw 0.i)

PERCE Zw (0.i})

©)

Zw (0.i%) Zw (0.i})

VCADE Zw @i ], WP = Zw (6,i7) )

Zt// (0,i%) Zl// (6,i})

Defining voltage vectors u”*, u® and current vectors i*, i®, as well as resistance matrices
R?, R® for channels A and B, respectively, in the form

T T T T
A A A A B B B B A A A A B -B B -B
:[ul sUy U3 ] , u :[ul sUs ,U3] , 1 :[ll s .13 ] , 1 :[Zl 1] 913] s (5)

=diag(R",R:',Rs'), R® =diag(R’,R;,RY) (©6)

and making use of definitions (1) and (2), the current-voltage equation and the formula for the
electromagnetic torque 7, within the framework of the circuit model of DCSRM can be writ-
ten in the form [6, 9]
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where W, (6, i*, i) is the total magnetic field co-energy in the air gap. Equation (8), which is
an expression for the electromagnetic torque 7, in a three phase DCSRM, under assumptions
(3) and (4) can be written in the form [6, 9]

3 i 3 il i
o cay o o -
T,(0,i*,i%) =Y — |wi(0,i) di* + — | wi*0,i}) di* +
( );ae!”’“( &) di Zzgjw( )
3 ‘B _ _ 3 -l a B
z Iwgg(e,iks)dikuzza_ I wE(0,i) di® ©)
k=1 =2 j=1

iB
i

33 3 -
+ZZ£I"’ (6,i7) di;
0

i=1 j=1
or, in short,
A -A A B B :B A LA A A
Te(esll Sl 513,01 12,13 ):Tphase(e ll ’12 513 )+ utual(e ll 312 ’13 )+

-B .B .B -B -B -B
hasc(e ll a12 313 )+Tmurual(€ l] 712 713 )+ (10)

+ T (0,11 12 151712, 13).

Individual components of the r.h.s. of Equation (10) representing formula for the resultant
torque 7, correspond to torque components originating from phase currents ( 7, pﬁase, T pff,ase ) and
mutual linkages (T, o s ,fuml) within channels A and B and the torque related with flux
linkages between channels 7, 724 .. In the case of single-channel operation mode, the expres-
sion for the torque can be reduced to the first two components of the r.h.s. of Equation (10).

For the purpose of development of a DCSRM simulation model, flux vectors y** and y®®
in Equations (3) and (4) can be separated according to the definition:

W(0,i%) = Whiase (0,1™) + Wi (6, 1), (11)
‘I’BB(H 1 ) ‘l’phase(g 1 )+Wmutual(95iB)- (12)

where the individual components represent, respectively, the phase fluxes (subscript ‘phase’)
and the mutual linkage fluxes between the phases (subscript ‘mutual”’) with respect to the
given channels A and B according to the relationships
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i (0,15) i (0,0 )+ (0,03)
l//lBlB(gailB) V/I%B(gaizB)"'l//l%B(eaif)
Vo (0,17) =| 9227 (0,22) |, Wit (0:1°) = | w27’ (0,0") + Y237 (0,17) |- (14)
ysy (0,13) i (0.i0) + sy’ (0,1)

Figure 3 shows a block diagram representing schematically structure of the simulation
model based on voltage-current equations (7) in a dual-channel DCSRM with mutual linkages
both between phases of individual channels (A or B) and between phases of different channels
taken into account.
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Fig. 3. A schematic diagram of the simulation model based on voltage-current equations of a DCSRM

Functional dependencies of the fluxes on the rotor position and current in given phase re-
presented by Equations (3) and (4) as well as in the formula for the electromagnetic torque
given by Equation (9) are most often calculated with the use of the field approach. They are
described with the use of various techniques, e.g. analytically by means of series of the vari-
able 8 with coefficients depending on the current, or numerically in the form of look-up tables
or artificial neural networks (ANN).



www.czasopisma.pan.pl P N www.journals.pan.pl

I

94 P. Bogusz, M. Korkosz, J. Prokop Arch. Elect. Eng.

Based on Equations (7) and (9), a simulation model in Matlab/Simulink system [6] has
been developed. Functional dependencies of individual fluxes on the rotor position and cur-
rents in relevant phases occurring in Equation (7) and in Equation (9) representing a formula
for the torque were determined by means of 2D field calculations. They are described in
a tabular form with the use of 2-D Look-Up Table blocks from Simulink’s library. Simulation
studies carried out for a model DCSRM with 12/8 configuration involved calculations of the
so-called static characteristics and, as far as time-dependency is concerned, analyses of vol-
tage, current, and the torque waveforms. Operation of the motor was examined in both single-
and dual-channel operation mode for constant rotor speed.

3. Analysis of DCSRM static characteristics

3.1. Magnetic field distribution in a three-phase DCSRM

Simulation studies on the magnetic field distribution patterns by means of the Finite Ele-
ment Method were carried out in 2D for a 12/8 three-phase dual channel DCSRM [7]. Mag-
netic field distribution analysis was carried out for different rotor positions starting from the
so-called unaligned position, i.e. the rotor position angle assumed conventionally as 8 = 0, up
to the so-called aligned position, corresponding to angle 6 = z/8. Calculations were carried out
for the motor operating in the dual-channel mode, for both different and equal values of cur-
rents in channels A and B from the range (0 A, 10 A) under single-channel operation mode.

Dual-channel operation mode

Figure 4 shows example distribution patterns of magnetic flux lines for the dual-channel
operation mode under assumption that only the first phases of both channels, A and B, with
phase currents being fixed and equal to each other, ii* = i = 10 A for three rotor position
angles, i.e. =0, = 7/18, and 6 = #/8, producing flux distribution patterns shown on Figures
4(a), 4(b), and 4(c), respectively.

Fig. 4. Magnetic field distributions patterns for ilA = ilB =10Aand:a)#=0;b)0=n/18;c) 0 =n/8
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Magnetic fluxes in the examined DCSRM follow the so-called short or long flux paths,
which has an essential effect on resultant properties of the machine, and on the produced
electromagnetic moment in particular.

Single-channel operation mode

Examples of the flux distribution patterns under single-channel operation mode for rotor
position angles 8 = 0, § = #/18, and 6 = 7/8 under the assumption that only the first phase of
channel A is supplied with current i{* = 10 A are presented in Figure 5.

a)

Fig. 5. Magnetic field distributions patterns for > =10A, i2 =0 A, and: a)#=0;b) 0=7n/18;
c)0=nm/8

From analysis of the magnetic field distribution patterns, one may draw a conclusion that
with DCSRM operation in the dual-channel mode and under the assumption of equality of
currents in corresponding phases of channels A and B, the resultant fluxes in the conducting
poles of a given channel’s phases depend only on currents of these phases as the fluxes
induced by currents of the remaining phases virtually cancel each other out.

Based on field theory calculations for individual phases of both channels A and B, the so-
called static characteristics of the motor were determined, i.e. phase self- and mutual fluxes
and the resultant electromagnetic torque as functions of the current and the rotor position.

3.2. Static characteristics of the three-phase DCSRM

Based on field theory calculations for individual phases of both channels A and B, phase
self- and mutual fluxes and the torque were determined as functions of the current and the
rotor position angle.

Dual-channel operation mode

Figures 6 and 7 present example calculation results for flux characteristics, and Figure 8
shows a plot of motor torque 7. for dual-channel operation mode under the assumption that
currents in both phases of channels A and B have the same intensity (i* = i).

Single-channel operation mode
In Figures 9 and 10, calculation results for selected flux characteristics are presented, while
Figure 11 shows a plot of motor torque T, all under single-channel operation mode.
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Fig. 6. The current-angle characteristics of flux w{}* under dual-channel operation mode
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Fig. 7. The current-angle characteristics of flux w4} under dual-channel operation mode
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Fig. 8. Torque 7, as a function of current i{* and angle 6 under dual-channel operation mode
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Fig. 9. The current-angle characteristics of flux w4 under single-channel operation mode
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Fig. 10. The current-angle characteristics of flux n//lBlA under single-channel operation mode
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Fig. 11. Torque T, as a function of current i* and angle 6 under single-channel operation mode
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It can be seen from comparing Figures 8 and 11 that the resultant motor static torque in
dual-channel operation mode for the same phase current values in both channels is more than
twice as large as this in the single-channel operation mode.

4. Analysis of DCSRM voltage, current, and torque waveforms

Simulations of voltage, current, and torque waveforms were carried out for the machine
supplies in dual-channel and single-channel mode. By way of an example, under dual-channel
operation mode, Figure 12 shows simulations results in the form of voltages and currents in
individual phases of channel A as functions of the rotor position 8, whereas Figure 13 is a plot
of the supply current as a function of the same variable. The resultant motor electromagnetic
torque as a function of the rotor position for the dual-channel operation is presented in Figure 14.
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Fig. 12. Phase voltages a) and currents b) of channel A as functions of the rotor position under
dual-channel operation

For the single-channel operation mode, channel A phase voltages and currents as functions
of the rotor position & are shown in Figure 15. Similarly, Figure 16 presents waveforms of
voltages induced in three phases of channel B for the single-channel operation mode, i.e. with
channel A being supplied. Further, Figure 17 shows a plot of the supply current as a function
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Fig. 13. The supply current as a function of the rotor position under dual-channel operation
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Fig. 14. The torque as a function of the rotor position under dual-channel operation
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Fig. 15. Voltages a) and currents b) as functions of the rotor position under single-channel operation mode
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Fig. 16. Voltages induced in channel B phases as functions of the rotor position angle under
single-channel operation mode
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Fig. 18. Channel B torque as a function of the rotor position under single-channel operation mode

of rotor angle 6, while Figure 18 presents the torque produced by the motor’s channel A as
a function of the same parameter under single-channel operation mode.

The average torque value T.,, of Figure 18 is almost three times lower than that obtained in
the case of the dual-channel operation mode (Fig. 14).
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5. Results of laboratory tests with a DCSRM model
Laboratory tests were carried out with a model of DCSRM designed by the present
authors. An overview of the machine is shown in Figure 19a, whereas a view of the stator and

the rotor with the bearing disk is presented in Figure 19b.

b)

Fig. 19. The DCSRM model: a) stator; b) rotor

The torque-current-angle characteristics measured for different current values are shown in
Figures 20 and 21 under dual- and single-channel operation mode, respectively. Figure 22
presents plots of the motor torque average value 7T.,, as a function of current / under single-
channel and dual-channel operation mode.
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Fig. 20. Static torque-angle characteristics for different current values under dual-channel operation mode

It follows from the static characteristics presented in Figures 20 and 21 that the torque
produced in the dual-channel operation mode is more than twice as large as the one observed
under the single-channel operation mode which is a feature consistent with the results of the
simulation calculations.
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Fig. 21. Static torque-angle characteristics for different current values under single-channel operation mode
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Fig. 22. Torque average value as a function of current under dual-channel and single-channel
operation mode
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Fig. 23. Channel A phase voltage waveforms under dual-channel operation mode
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Fig. 24. Channel A and B phase current waveforms under dual-channel operation mode
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Fig. 26. Channel A phase current waveforms under single-channel operation mode



www.czasopisma.pan.pl P N www.journals.pan.pl

N

104 P. Bogusz, M. Korkosz, J. Prokop Arch. Elect. Eng.

Figures 23 and 24 show plots of waveforms measured on the model and representing vol-
tages and currents, respectively, of the three motor phases under dual-channel operation mode.

Measured waveforms of the three phase voltages and the three phase currents are shown in
Figures 25 and 26, respectively, for channel A under single-channel operation mode, while
Figure 27 is a plot of waveforms representing voltages induced on open terminals of indi-
vidual phases of channel B.
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Fig. 27. Waveforms of voltages induced in channel B with channel A operating under
single-channel mode

6. Conclusions

On the grounds of the research results presented above, the following conclusions can be

drawn:

¢ The mathematical model of dual-channel switched reluctance motor proposed in this paper
takes into account all linkages occurring between individual phases of both channels and
allows to develop a simulation model capable to reproduce operation of DCSRM under
both dual-channel and single-channel mode.

¢ In dual-channel operation mode, the resultant motor torque is about 2.5 times larger than
this obtained in the single-channel operation mode and must not be calculated by means of
simple adding the two torques produced by phase currents of both channels, but the torque
relating to fluxes corresponding to linkages between channels must also be taken into
account.

¢ Both static characteristics and time-dependent waveforms measured on a laboratory model
of DCSRM confirm fully the usefulness of the machine for operation in both dual-channel
and single-channel mode.
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Further research, both simulations and laboratory tests, are required to analyse DCSRM
performance in the case of an asymmetry of supplying and/or controlling both channels, also
in electric failure conditions.
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