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1. INTRODUCTION

A linear switched reluctance drive with a large air gap is developed for railway vehicles [1], [2]. The
possibility to apply this type of electric machines is defined by the great value of normal force component
between stator and rotor, which can be used for generation of levitation and assurance of guidance system.

Such kind of electric machine obtains the passive rotor consisted of ferromagnetic elements located
along track structure. Rotors elements have great mechanical strength, which eliminates restrictions for
transmission of mechanical traction force and suspension and gives the possibility to create the passive
discrete track structure with reduced materials consumption, and at the same time, the design of stator
winding with concentrated coils is extremely simple.

However, the large air gap (air gapl2 mm) reduces the efficiency of the drive system (efficiency
76%).The design and control objectives are to maximize the efficiency at the given motor dimensions and the
output power. The purpose of this paper is the design rationale for the choice of the linear motor, which
increases efficiency.

Switched reluctance machines (SRM) are designed as a high-quality type of electromechanical
energy converter and can be applied to the industrial transport. The main distinguishing feature of SRM is the
lack of winding at the toothed rotor. In comparison with electrical machines of another types, SRM is
structurally simpler and technologically effective, it has less copper and insulating materials consumption
when almost identical masses of electrical steel. As a result it makes possible to achieve higher energy and
weight-size parameters, to reduce the cost of electrical machines and expenses for their operation.

During SRM modelling and designing it is usually assumed that all machine’s phases are
independent both in electrical and magnetic relation. It is accepted that mutual inductance is low in these
machines and it can be ignored. However, at the present time researchers are having tendency to take into
account the mutual influence of phases for classical SRM [3] — [11]. This mutual interaction gives the
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positive effect, as a rule the power of the machine is increased by 5-15%.

Mathematical model of linear SRM (LSRM) is presented in the paper. Configuration of LSRM is
similar with rotating motor which has 18 stator teeth and 15 rotor teeth. This configuration provides a strong
magnetic coupling between phases of the machine that must be considered when modelling. The model allow
to research electromechanical and electromagnetic processes in motor.

2. MATHEMATICAL MODEL

For magnetic characteristics, calculation of LSRM configuration [6, 7] Finite Element Method
Magnetics (FEMM) package was used [10]. LSRM equation, taking into account the mutual inductance of
each phase, is presented below:

m

dy () ir.0)
u=R-i+—* 1
& (D
where u is the phase voltage, R is the phase resistance, 7 is the phase current, | is the phase flux linkages,

(in our case it is a function of seven variables), m is the number of phases, € is the expressed in electrical
degrees linear shift between translator and stator, k is the phase number of electrical machine.

The distribution pattern of the magnetic field lines to the LSRM configuration is shown in figure 1.
It is obvious that all coils within one phase are connected in opposite direction. Magnetic flow
generated by phase A is completely run through adjacent phases (B, C, D, E, F).
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Figure 1. Layout of coils and distribution of magnetic field lines in LSRM under operation of phase A

LSRM is provided with three coils in a phase generated opposite magnetic flows closing via
adjacent phases. Therefore, the modelling of this machine should take into account the interaction between
adjacent phases.

The interaction between phases can be classified into two categories:

1) mutual inductance influence,

2) mutual saturation influence.

Mutual inductance is due to the field overlap through another phase. Mutual saturation is the impact
of magnetizing force of one phase on the saturation of the other one. The level of saturation impacts on flux
linkages and torque at the shaft of electrical machine.

We can write down the system of equations for six-phase machine. Let us assume that the adjacent
phases have significant impact on the considered phases and the rest of phases do not have any strong
influence:
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Write (3) through inductance
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Yp=Mcp “ic +Lp-ip+Mpgp -ig
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where Mjk is the mutual inductance between phases, Lk is the phase inductivity.

Since all phases of the machine consist of identical coils, it can be assumed that the resistance of
each phase is the same:

R,=Ry=R.=R,=R, =R, =R

Given the facts that overlap in the phase operation is 120 deg and the area of generator and traction
modes is 180 deg, then simultaneously not more than three phases of machine will operate in nominal mode.

Thus,
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Where flux linkage with analogue of (4) will be the following:

Wy =My, iy +Ly-iz+My, iy
Wy =Myy -iy +Ly iy +Myy -iy

Wy =Myy iy +Ly-iy+Myy -iy

Yy =M xayay ix My iy + Mz iz
Wis2) =M xreo) ix v Mygio) iy + My "z

Y3y =M yyazy ix + My iy + My iy

)

(6)

where indexes Z, X and Y correspond with combination of phase operation (F, A, B), (A, B, C), (B, C, D),

(C,D,E),(D,E,F)u (E, F, A).

As was mentioned above, the considered machine has a strong mutual phase influence, it is

therefore necessary to review the mutual inductance as a function of four variables:

MXY = f(iX,iY,iZ,H)
Myy = f(ix,iy,iz,'g)
My, = f(iX,iY,izﬂ)
Mgy = flix iy iz 0)
My = fiyiyiz,0)
My, = f(ix iy iz 0)

As far as the magnetic system of the machine is symmetric and the return period is 60 deg., we can

write the following:

Ly = f(iyiyiz 0)

Ly = Ly (ix iy i (300+6))

Ly =Ly (iy Iy iz (0 +60))
Myy = f(ix iy iz 0)

Myy =M yy(iy iy iz (300 + 6))
Myz =M yy(ix iy iz (0 +60))
My =M yy (iy iy i, (120-60))
M 7 =M yy (ix iy iz (6 +120))
M y; =M yy(iy iy iy (360-0))
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Therefore, for complete computer simulation of this machine it is necessary to get additionally by
means of Finite Element Method the relation of w y = f(iy,iy,iz,0) or Ly = f(iyiyi, 0),

Wxy = fiy,iy,iz,0) or Myy = f(iyiyi, 0). The application of FEMM package gives the possibility to
get immediately the following relations: v y = f(iy,iy,iz,0), Wz = f(iy,iy,iz,0), ¥y = f(iy,iy,i;,0),
Wy = Sflx,ly,iz,0), Wy = flix,iy,iz,0), Wy = [(ix,iy,iz,0).

Let differentiate the equation (6):

dv, di, oMy, di, oL, diy oMy
— =My, —+ wiy +L, —*+—“wi, + My, —+ i

dt Z T a0 Y Ty T e YETE Ty T 5
dyy di, oM,y diy oLy di, oMy
Wx _ wi, +1, %x Oy oy Gz o
dt oy T an TRy T e W T Y T T g M2
dyy diy oMy diy oL, di, oM,y
Wy _ oy Gx wiye +L, 2 O iy Yz

dt X T e X TRy T e M T Ty T g W2

where o= d— .
dt

The propulsion force depending on phase current and rotor position can be expressed in terms of
coenergy. In our case the coenergy differential is:

dW, (iy,ly,i;,0) =y ydiy +yydiy +y,di, + F,d0 7

where F, is the propulsion force of machine.

The coenergy for the proposed machine can be found by integration (7) along the outline by analogy
with [4]. The integration path is selected in the following way:

1) Integrate by rotation angle at zero current in all phases (i, = 0,iy =0,i, =0);

2) Integrate by i,, keeping zero currents in the other two phases (i, = 0,i, = 0), and rotation

angle 0 — as constant;
3) Integrate by i, , keeping zero current in phase X (i, =0 ), rotation angle 0 and i, as constant;

4) Integrate by i, , rotation angle 0, i, and i, are constant .

At the first stage of integration the torque integral is zero, since the torque is zero at zero phase
currents (i, =0,i, =0,i, =0); at the following stages this integral is zero because the rotation angle 0 is

constant.
After integrating we receive the expression for coenergy of the considered machine when three
phases operate simultaneously:

0 iz iy iy
Wlixiviz.0)= [ F.(0.00.0d¢ + [y, 00,6005 + [y (0.7 05+ [0 (Goiy.iy 0)dE =
0 0 0 0

=0+ [Ly G+ [(Ly& + Myyi)dE + [(Ly& + Myyiy)dé =
0 0 0
1., 1, 2 1. 5 . .
= ELXZX + ELYZY + ELZZZ +M yyiyiy + Myyiyiy

>

where £ — integration variable takes the following values 0,1 4.1y, iy inorder for integrals.
Then for propulsion force calculation, we get the final expression:

= Welixiy,iz,0)

Fe
06 P
iy,ly,iz
_ Ll iy +10L—Yi§+laL—Zi§+aMZY iyiy + My iyiy
2 06 2007 200 20 20 (8)
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Therefore, the propulsion force of six-phase is expressed in terms of phase currents and linear shift
between translator and stator. The effect of mutual inductance is considered in two last members of sum in
the expression (8).

3. RESULTS AND DISCUSSION
As the result of LSRM calculation it was received the relation of self and mutual flux linkages with
other phases presented at figure 2. It is obvious that intensity of mutual flux linkages reaches 50% of its own.

a) Flux linkages of phase A b) Flux linkages of phase A with phase B
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b 08
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200
0, cldeg 0, cldeg

¢) Flux linkages of phase A with phase C d) Flux linkages of phase A with phase D

v, Wb v, Wb
06 os.

e) Flux linkages of phase A with phase E f) Flux linkages of phase A with phase F

Figure 2. The relation of self and mutual flux linkages of LSRM

Based on diagrams analysis given above, it follows that the considered LSRM has intense mutual
influence between phases. At the same time, as can be seen, there is a significant impact on the adjacent
phases of the machine.

Presented results allow concluding that the effects of mutual inductances are important and should
be considered in mathematical model of LRSM. The mutual inductances cannot be neglected in a switched
reluctance machine design. To estimate of their influence on the machine performance preliminary
calculations and analyses should be done.
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4. CONCLUSION

Expression analysis (8) shows the positive effect from the strong mutual inductance between the
phases of LSRM. However, the strong mutual inductance has the impact on control parameters and this fact
requires the application of more complicated control algorithms considering the processes occurring in all
phases.

ACKNOWLEDGEMENTS
The presented work has been developed with support of Russian Ministry of Education, grant
RFMEFI57614X0040

REFERENCES

[1] Kolomeitsev L, et al. Linear switched reluctance motor as a high efficiency propulsion system for railway vehicles.
In the: SPEEDAM 2008 - International Symposium on Power Electronics, Electrical Drives, Automation and
Motion Ischia, 2008: 155-160.

[2] Kireev AV, et al. Potential Development of Vehicle Traction Levitation Systems with Magnetic Suspension.
International Journal of Power Electronics and Drive Systems (IJPEDS). 2015; 6(1): 26-31

[3] Fleury A, et al. Experimental Measurement and Analysis of the Self and Mutual Inductances inm Two Different
Switched Reluctance Machines. In the: International Conference on Renewable Energies and Power Quality
(ICREPQ’10), Granada (Spain). 2010.

[4] Feyzi R, et al. Direct Torque Control of 5-phase 10/8 Switched Reluctance Motor by Using Fuzzy Method.
International Journal of Engineering and Technology. 2009; 3(1).

[5] Alrifai M, et al. Nonlinear Speed Control of Switched Reluctance Motor Drives Taking into Account Mutual
Inductance. Hindawi Publishing Corporation Journal of Control Science and Engineering. 2008; 11.

[6] Han-Kyung Bae. Control of Switched Reluctance Motors Considering Mutual Inductance, Dissertation submitted to
the faculty of the Virginia Polytechnic Institute and State University in partial fulfillment of the requirements for the
degree of Doctor of Philosophy In The Bradley Department of Electrical and Computer Engineering, Blacksburg,
Virginia. 2000: 140.

[7] LiuY. Improved Torque Performance of Switched Reluctance Machines by Reducing the Mutual Saturation Effect.
IEEE 2004. Transactions on Energy Conversion. 2004; 2(19): 251-257.

[8] Grebennikov N. Effect of changes in the number of phases undercar switched-inductor generator on his performance
at constant stator configuration. Proceedings of the higher educational institutions. Electromechanics. 2011; 2: 17-
21.

[9] Grebennikov NV, et al. Versions of Switched Reluctance Generator Design at a Constant Stator Configuration.
International Journal of Power Electronics and Drive Systems (IJPEDS). 2015; 6(1): 65-69.

[10] RU 2450410 C1. Reactive switched electrical machine with rotation symmetry, Rostov-na-Donu, Russian
Federation. (Grebennikov, N.V., A.D. Petrushin) Publ. 10.05.2012. Bull. 13.

[11] Finite Element Method Magnetics. Date Views 25.02.2015 www.femm.info.

BIOGRAPHIES OF AUTHORS

Grebennikov Nikolay was born in Russia, in 1985. He received the Ph.D. degree in 2012, in
railway rolling stock from Rostov State Transport University. His current research interests:
traction motors, switched reluctance machines and computer simulation.

E-mail: grebennikovnv@mail.ru.

Mathematical Model of Linear Switched Reluctance Motor with Mutual Inductance ... (N.V. Grebennikov)



232 ) ISSN: 2088-8694

Kireev Alexander was born in Russia in 1974. He received the Ph.D. degree in 2004 in the area
of electrical machines from South-Russian State Technical University. His current research
interests: electrical machines, frequency converters and control systems.

E-mail: akireev@privod-n.ru.

Nikolay Mikhailovich Kozhemyaka was born in 1980. He finished South-Russian State
Technical University (NPI), Novocherkassk on "Electrical transport" specialty in 2002. He
received PhD degree in Technical Sciences in 2007. His main scientific interests are related to
power convertors for electrical drive, electrical traction systems, and electrical vehicles.

IJPEDS Vol. 6, No. 2, June 2015 : 225 —-232



