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ABSTRACT

In this paper, a closed-form analytical mode] of the unsaturated SRM from which its
steady-state performance can be directly obtained is proposed. This model is used to
simulate the SRM using the software package MATLAB/ SIMULINK. The model is
validated by comparing the obtained results with previously published results.
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1. INTRODUCTION

Switched reluctance motors (SRMs) have many advantages such as simple
mechanical construction and robustness [1], low manufacturing cost [2] and fast
dynamic response [3]. It consists of a stator and a rotor, which are both laminated and
have salient poles, and only the stator has windings on its poles [4]. Previous ‘
investigations have been conducted regarding modeling of the SRM [4, 5] and its
simulation using the software package MATLAB/ SIMULINK [6]. However, there are
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some items that had not received an in depth attention, such as modeling of the
unsaturated SRMs by closed form equations at steady state taking into consideration the
effect of phase resistance and not approximating the waveforms of the inductance-rotor
position. Also, in previously published investigations, simulation of the unsaturated
SRM at steady state using MATLAB/ SIMULINK have not been dealt with,

In this paper, closed-form equations for modeling the unsaturated SRM from which
its steady-state performance can be obtained directly are proposed, and these equations
are suitable for different inductance-rotor position waveforms. Also, these closed-form
equations are simulated using the simulation package MATLAB/ SIMULINK [7]. The
proposed model was validated by comparison between the obtained results and
previously published results. ' :

2. MODELING OF THE SRM UNDER STEADY-STATE |
CONDITIONS |

2.1 Phase Inductance

Fig. (1) shows a four-phase 8/6 SR motor whose phases are (4, B, C and D), where
By and B, are, respectively, the stator and rotor pole arcs in mechanical radians, and -
Fig. (2) shows the waveform of the phase inductance. The mechanical angle (8,,) and the
electrical angle (6) are related by [8]: '
' | 0=N,0n
where N, is the number of rotor poles.
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Fig. (1) Four-phase (8/6) SRM - Fig. (2) Phase inductance waveform

In Fig. (2), the upper flat zone (L,) of the inductance waveform is due to the complete
overlapping between the stator phase poles and rotor poles, with the stator pole arc
smaller than the rotor pole arc. The lower flat zone (L,) is due to the absence of
overlapping betwe;en rotor poles and the stator poles corresponding to that phase. Thus,

_the phase inductance can be expressed by:
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Ley=L, ‘ o 0<6<06, D
Lo)=C10-C, o] 0, <6<, )
L) = L, 01<0<6, 3)
L) =-C,0-C; 0,<0<2r-0, &)
(&)=L, l 2r—0,<0<2r (5)

where the expréssions of C;,Cy,C5,0,, 6 and 0, are given in Appendix (A).
For an m-phase SR motor, the inductance of the & phase is given by [9]:

k-1

) (6)

Le(0) =L@ -
. m

2.2 Phase Current

“Considering an m-phase SR motor, the voltage equation of one phase is given by:

(i, 0) | L
Uy =R i+ — i o NG
| dt -

where (uy) is the applied voltage on the motor phase, (R) is the motor phase resistance
and A(3,0) is the flux linkage as function of (j,6) where (?) is the motor phase current.
Since saturation of the magnetic circuit of the motor is not taken into consideration, the
flux linkage of this phase can be expressed by: i

Ai.0)=L1(0) i | (®)

Thus, eqn. (7) becomes:
- di df - dL() -db
us=R i+ L(O) +i
do dr dé dt

©)

When the motor is operating at steady state (i.e. at a steady-state average speed, w), and
since the speed of the motor is related to the rotor position by: '

do (10)
dt

where o is in (elec. rad/s) and @ is the rotor position in electrical radians, then, eqn. ©
becomes: ' '

=R+ a0 "+L6 a4 11

The modes of operation of the SRM can be, basically; divid‘efd into two modes. The
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period of the first mode is when the motor phase is connected to the DC supply voltage
(U;) and its current is building_ up. The period of the second mode of operation beging
when the current of the motor phase starts to decay, and the supply voltage applied to
the phase winding under consideration is reversed, (—U;). Thus, the electrical equatioén
corresponding to the period of the first mode can be obtained as: |
U,= (R dL(G)) L(©®) d | 12
=R+ w—)i+ w— ,
SRro— o ) (12)

and that corresponding to the period of the second mode can be obtained as:

dL@) di | |
Uy=R+wo—) i+ L) o— | (13)
dé db : : :

Expressions for the building-up and decaying currents can be obtained by solving
eqns. (12) and (13) respectively with the appropriate expressions of the phase
inductance and the suitable initial values of the phase current are taken into
consideration. The rotor position angle at which the building-up current starts is called
the turn-on angle (8,,), and that'at which the decaying current starts is called the turn-off
angle (B). The expressions of the phase current depend on the value of the turn-on angle
(0,n), Which may be 8,, < 6, or 6,,> 0, , and also on the value of the turn-off angle B,
which may be f <60t f=0; . Fig. (3) shows a typical waveform of the phase current
when 6o, < 0, and <0, . 3 il e :
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Fig. (3) Phase current and phase inductance waveforms
(Bon <8, and f<6)

Therefore, the expressions of the phase current can be derived, using eqns. (12) and.
(13), as: G o , _

U, —(0-O0nRILo)
S nee T

ib] (9) = 0011 < 0_<_ 60, (14)

R
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P4 Croo
(0) +[ ] [ 19 Cz C]CO €v<0<ﬂ (1_)
i - (/B 0.2V > )
» Co | R+Cw || Coo Cg
R+ Ciw »
CB- czj Cio
iz (6 Ia1o + ~u=f 16
0 +Cro [‘” R+C1co] [C,H c, peu=0r (10)
-U, U - (9 - 6’1)R/(L; )
e (0)= ‘,R F [l t+ € | 6,<0<0, (17)
. R - C1CO
®=-—2 G ) G <o (18)
} =t |ig3o T+ <6<
Y R-Co | R-Cw]|—co- c_] TR
wheré v
U, - == OoRI(L)
Ibo = ip1(00) = —= = [1- ' ] (19)
R
? 5o U [ [ 6, — C:l C1co o0
iqro =1 = H i o
‘f’ Rl TV R+c1qu Ci B C, -
‘ R+ Ciw ‘
i =2 { ] l:c,ﬁ CZJ Croo on
Igpo =1 = igro +
a"Z i R+Ci0 “ R+ Ciw Ci0, -
. -Uj U  —(0:-6)RI(L, w)
ld30 = ig2 (02) = T + [izo + € , (22)

where ip; and iy are the expressions of the phase current for the building-up period and
iar , 142 and igz are the expressions of the current for the decaymg penod Qfls the final

angle at which the decaying current reaches zero. -

When 6,, <6, and =6, , the typlcal waveform of the phase current will be as shown in

Fig. (4).
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Fig. (4) Rhase current and phase inductance waveforms
(B <, and f=0)) :

In this case, the expressions of ip; and igy Wlﬂ be as eqns. (14) and (15) respectwely The
expressions of the decaying currents iq; and i are derived as:

U Us ~(0—-0)R/I(Ls ) '
iqr (0) = e + [l +—1¢ p<0<6, (23)°
. B R-— C/a)
. ~Us U -C6,-C - Ciw
i (0) = + |20 —’ = ™o, <0< o (24
R-Cio ’ R—C;a_)_] C]@ C;
where I
| R+Cio

U, E”" nlrc,e C7] Cro o5
2

idlo=1 = e+
10 =122 () R+€iw R+C15_u_i L cip-C

—-Us U = —(0:-0DRI(L,; w)

la2 = 1a (6’2) = —— +[igo+—]€ (26)
2 I 2 R
When 6,, > 6, and § < 0, , the typical waveform of the phase current will be as shown

in Fig. (5).
Therefore, the expressions of the phase current are derived as:

~ R+Cio™y . v ‘
Us C]@o,,—Cg C]CO | . : . '
ip ()= —— - . 6,,<0<p (27)
R+C1CO Ci0-C;

wn
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A R+Ciw

(O =—2 s PGl Co <0<0, (8
1 - 0

e R C’;cu Cio-C, 2 1 )

U, Uy = (0= 0)R(Le ) v
laz (0) = + [izo + e 0,<6<6, (29)
R - C]C()
) -—= el Bots e SR (30)

i = + 1 i, +

“ ~Co | R-Cw | |-Co-c, R

where
‘ » R+Ciw

. . (ﬁ) US 1 [CI( on — CZ 1 C’[CO (3 I)
lgjo =1 = - | — .

4 ’ R+Ci0 C}ﬂ ) ] » :

g - R+Ciw
-—Us ‘ 1ﬁ Cg C[U) 7

lazo = iy (0]) =— + {laro + (32)

_ R+Ciw |R+C1w_§ C1H]

- -U, U (60— ONRI(L, )

lazo = Igp (02) = e + [z + ] e (33)
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Fig. (5) Phase current and phase inductance waveforms
(Oonz 0, and B < 0r)
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" When Oon > 0, and =6, »'the typical waveform of the phase current will be as shown
in Fig. (6).

E’Ln

0 8, on afag@f w8

Flo (6) Phase current and phase inductance waveforms
6:n>2 06, and f=6)) ‘

In this case, the expression of the building-up current (i) will be the same as that
obtained in eqn. (21), and the expressions of the decaying current will be as follows:

U, U, —(0-0)RIL, )

iq (0) = + [ip (ﬁ)+R le - p=Le<6, (3%
: R~ C[Cl)
(9) o n (9)+ s —C152-C3 : -C1CO 0,<0<0 (35)
i = i <66
&2 —Cro a1 (G2 “Cio ~ Cle ) 2 73
where
R+Ci0 }
B - 190n -C | Cw 36)
igio=1
“ b R +C1a) C]ﬂ Cz
, -U; U —-(6;- 01)R/(L )
id2o = i1 (O2) = + o +—1]¢€ (37)
: R R "

2.3 Developed Torque

The developed phase tOrque of the SRM is given by [10]:
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T6.6) "N, L, dL s ' '
) =—i° — ' 38
, 2 do (38)

For a SR motor with m phases, the total electromagnetic torque developed is obtained
from:

il m .2 de(@) |
L= e — (39)

where L is the inductance of the £ phase obtained from eqn. (6) and (iy) 1s its current.

3. SIMULATION OF SWITCHED RELUCTANCE MOTOR

The analytical model of the SRM at steady state without taken the effect of
saturation into c..nsideration, derived in Section 2, is used to simulate the motor using
the simulation p:ckage MATLAB/ SIMULINK [7].

The followmg algorithm is applied to obtain the required simulation:

Depending on the value of 8, , 8o, < 8, 0t 8,,> 6,, and the value of B, f<6;0rp= 91, 3
where 0, and 9, are as shown in F1g (2) we choose the appropriate equations of the
current.

For 6,, < 6, , eqn. (14), the equation of i;, , for the range 6,, <0 < 9 is used and

eqn. (15), the equation of #s,, for the range 6, < 6 < f is used.

After the rotor position g, if £ is less than 6, Fig. (3), iu1, eqn. (16), is used i in the range
B <0<0, as long as the phase current is greater than zero. If the current reaches a zero
value before 6= 0y, then 6,< 6 , 2nd if not, the equation of iy, eqn. (17), islused in the
range 0, <0 <0, . Also, in this case, if i4; reaches zero value before 65, then 6,< 0,
and if not, then the equation of iz; , eqn. (18), is used in the range 8, < 6 < Gf,

If =0, Fig. (4), the equation of iz , eqn. (23), is used in the range f < 0 <; (92 If the
current does not reach a zero value before 0, , then the equation of iz, eqn. (24) is used
in the range 8, <6< 6;.

When 6,, > 0, , then eqn. (27), the equation of i, , is used in the range 6‘0,, < 9 <p.

Also, eqns. (28), (29) and (30) are used instead of equs. (16), (17) and (18) respectively
for f <0, , and eqns. (34) and (35) are used respectively instead of eqns. (23) and (24) -
forf=0;.

It should be noted that if f; =3, , then the equations correspondmg to the range

0 <0 < 0, would not be needed.

To obtain the corresponding values of the phase torque, eqn. (38) is used with the
appropriate values of dL/d0, and the total developed torque can be obtained from

eqn. (39).

The SIMULINK block diagram for a three-phase (6/4) motor, whose data is given in
Appendix (B), at steady state is shown in Fig. (7).
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Fig. (7) Block diagram of (6/4) SRM for the unsaturated steady-state case
(Shadowed blocks are subsystems) : i

The data required for this block diagram is obtainéd from a data file given in _ j
Appendix (C). The details of the block diagram: are as follows:; ~ '
The block ‘tdelay’, where the number of motor phases () is three and the number of |
rotor poles (N,) is four, gives the required time delay, corresponding to 120 ° elec., ;
between the subsystems ‘phase (2)” and ‘phase (1)’. Also, the output of ‘tdelay’ is
multiplied by 2 to give the time delay, corresponding to 240 ® elec., between the
subsystems ‘phase (3)” and ‘phase (1)’. The currents 7, iz and #;, and the developed

torques T, T; and T3 of phase (1), phase (2) and phase (3) respectively are obtained

from the subsystems corresponding to these phases. The computation of the steady-state

total developed torque starts at the end of the time delay corresponding to 240° elec.

It should be noted that the shadowed blocks in Fig. (7) and in the subsequent figures
represent. subsystem blocks. Also, the symbol 6 is the absolute value of the rotor

position angle and ;. is the incremental, accumulated, value.

The details of the subsystem ‘phase (1)’, corresponding to the case in which (8, # ,), is
shown in Fig. (8). The ‘phase (2)’ and ‘phase (3)’ subsystems have similar constructions
except that the input rotor position to the block ‘phase (2)’ is decreased by the angle

(2n/3), and the input rotor position to ‘phase (3)’ is decreased by the angle (4n/3).

Each phase block contains the subsystems ‘I’; ‘II’, “III’} ‘IV” and ‘V> and they will

operate according to the explained algorithm as shown in Table (1). Each of these

subsystems gives the phase current and the phase torque when its conditions of

operation are obtained by checking the value of the rotor posmon and the phase current

as shown at the left hand side of Fig. (8).

N
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The current 'io' shown on each block of the subsystems 'I', 'II', 'II', 'TV' and 'V' is the
initial value of the current of its corresponding subsystem.

The subsystems ‘I’ ‘I, “II’, “IV’ and *V’ are shown in Figs. (9) to (13). Also, the
details of the subsystems ‘C;’, “C,” and *C5’ are shown in Fig. (14), and the details of -

the subsystems ‘subsystem (1), ‘subsystem 2y,

Fig. (15).

3 bl

[ ]

‘0’ and ‘05, are shown in
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Fig. (8) Block diagram of the subsystem "phasie (1y
(Shadowed blocks are subsystems)
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Table (1)
Corresp011<iing equations for each subsystem according to the values
of 0,, and f8
Sub- . Oon > 0, and 6., > 0, and
system Oon < 8, and ;B < Hf, Oon < O andﬁ =0, ﬁ < 6, ’3 =6,
I ip; (6), equ. (14), ini(6), eqn. (14), - .
and i, =0 and i,=0

152 (0)3 eqn. (15)’

in2 (0), eqn. (15),

in(0), eqn. 27),.

ir(0), eqn. (27),

11 and i, = iz, and i, =iz , and i, =0 and i, =0
eqn. (19) eqn. (19) v,
. iqg (0), eqn. (16), L ia; (), eqn. (28), L
I tandi, =i, and i, = iy, ,
eqn. (20) eqn. (31) ,
IV iz (8),eqn. (17), ig; (0), eqn. (23), | iaz2 (0), eqn. (29), | ias (6), eqn. (34), |
and i, = iz , and i, = ig, , and i, = iz, , and i, = dio »
eqn. (21) , eqn. (25) eqn. (32) eqn. (36)
Vo g (0), eqn. (18), | iz (6), eqn. (24), | ias (6), eqn. (30), | iaz (9), eqn. (35), |

and io = id3o 3

and i, = i, ,
eqn. (26)

and io = id3o 5
eqn. (33)

and ia = idZa ’
eqn. (37)

eqn. (22)

Enable

R e+ War )

>+‘ ‘I_

il

Fig. (9) Block diagram of the subsystem ‘I”
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Fig. (10) Block diagram of the subsystem “II’
(Shadowed blocks are subsystems)
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)

Fig. (11) Block diagram of the subsystem ‘III’
(Shadowed blocks are subsystems)
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L Pl . x Lpl O
in s = Mg r i
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M

Flg (12) Block diagram of the subsystem IV’
! : (Shadowed blocks are subsystems)
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Fig. (13) Block diagram of the subsystem V’
(Shadowed blocks are subsystems)

G2

=
T

v ¥
Y
0

c2

1fu

(W)
(c) ‘Cs’ subsystem

Fig. (14) BloCk diagrams of the subsystems “C,’, ‘Cy and ‘Cy’
(Shadowed blocks are subsystems)
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Fig. (15) Block diagrams of different subsystems |
(Shadowed blocks are subsystems)
4. RESULTS

The results of the motor characteristics from this simulation are obtained at (U=
150V, 8,,=0, = 120" elec. and n = 2214 r.p.m) with the motor running at no load.
The waveforms of the phase current, phase torque and total developed torque against
rotor position were obtained and compared with the numerical results obtained in
Reference [6], Figs. (16) to (18). From these figures, it is evident that the two sets of
results are in close agreement. ’ o

O
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C(/ [ 1 . 1 : 1] [ ] 1 5.
0 50 0, 100 B 150 180 200 @, 250 300 350
8, elec. deg. 7
Fig. (16) Phase current versus rotor position
(Uy =150 V, n=2214 rpm, 0,, = 0° and f = 120°)
{ | :
20 1 t T T ] ] T
| ’ :
; P —— Analytical solution
: o Numerical solution
15} ' .
1ok .
§
=
W~
51 ]
ml ’)
_5 1 E . 1 : o ] : 1 . J ) 1
0 500, 100 B 150 180 200 6, 250 300 350

0, elec. deg.
Flg (17) Developed phase torque versus rotor position
(Us =150 V,n=2214 rpm, 6,,= 0° andﬂ =120°)
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.20 S S ! T l l

— Analytical solution
o Numerical solution

16} , - g
14}
12} _ i

101 : : _

7, Nm

D 1 i ' ! 1

300 320 340 380 380 400 420

0, elec. deg.

Fig. (18) Total developed torQue versus rotor position
Us=150V,n= 2214 p.u., 6,,=0° and f = 120°)

5. CONCLUSION

A proposed analytical model for th;p unsaturated métor at 'sté:ady state has been
presented. This model is simulatediby the software package (MATLAB/ SIMULINK),
and it gives good results. :
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Appendix (A)

La_Lu
=
0;,—-6,
La @o"“LuHI
C;= :
8- 06,
—LoQr—6,)+L,6;
C3=
6,6,
r+ 5
"0,=m—-N, bt
Br—Bs
91=71.'-—
G, =n+N, — ¢
9 !

Appendix (B)

R=13Q, L,=60mH, L,=8mH, N,=4, m=3, f,=p,=x/6, J=0.0013 Kgm?,

B=10.0183 N.m/(rad/s), U;=150V.
Appendix ©

% The data needed by the block dlagram of Flg (7)

cle

clear , . »
R=13;La=60e-3 ;Lu=8e-3;Nr=4; m=3 ; Bs =pi/6; Br=pi/6 ;
% (Bs) and (Br) are the stator pole arc and the rotor pole arc respectively.
Us =150 ; Wm = 231.87 ; thon = 0*Nr*pi/180 ; b = 30*Nr*pi/180;

% (thon) and (b) are the turn-on angle and the turn-off angle respectively.

\

68



