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Abstract

Switched reluctance (SR) motor has a number of promising features like simplicity, ruggedness, reliability and cost-
effectiveness. It offers relatively high torque-on-inertia ratio, is capable of running at high speeds and has high effi-
ciency. In all, it has a good potential for motion-control applications. However, the need of a dedicated power con-
verter, higher torque ripple and higher audible noise are its major limitations. In this paper, the constructional features
of SR motor are briefly discussed. With experimentally obtained flux-linkage and static torque characteristics, a suit-
able model of the motor is achieved. Dynamic simulation of the motor using time-step integration method is discussed.
Desired control parameters Ton, Tore and I*, for different speeds and torques are obtained through open lcop simula-
tion. The torque ripple for different combinations of the above parameters is illustrated. Closed loop dynamic perform-
ance is studied in simulation and results of current, torque, and speed waveforms are presented. The torque-speed enve-
lope of the SR motor is found through simulation and the results for the same are presented.

Keywords: Switched reluctance motor, flux-linkage characteristics, speed control.

1. Introduction

Switched reluctance (SR) motor has a number of promising features. Professor Lawrenson in a
seminal paper' in 1980 opened up its potential and inspired researchers to exploit the possibili-
ties for variable speed applications. Besides its simplicity, it 1s quite rugged, reliable, and inex-
pensive too. It offers relatively high torque-to-inertia ratio, is capable of running at high
speeds, and has high efficiency. In all, it has a good potential for motion control applications.

Though the mechanical construction of the motor is extremely simple, the flux-linkage
characteristics and torque production mechanism are highly nonlinear,” which makes the
analysis and controller design of the drive complex. Its major limitations are that line start is
not possible, it needs a power converter and rotor position to start and run and generates high
torque ripple and audiable noise. Mercifully, several control algorithms are available in the

literature for torque ripple minimisation,® sensorless operation™’ and acoustic noise reduc-

tion.®?

In this paper, modelling and simulation of the SR motor is addressed. The flux and torque
are nonlinear functions of phase current and rotor position. The controller design of such
nonlinear systems requires computer-based modelling. Besides, the nonlinear equations gov-
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erning its dynamics are difficult to solve analytically. Dynamic simulation is more convenient
to study the performance of this drive.

The outline of this paper is as follows. Constructional features of the SR motor are briefly
described followed by experimenatlly obtained flux-linkage and static torque characteristics.
With the experimental data obtained a suitable model of the motor is achieved. Dynamic simu-
lation of the motor using time-step integration is discussed. The desired control parameters,
Ton» Torr and I*, for different speeds and torques are obtained through open loop simulation.
The torque ripple for different combinations of the above parameters is illustrated. The torque
and speed waveforms of the drive during steady state and transient are shown. The torque-
speed envelope is found and its results are presented.

2. Construction

The construction of the SR motor is different from conventional motors. Unlike the conven-
tional machines, the number of stator and rotor poles in SR motor is different. The most popu-
larly used SR motors have stator : rotor pole numbers of 6 : 4 and 8 : 6. Other possible configu-
rations are 6:2, 8:6, 10:4, 12:8." Even 2:2 single-phase motors are possible, but they
require extra parking magnet or some other starting mechanism.'’ Similarly, 3:2, 4 : 2 and
many other configurations are possible. The motor comprises a single stack. Both the stator
and rotor are constructed from laminations. An 8 : 6 pole configuration is taken up here to
demonstrate the different constructional features of the SR motor (Fig. 1a). This motor has four
phases. Each phase winding is split into two diametrically opposite stator poles. To maintain
the clarity of the figure, only phasel (Phl-Phl') is shown with winding. In SR motor, the
phases are excited through a power converter. For illustration, one phase winding with switch-
ing devices and supply voltage is shown in Fig. 1b. Semiconductor switches (S1, S2) are on
while the phase is excited. Diodes D1, D2 are required for demagnetisation. The other phases
follow similar kind of switching arrangement. In relation to the SR motor the following
observations can be made (Fig. 1):

Phi A B(30°
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Fig. la. Cross-section of an 8:6 pole four-phase SR Fig. 1b. Phase winding with switches.
motor. ‘
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®

SR motor 1s doubly salient.

(]

Only stator is energised, the excitation voltage is purely DC.

@

Stator winding is essentially of concentrated type.

®

Rotor does not have any winding or permanent magnet.

@

No carbon brush, commutator or slip ring is required, hence the motor is brushless.

The observations lead to the conclusion that the construction of the SR motor is simple.
The absence of permanent magnets, carbon brushes, slip rings, commutators and cage bars
makes this motor rugged and reliable. Such a rugged motor is quite suitable for very high-
speed applications. Obviously, the manufacturing cost of this motor will be less.

3. Modelling
3.1. Electrical subsystem

The electromagnetic characteristics of the SR motor can be represented by the following equa-
tions.

dl,!/--(e_,-,fj)_‘_ Z dy/ 6,.i,)

v, =Rxi +—4~
/ j dr o~ g W
k=1213.4
V=Wt z Vi (2)
ket 224
W= [w,d, 3)
dw’,
= ‘i ; = constant, (4)

where v; is the phase voltage; i, ;. W, 6, W, and T,;, respectively, are the current, self flux,
net flux, position, coenergy and developed torque of jth phase, y; is the mutual flux linkage of
jth phase due to other conducting phase (kth phase); i; and 6, are the current and position of kth
phase. All the equations shown above are nonlinear and the solution of these equations is tedi-
ous. Using finite element method,! it is possible to solve these equations; however, the accu-
racy of these methods depends on the number of elements used for computation and physical
understanding of the system. Besides, it is computationally complex. In this paper, an alterna-
tive modelling approach from test results is followed. The experimentally obtained data of
static flux-linkage and static torque characteristics are used in modelling. Mutual flux and eddy
current effects are neglected.

The experimental methods for measuring the flux-linkage and static torque characteristics
of the motor are explained elsewhere (Figs 2a and b).” It may be seen that both the characteris-
tics are nonlinear functions of position and current.

The static flux-linkage characteristics are approximated by the following mathematical ex-
pression. |
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i=K(O)W+mx KX (W= YO +nx Ki(F- ¥(0) (5)
m=1,1f ¥> ¥,; otherwise m = 0; (5a)
n=1,it ¥> ¥ otherwise n = 0, (5b)

where / and y are the current and the flux linkage of a particular phase; K, and Kj are constants
and K,(60), w(6), y»(6) are functions of position. For the test motor, the constants K, and K3
are chosen as 11 and 185, respectively. The magnetic characteristics of a particular phase in SR
motor are symmetric with respect to its aligned position (30° in this case). Hence, the need of
modelling for the test motor is effectively reduced to a zone spanning from 0° to 30°. The
above parameters K(6), y(6), y»(0) are stored in a look-up table for every 3°. Linear interpo-
lation is used for intermediate values (Table I). To testify the accuracy of the above modelling,
the test data and the curve following the mathematical expression in eqn (5) are plotted in Figs
3a—c for positions 0°, 15° and 30°, respectively.

Table I
Model parameters for the y — i characteristics

Position (8) K1 ¥ v,

0° 67 025 0.25
3° 62.5 0.25  0.25
6° 53.5 025 025
9° 38 0.175 0.25
12° 23.5 0.2 0.275
15° 17 0.225 0.35
18° 14 0335 0.43
21° 12 046  0.495
24° 10 047  0.545
27° 8.75 0.485 0.56

30° 8 0.485 0.56




MODELLING AND SIMULATION OF SWITCHED RELUCTANCE MOTOR DRIVE 337

0,3 T T T 0.7 T - 1 —_
. : ) % Y -
0.25 5 0.8 - W{,(*‘*' e
5 02 4
PRCRE ,
1 0.3 :
-g 0.4 02 / ;
= 005 ) 01 0.2 ’/ : o
. | | @ ;S | e
5 . i i = . i x . i
0 5 10 15 20 ] 5 10 15 20 0 5 1o 15 20
: Current (A) Current (A) Custent (A)

3.2. Mechanical subsystem

In the present test set-up, a DC generator is used for loading the SR motor. Hence, the motor
combined with the load completes the mechanical subsystem. For modelling the mechanical
subsystem, frictional coefficient (B) and inertia (J) are required. B is obtained through no-load
test.

The motor is run in no load at different speeds and the no-load torque at various speeds is
noted with a torque transducer. B may be obtained by dividing the no-load torque by the speed
of the motor. It is seen that the value of B varies with the speed. The average value of B ob-
tained following the above process is 0.0065 Nm/rad/s.

The inertia of the system (load + SR motor) is obtained by retardation test. Figure 4 shows
the speed versus time plot during the retardation test. The rated speed of the motor is 1500
rpm. From the plot it can be seen that the time taken for the speed to fall from 1500 to 500 rpm
is about 12.25 s, which can be treated as the mechanical time constant (7) of the total system.
The inertia of the system can be computed using the expression, J= 7x B. Form the given
value of B = 0.0065 Nm/rad/s, J is 0.08 kgm”.

4. Simulation
4.1. Methodology and simulation block diagram

The basic algorithm for simulating the operation of the SR motor, followed in this work, is the
time-stepping integration” ' of the voltage equation:
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-10 | 6 10 20 30 40 —;0 FIG. 4. Speed vs time plot during retardation test of the
Time (s) SR motor (including the DC generator).
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where v; is the voltage applied to the phase winding, i; the phase current and R; the phase resis-
tance. The phase voltage is a function of the DC supply voltage and the states of the switches
in the controller. At any instant, the phase-flux linkage ¥ is obtained by integrating eqn (6)
over the previous time step. Now with a known position (8)), the value of (i;) may be found
using the mathematical expression in eqn (5).

Once the value of current and the position of a particular phase is known, the instantaneous
torque due to that particular phase may be found using the stored static torque data, T,; = f(i;,
8)). Adopting a similar process, the torque due to other conducting phases also may be found.
The summation of all the phase torques at any instant gives the instantaneous torque of the
motor. The average torque over an electrical cycle can be obtained by summing and averaging
the instantaneous torque over a period of 60° rotation. Alternatively, average torque may be
computed through coenergy principle.” '

The instantaneous torque, 7, can be used to simulate the mechanical subsystem of the drive

given by the following equation |
d€2

Te-TI:J-d—~+BQ (7)
t

where T is the load torque, J the total inertia of the load and the motor and B the frictional
coetficient of the total mechanical system. Speed is the output of the mechanical subsystem in
the simulation. The same may be used to carry out the simulation with closed loop controllers.
It will be discussed later in detail.

Adopting the above method, the dynamic and steady-state performance of the drive are
studied through simulation. The basic simulation block diagram of the SR motor is shown in
Fig. 5. Simulation is conducted with the following assumptions:

(1) DC bus voltage is considered ripple free.

(ii) Eddy current effects are ignored.

(1) Mutual fluxes are ignored.

(iv) Maximum switching frequency of the converter switches is limited to 10 kHz.

4.2. Control parameter selection

The control of the SR motor is largely divided into two regions: (i) low-speed chopping control
and (ii) high-speed angle control. In the former, the Ton and Topr angles are kept fixed and
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FiG. 6. Controller block diagram with estimator.

torque is controlled by regulating the current through winding. Normally, a hysteresis control
or fixed frequency chopping control is used as current controller. On the other hand, in high-
speed operation, back-emf 1s sufficiently high and chopping control is no longer possible. Thus
the torque is controlled solely by the control of Toyn and Togr angles. The low-speed chopping
control and high-speed angle control are illustrated in Fig. 6. The raw enable signal is the
maximum duration for which a particular phase may be excited. The envelope of raw enable
signal is strictly a function- of speed of the machine. In low-speed chopping control, the phase
current is maintained to its reference value by a hysteresis controller. The switching of a par-
ticular phase is restricted within the envelope of the raw enable signal as illustrated in Fig. 6.
Thus, in this speed range, the Ton and Topr angles are fixed for a given speed but current refer-
ence (/*) is chosen as a function of load. On the other hand, in high-speed angle control mode
the torque ripple is controlled by changing only the Toy angle though the raw enable signal is
chosen as a function of speed. Thus, the major control parameters for the whole speed range
are represented as reference current (/*), turn-on (Toy) and turn-off (Togg) angles. The success-
ful and efficient operation of an SR motor largely depends on the choice of these control pa-
rameters. The basic purpose of simulation is to choose the control parameters and study the
performance of the drive prior to its actual implementation. The system is first simulated in
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FIG. 7. An arbitrary set of Ton and Topr angles for different speeds to obtain rated t_orqué (25.5 Nm) with a peak cur-
rent limit of 18 A. (a) Ton vs speed and (b) Torr vs speed.
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Fi1G. 8. Comparsion of simulation results of (i) phase current, (ii) phase torque, (iii) speed waveform, (iv) instantaneous
and average torque at 150 rpm and full load for two cases, (a) with Ton = 10.5° and Topr = 27.5° and (b) with Toy = 0°
and T()FF =23.15°,

‘open—loop steady-state condition. It is assumed that the motor is running at a predetermined
speed, and the required average torque is obtained by adjusting the Ton, Tors and reference
current I*. It is observed that at any particular speed, the required average torque may be
achieved by several combinations of parameters (Fig. 7). The combination which gives higher
torque per peak current and lower torque ripple is desirable.

4.2.1. Hlustration of torque ripple with different combinations of control parameters

A set of Toy and Topr angles is arbitrarily chosen for different speeds and the rated torque is
obtained with these values when the peak excitation current is limited to 18 A. The torque rip-
ple in Fig. 8a, 9a and 10a is typical of these set of values. On the contrary, with a different set
of the above parameters the torque ripple is reduced, though the average torque and speed are
the same. Phase currents, phase torques, average torques and speeds with reduced torque ripple
and different values of Toy and Topr angles are given in Figs 8b, 9b and 10b. It may be con-
cluded that by adjusting the Toy and Togr angles, it is possible to bring down appreciably the
torque ripple in low and medium speed ranges.
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F1G. 9. Comparsion of simulation results of (i) phase current, (i) phase torque, (iii) speed waveform and (iv) instanta-
neous and average torque at 750 rpm and full load (25.5 Nm) for two cases, (a) with Toy = 5.5° and Tors = 25.5° and
(b) with Toy = 0° and Topr = 21.5°

4.2.2. Final choice of parameters and closed loop simulation

A new set of Tpy and Togr angles is shown in Figs 11a and b. The duration between these is
regarded as the raw enable signal for different speeds. Maximum torque is achieved for various
speeds of the motor when the DC bus voltage is maintained at its rated value by choosing the
Ton and Topr angles as given in Figs 11a and b and with a current reference of 18 A (Fig. 12).
At high speed, the Toy angle is varied with both speéd and demanded torque. Torque produced
for different Toy angles and speed are given in Fig. 13 when the Topr angles are maintained at
the values as given in Fig. 11b. With overload condition, the Tpy angles may be further pushed
towards the negative slope of inductance. For a peak current limit of 27 A (50% more than
rated current, 18 A), torques along with corresponding Ton angles for various speeds are plot-
ted in Fig. 14. Thus the Toy angle is varied with both speed and load. The set of values shown
in Figs 11, 13 and 14 are used for controlling the test motor in the angle control mode up to the
rated speed of the motor. The Typr angle is set as a function of speed (Fig. 11b).
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FiG. 10. Comparsion of simulation results of (i) phase current, (ii) phase torque, (iii) speed waveform, (iv)
instantaneous and average torque at 1500 rpm and full load (25.5 Nm) for two cases, (1) with Toy=-5° and
Torr = 23.75° and (b) with Ton = -5.25° and Tore = 22.5°.

In simulation, the total control regime is divided in two: low-speed chopping control and
high-speed angle control. In the low-speed range (0-900 rpm), the Ton and Topr angles are
functions of speed only as given in Figs 11a and b, respectively. Current is controlled depend
ing upon the demand of load. The torque-to-current function generator in the controller
makes use of the curves in Fig. 12 for this purpose. These function generators are obtained
through simulation and it is shown that current reference is a strong function of torque and it
does not vary much with speed. The current references for intermediate values of speeds are
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FiG. 11. Variation of Tox and Torr angles with speed to obtain maximum torque with a peak current limit of 18 A, (a)
Ton vs speed and (b) Torr vs speed.
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obtained through linear interpolation. A linearised function of current as the square root of
torque is also szhown in Fig. 12 (iv). Obviously, with this linear relationship, the performance
of the drive during transient will be poor compared to what is obtained with function genera-
tors. Thus, in the speed range of 0-900 rpm, the main control is realised through hysteresis
controller and the Ton and Torr angles are obtained from look-up tables given in Figs 11a and
b, respectively.

In the region 900-1500 rpm, current (torque) is controlled only by angle. The Topr angles
for this speed range are the same as given in Fig. 11b. But the Ton angle varies with both speed
and load and the corresponding values for this speed range are plotted in Figs 13 and 14.

Through simulation it is found that for very high-speed operations (2.5-5 pu speed), the
Ton angles may be pushed back to —16° and Togr angle may be advanced up to +14° to obtain
better torque speed characteristics. In this speed range, the Ton angles are linearly varied from
—~16° to —3.75° and the Togr angles from +14° to +22.5°. :

Once these parameters are finalised for all the speed and torque conditions, they are stored
in a look-up table and referred by the controller. The simulation is carried out using these val-
ues for variable speed and load conditions. A PI controller is used for controlling the speed of
the motor. A hysteresis controller with maximum switching frequency limitation of 10 kHz is
used for current controller.

4.2.3. Results

The torque and speed waveforms at different steady-state and transient operating conditions
are presented in Fig. 15. The torque-speed envelope is an important criterion for any electric
drive. Figure 16 gives the torque-speed envelope of the SR motor up to base speed (1 pu). It
may be noticed that up to the base speed, the SR motor is capable of providing rated torque. At
low speeds, with the rated phase currents (18 A for the test motor), the motor is even capable
of producing 30% to 35% more than rated torque. At higher speeds, up to 2.5 times the base
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speed, the motor can be operated in constant power mode. Beyond 2.5 pu speed, power falls
with the speed. The torque- and power-speed envelopes from 1 to 5 pu speed are presented in
Figs 17a and b, respectively.

5. Conclusion

In this paper, modelling and simulation of the SR motor are illustrated. Modelling of the motor
is done from the measured flux-linkage characteristics. The model of the mechanical subsys-
tem is obtained by measuring the frictional coefficient and inertia through no load and retarda-
tion tests, respectively.

Dynamic simulation of the SR motor with the above model is obtained through time-
step integration method. Simulation results of phase current, phase torque, average torque and
speed are presented for various operating conditions. Suitable control parameters like Toy and
Torr angles and current reference I* are obtained from simulation for various operating points.
It is shown that for a particular speed and load, different combination of parameters are possi-
ble. By choosing suitable values for these parameters it is possible to reduce the torque ripple

133 f r ! 7
- =

1.15

Torque (p.u.)

0 02 04 0.6 0.8 I Fa. 16. Torque-speed envelope for less than rated speed
speed (p.u.) (O to I pu speed) with a peak current limit of 18 A.
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FiG. 17(a). Torque- and (b) power-speed envelopes at more than rated speed (1 to 5 pu).

of the SR motor. In this work, the above parameters are selected based on the criterion of
maximising the torque per peak ampere of the SR motor.

The transient performance of the SR motor drive is studied through a closed loop simula-
tion. Speed and torque waveforms during steady state and transient are presented for various
operating points. A PI controller is employed for realising the speed controller. It is observed
that with the given inertia (0.08 kgm?®) and frictional coefficient (0.0065 Nm/rad/s), the drive
using SR motor can reach from zero speed to the rated speed in 1.5 s with a peak current limi-
tation of 18 A.

The torque-speed envelope throughout the operating region is found through simulation. It
is seen that the SR motor is capable of following the characteristics of a DC motor. In addition,
at lower speeds, 30%—35% more than its rated torque can be achieved with the same peak cur-
rent. Besides, it is observed that at 50% more than the rated current, the motor can deliver more
than twice the rated torque.
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