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Abstract

This paper presents a new approach to the automatic control of the
turn-on angle used to excite the switched-rel uctance motor (SRM).
The control algorithm determines the turn-on angle that supports
the most efficient operation of the motor drive system, and consists
of two pieces. Thefirst piece of the control technique monitorsthe
position of thefirst peak of the phase current (¢,,) and seeksto align
this position with the angle where the inductance begins to in-
crease (6,,). The second piece of the controller monitors the peak
phase current and advances the turn-on angle if the commanded
reference current cannot be produced by the controller. The first
piece of the controller tends to be active below base speed of the
SRM, where phase currents can be built easily by the inverter and
6, is relatively independent of ¢,,,. The second piece of the con-
troller is active above base speed, where the peak of the phase
currents tends to naturally occur at 6, regardless of the current
amplitude. The two pieces of the controller naturally exchange re-
sponsibility asaresult of achangein command or operating point.
The motor, inverter and control system are modeled in Simulink to
demonstrate the operation of the system. The control techniqueis
then applied to an experimental SRM system. Experimental oper-
ation documentsthat the technique providesfor efficient operation
of the drive.

1 Introduction

The switched-reluctance motor (SRM) produces torque through
excitation that is synchronized to rotor position. The simplest ex-
citation strategy for the SRM is generally described by three ex-
citation parameters: the turn-on angle 0,,,,, the turn-off angle 6.,
and thereference current 7,.¢. A control algorithm would typically
use the same excitation parameters for each phase, implemented
with the spatial shift consistent with the symmetrically displaced
phase structure. Control of the excitation angles results in either
positive net torque for motoring, or negative net torque for gen-
erating. Basic operation of the SRM is givenin [1, 2, 3] and the

references cited therein.

Efficient operation of the SRM, or any motor drive, is aways
of importance. Inefficiency leads to larger size, increased weight,
and increased energy consumption. In order to maximize SRM
efficiency, we seek to maximize the ratio of the average torque
to RMS phase current, Tayvg/Ipnrms. ThiS ratio captures our in-
tended goal of providing the required mechanical output with the
minimum electrical input. Thisapproachisvalid for both drive ap-
plications that are tolerant of SRM torque ripple and applications
that require extremely smooth torque production, though smooth
torque production may require current shaping that cannot be char-
acterized by the single parameter 1.

This paper presents an automatic excitation angle control ago-
rithm that supports efficient operation of the SRM over its entire
speed region. This approach is an aternative to the self-tuning
approach to optimization of excitation parameters [4, 5] or an ap-
proach based on extensive look-up tables. The algorithm is given
in Sec. 2. The operation of the algorithms s verified through sim-
ulation in Sec. 3. Section 4 provides operational verification on a
1kW experimental SRM drive.

2 TheAlgorithm

The objectives of the agorithm are best explained through con-
sideration of the linear inductance profile for the SRM shown in
Fig. 1. The minimum inductance region is defined by the angular
interval over which the rotor poles do not overlap the stator poles.
The maximum inductance region is defined by the angular inter-
val over which there is complete overlap between the stator and
rotor poles. The regions of increasing and decreasing inductance
correspond to varying overlap between the stator and rotor poles.

For operation asamotor, the SRM phase currents must be present
in the phase winding as the inductance is increasing in the direc-
tion of rotation. For operation as a generator, the SRM phase cur-
rents must be present in the phase winding as the inductance is
decreasing in the direction of rotation. The polarity of current is
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Figure 1: The linear inductance profile of the SRM showing 6, and 6,,,.

immaterial, so we assume that the phase currents are always posi-
tive.

If one wereto examinethe static torque curvefor atypical SRM,
it would be observed that the maximum torque for a given amount
of current occurs as the rotor begins to move out of the mini-
mum inductance position. This observation suggests that maxi-
mum torque per Ampere is produced upon leaving the minimum
inductance position. Iron permeance causes torque production to
fall off as overlap between the stator and rotor polesincreases. In
applications where average torque is of primary importance, it is
important to make the most of the region near the unaligned po-
sition. Because it takes time to build the phase currents, we must
anticipate the arrival of the torque production region. We must,
therefore, turn on the phase windings before the angle marked 6,
in Fig. 1 so that the currentis at I, when the rotor reaches?.,,.

We have modeled our experimental SRM drive to support sim-
ulation studies. The SRM magnetics have been modeled through
finite element analysis to capture the relevant spatial and magnetic
nonlinearities that must be considered for meaningful control de-
sign. For a speed of 1000rpm, I, = 70 A and conduction angle
Ocond = B — Oon = 145°, Fig. 2 shows the motor power output
versusthe place where the peak current occursasé,,,, isvaried. For
the SRM under consideration, ¢,,, = 225° and 6, = 135° (electri-
cal). As shownin Fig. 2, maximum power is produced when the
first peak current occursat 6,,,.

The conventional approach to determining 0, is to work back-

ward from6,,,:
Lmin Ir w

Hon = em - Tcef 3 (l)

where L, is the minimum inductance, V. is the dc bus volt-

age, w is the rotor speed, and I, is the reference current level.

Equation 1 assumes the inductance is constant during the region

[y, 0:]. The inductance can be a function of the phase current,

rotor position and temperature. At low speed this method can give

reasonable performance. For operation over a wide speed range

Eqg. (1) startsto break down asthe phase back emf voltage becomes
more prominent. It is desired to have closed loop control that pro-
vides the turn-on angle making first peak of the phase current at
0., without the need of accurate (nonlinear) motor parametersand
measurement of the dc bus voltage.

The proposed closed loop control algorithm continuously mon-
itors the position of the first peak of the phase current (6,). The
turn-on is advanced or retarded automatically according to the er-
ror between 6, and 6,,,. This piece of the controller successfully
places 6, at 6,,. Above base speed the pesk current naturally tends
to occur near §,,,. At these speeds 6., has little impact on 6,, but
significant impact on the magnitude of the current at 6,,. This phe-
nomena can be observed from Fig. 4. The SRM is simulated at
2500 rpm with three different turn-on angles. For each of the turn-
on angles #,, occurs approximately at the same place with differ-
ent current magnitudes. To reflect this, the algorithm forces the
peak phase current to match the commanded phase current. Feed-
forward control of 4,,, using Eq. (1) is used to speed convergence
to the correct value of 8,,. The control of 6,, is summarized in
Fig. 3.

If the controller isin current regulation mode /,, occurs close to
I ¢ SO the error between I, and I,.; does not have any effect on
the commandfor 6,,,,. Below base speed, the piece of the controller
responsible for keeping 4, at 6, effectively works to achieve the
control objective. At high speed if the controller isin voltage con-
trol mode 6, naturally occurs &t 6,,. The piece of the controller
responsible for forcing I, to track I,.; effectively works to ad-
vance the turn on angle to keep I, close to I,.¢. If the reference
current or the motor speed is reduced drive entersinto current reg-
ulation mode and #,, occurs before 6,,,. The piece of the controller
responsible for forcing 6,, = 6,,, becomes active and brings 6,, to
0., by retarding 0., .
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Figure 2: SRM power output as a function of the location where the current first reaches I .
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Figure 4. Phase currents at 2500 rpm with different turn-on angles.

3 Verification Through Simulation

The algorithm motivated in Sec. 2 was implemented in simulation
to confirm proper operation before being experimentally imple-
mented on the physical system. The SRM to which the simulation
is applied is a 12/8 three-phase SRM designed for a 1kW 42V
automotive application. The base speed of the SRM is 1000rpm
for an average torque of 10Nm. The aligned phase inductance is
3.77mH; the unaligned phase inductance is 0.32mH. The SRM
magnetics are model ed analytically based on finite element data as
in[6].

Figure 5 shows the operation of the automatic controller for 6,
for operation of the SRM at 1000rpm with a commanded peak
phase current of 70 A. The controller driveschangesin,,, in order
toforced, = 6,, and I, = I,¢. At this speed the driveis able to
produce the reference current easily and I, is naturally close to
I.o¢ Without any control effort. 0, isheavily adjusted by the piece
of the control that triesto force 6, = ¢,,,. Aswe observe the motor
torque productionin Fig. 5 average torque production increases as
6, approaches ¢,,. The conduction angle 6.4 IS Maintained at
145° (electrical) for all operating conditions.

Figure 6 shows the adjustment of the turn on angle at 2500 rpm.
6, iscloseto 6,, throughout operation. The controller objective of
keeping 6,, close to §,,, is naturally achieved. The other objective
to produce the desired I,..¢ is achieved through the control.

Figure 7 shows the transient performance of the controller at
2500rpm. The reference current is reduced from 50A to 30A at

0.05s. The piece of the control responsiblefor forcing I, = I,ef iS
incapabl e of sufficiently reducing the advance angle, so the current
regul ator becomes active. Excessive advance angle does not cause
I,, to begreater than I...; because the current regulator preventsthe
phase current from being greater than 7,.¢. But because 6,, occurs
earlier than 6., the piece of the controller that is responsible for
forcing 6, = 6, provides effort to reduce the advance angle to the
correct value.

4 Experimental Results

The performance of the controller is experimentally verified with
a 12/8 three-phase SRM designed for a 1kW 42V automotive ap-
plication. The control algorithm of Sec. 2 isimplemented using an
Analog Devices ADMCA401 digital signal processor. The SRM is
coupled to an induction motor, which acts as a constant speed me-
chanical load through an adjustable speed drive. A shaft encoder
provides direct, quadrature and index pulses to the quadrature en-
coder pulse unit of the DSP. A 42V battery is used throughout the
tests to provide dc power to the inverter. Figure 8 shows a block
diagram of the experimental setup for the tests.

Experimental tests are performed at a variety of operating points
to show the effectiveness of the controller. Figure 9 shows the
drive performance at 1000rpm for a 20 A reference current with
and without the closed loop angle controller. The analytically cal-
culated advance angle does not find the advance angle accurately
to make 6, = 6,,,. The closed loop angle controller on the other
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Figure 5: The automatic adjustment of 6, used to drive §,, to 6,,, at 1000rpm for a 70 A reference current.
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Figure 6: The automatic adjustment of 6,,, used to drive §,, to ,,, at 2500rpm for a50 A reference current.
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Figure 9: The performance of the experimental system with and without closed loop controller at 1000 rpm for a 20 A reference current.

hand produces the necessary advance angle to make 6, = 6,,.
Figure 10 shows a similar test for a 70 A reference current. Again
performance of the drive is much better with the closed loop angle
controller.

InFig. 10, 6., = 168° for closed loop operationand 6, = 195°
for open loop operation based only on the feedforward value of
0. predicted by Eq. 1. The corresponding system efficiencies are
59.1% and 58.8%, respectively. More importantly, the torques are
9.22Nm and 8.04 Nm, respectively. Thesmall dropin efficiency is
not surprising given the broad efficiency optimum exhibited by the
SRM. The electromechanical performance, however, drops sub-
stantially. In fact, the closed loop controller needs to command
only 61.7 A of phase current to provide 8.04 Nm of torque, yield-
ing an increased system efficiency of 62.7%.

Figure 11 shows the effectiveness of the controller at high speed.
Theclosed loop controller effectively worksto makeboth 6, = 6,
and I, = I & reference currents of 30A and 50A. The last
graphin Fig. 11 shows the drive response without closed |oop con-
trol. The drive without the closed loop control only produces 30 A
in response to the reference of 50A. It is worth noting that peak
currents are occurring around the same rotor position irrespective
of the turn on angle and peak current level. The 50 A peak current
is produced with 6,,, = 137°; the 30A peak current is produced
with 0,,, = 169°. While the change in system efficiency for these
two operating pointsis small (77.7% versus 77%), thereis a sub-
stantial changein electromechanical performance. The torque for
the 50A reference is 3.22Nm and the torque for the 30A refer-
ence is 1.64Nm. This again suggests that closed loop control of

6., Substantially improves drive performance.

5 Summary

A new agorithm for the automatic control of 8., has been de-
veloped. The new approach provides for automatic turn-on angle
adjustment without the need for motor parameters or self-tuning
techniques. The algorithm monitors the peak phase current and
where the peak current occurs. It places the position of the first
peak of phase current at ,,, in order to maximize the torque per
Ampere produced by the SRM. The controller also ensures that
the peak phase current is equal to the reference current. The motor,
inverter and control system are modelled in Simulink to demon-
strate the operation of the system. The control technique was then
applied to an experimental system. Both simulation and experi-
mental results show that the new control technique provides effi-
cient motor operation with easy implementation and without the
need for motor parameters and load conditions.
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