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Abstract

The SRM drive operates over the entire speed range and provides low torque ripple with smooth
transition between the control operations. The low torque ripple is achieved by controlling the firing
angles through simple formulas so as to minimize the pulsations of the total current in the commutation
region. The smooth transition is attained since the conditions that determine the firing angles of one
operating mode are derived from the conditions of the other operating mode. This is important since the
position precision is highly influenced from the motor torque ripple. The problem of high-precision
position control in switched reluctance motor (SRM) drives is investigated in this paper. Advanced
proportional—integral and Fuzzy proportional—differential controllers for speed and position controls,
respectively are adopted. A gain-scheduling technique is adopted in the speed controller design for
providing high dynamic performance and precise position control. The SRM drive is modeled in Simulink
environment and several simulation results are presented to validate the feasibility of the proposed
control scheme.
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LINTRODUCTION

The last years and several papers have been published introducing the Switched Reluctance
Machines (SRMs) as a strong-candidate. The SRM can operate as a motor as well as a generator by
adjusting the firing angles . At low speeds, the torque is limited by the current which is controlled either
by voltage PWM or current regulation (PWM mode). At high speeds, the available voltage is insufficient
to regulate the current and the torque is controlled by the duration of the current pulses (single pulse
mode). Although the SRMs have some very attractive characteristics, their acceptance by the industry for
variable speed applications is very slow. The torque ripple remains a serious problem for servo drive
applications. Significant effort has been made over the past decades to overcome this problem by
improving the magnetic design of the machine or by introducing sophisticated control techniques.

In recent years, SRMs have attracted renewed interest due to the tendency to shift from the
complex design and precise manufacturing to the highly effective and more sophisticated control. The
improvement in control algorithms and techniques can extract good performance from a simple SRM
drive and result in increasing the penetration of the SRM drives in highly demanding applications [4].
This can give new trends in motor drive applications and open new horizons in the existing field of
advanced motor drive engineering.

The present technical literature seldom targets to developments the SRM for high-precision
position control applications. In [4]—[8], the problem of rotor position sensing has been investigated, and
several sensorless control techniques for speed control operation have been proposed. A micro step
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control strategy realized with a fuzzy-Hogic-based controller was proposed in [9]. However, the position
precision is limited to a predefined step angle. A position control system was presented in [10], but only
response characteristics of the position controller in slow ramp-shape command position were
examined. Basic fourquadrant sensorless configurations for SRM drives have been described in [11]
and [12].

The development of linear motion actuator systems for position control applications was
presented in [12] and [14]. A self-tuning regulator for obtaining high-precision position control of a
linear SRM drive was proposed in [15]. A position control system with a 2-D planar SRM was described
in [3]. The control of SRMs requires proper synchronization of rotor position with the pulses of phase
currents. Multiphase switching is mandatory for both minimizing the torque ripple and delivering high
and quickly responsive torque performance. The large stroke angle is an obstacle if high-precision
position control is desired. However, a proper control strategy that is based on adaptation of the
controller parameters could compensate this drawback. The proportional-integral—differential (PID)
control offers the simplest and efficient solution that is needed for an automatic control system with
SRM. The designing and tuning of a PID controller are rather intuitive, but the introduction of some
advanced control techniques could result to an SRM control system that satisfies the control objectives
of stability with short and smooth transient response.

A new four-quadrant multimode SRM control scheme is proposed that provides low torque
ripple and smooth transition between the control operations with the average torque control method. The
controller on-line determines the optimal turn-on and turn-off angles for all operating modes through
simple formulas that could serve as optimal conditions. The suggested controller is simple and can be
easily implemented since the knowledge of the machine magnetization curves is not required. Several
simulation results from a SRM drive model developed in Simulink environment are presented to
validate the theoretical considerations.

II.SRM OPERATING PRINCIPLES

The SRM has a highly nonlinear characteristic due to its nonlinear flux behaviour. The voltage
equation for each phase j is given by

uj =Rjij+ (dAi(i, 8)) /dt —(a)
and the rate of change of the flux linkage, at constant speed, is

d}‘i'- a'}\-l.' df El:»\f L d:
—_—m— — + i = . —L — .
2 o oa T oe Or = LAE) G +ej(b)

where Lj(i, 0) = dAj/01 is the incremental inductance (slope of the magnetization curve at the
position 0), ei is the back electromotive force (EMF), uj is the applied voltage, ij is the phase current, Ri is
the winding resistance per phase, Aj is the phase flux linkage, and 0 is the mechanical angle [a].

The instantaneous electromagnetic torque produced by each phase is given from the partial
derivative of the phase co-energy and is defined by

dWej(i.g
T)1.6) = % where iz constant ---(c)

Where
T L
Wei= J.u ~ j(e, ) whereis B1is constant ----- (d)

The total instantaneous electromagnetic torque is given by the sum of the individual phase torques

Te =271, Ti(1,6) (e)
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where m is the number of SRM phases [e].

The electromagnetic torque of an SRM can be described by the nonlinear torque—current—angle
(T—i—0) data. The magnetic nonlinearities of the machine can be taken into account through the
appropriate modeling of the nonlinear flux—current-angle (A\—i—0) characteristics. The machine model
consists of lookup tables, with the flux linkage A (i, ©) and the static torque Te(i, 8) expressed as
functions of current level i and rotor position 0 .

ITII. DEFINING THE TURN-ON AND TURN-OFF ANGLE CONDITIONS FOR SMOOTH
TORQUE CONTROL

The torque pulsations in a SRM are due to the discrete nature of torque production mechanism.
The SRM stator phases are independently controlled and the total torque is the sum of the torques
generated by each of the phases. Torque pulsations are stronger at the commutation intervals because the
two adjacent phases produce additive torques. Therefore, it is possible to minimize the torque ripple by
controlling the turn-on and turn-off angles, so that the sum of all phase currents provides a smooth total
current waveform.
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Fig. 1. Typical SRM drive waveforms in motoring and generating operation: (a) PWM soft chopping
current control and (b) single pulse control.

A.Motoring Operation

In PWM current-controlled motoring operation, the turn-on angle is selected so that the phase
current acquires its reference value irefontheangle &, (67=4.,) at which the stator and rotor poles start
to overlap and the inductance start rising [8]. This allows the phase current to increase up to its reference
value while the inductance is still low and there is no back-emf that would oppose the current increase. If
winding resistance and fringing effect are ignored, the turn-on angle is determined by

ennM =elu *e 01M = &.L?J - Lui:?ﬂ.r (1)
dr i1

Fig. 2(a) illustrates the fluxdinkage and current profiles of two neighboring phases in PWM
motoring operation. For providing smooth current transfer between adjacent phases, the firing angles
are controlled so that the s interval is equal to the half of the defluxing period 824

J‘"’
E;‘rf — Hﬂ 2
o1 > (2

Substituting (2) in (1), the turn-on angle condition becomes

M

M __—gd
655 = b1 — )

Since the peak fluxdinkage at the turn-off angle is given by

M
= Yactid
i ()
and the flux-dinkage at the angle 1u [Jis
M Ve aéw
H"L‘..' = -
W (5)
itis obtained
Ay 65
WM T A M
Az Om (6)
From (2) and (6) itis concluded
M
AM — ';I'_‘:

|: ?Jl
Therefore, the turn-on angle of the incoming phase 2 should coincide with the turn-off angle of the

outgoing phase 1 and consequently, the dwell period is equal to the stroke angle (8=g_, ) Thus, the turn—
off angle for smooth torque PWM motoring operation is determined by

eoffM = eonM +esk (8

At high speeds, the SRM turns to single pulse mode because the motor back-emf is larger than
the dcink voltage and there is no control over the phase current. Then, the torque is controlled by
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varying the firing angles of a single current pulse, Fig. 2(b).

In order to provide smooth current transfer between adjacent phases, condition 2) holds for
single pulse control and turn-on angle is determined by (3), as for the PWM control. Taking into account
that in single-pulse mode the dwell period is almost equal to the defluxing period)

(@M=g2 y  the turnoffangle is obtained by

eoﬁ"M :eunM +682M (9)
Note that, due to (2). condition (7) is also valid for single pulse mode. However, the fluxdinkage in the

intersection angle 6  is greater than the half of the peak flux linkage, 2.2, and therefore higher
torque rippleis expected compared to PWM mode at which A'=3%=22 2
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Fig. 2. Typical SRM waveforms in motoring operation considering
the overlapping flux-linkage and current profiles of two neighboring
phases: (a) PWM soft chopping control and (b) single pulse control.

B. Generating Operation

Fig. 3(a) illustrates the fluxdinkage and current waveforms of two neighboring phases in PWM
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generating operation. During the sg interval, the stored field energy is returned to the dcdink and if it
exploits the unaligned region, the stored field energy is released without extracting mechanical energy
from the prime mover. Therefore, the turn-off angle is selected at the rotor position that stator and rotor
pole corners complete overlap

Bfff = '31:: (10

As in motoring operation, torque ripple is minimized by providing smooth current transfer between
adjacent phases. Therefore, the g€ nterval should be equal to the half of the dwell period 65 .

Hr_‘.‘ — ﬂsr;i
w2 (12)
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Fig. 3. Typical SRM waveforms in generating operation considering the overlapping fluxdinkage
and current profiles of two neighboring phases: (a) PWM soft chopping control and (b) single pulse
control

From Fig. 3(a) and using (10) and (11), the turn-on angle condition for providing smooth torque
in PWM generating operation is defined by
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00n% =01 — @k +(0u1° /2)) (18)
Using (12),the 85 angle at which current reaches its reference value i refis given by
0,
85 =85, +65 =8, — (6,4 — T} 10
From (10)and (11)1itis concluded that
AS
A== -
2 {20}
V.65
ilg - deHed
Wr {21)
.-:‘LG - Vdcﬁfi
d = " o o
Wr (22)

As in motoring operation, condition (11) of PWM control holds for single pulse, too. From Fig.
3(b) and taking into account that g% =85, , itis concluded that the turn-on and turn-off angle conditions,
respectively, for single pulse generating operation are given by

3
EE?! = Elilr_.a - E Escl

Br;
& G ' gl
B5rr = B6a+ 65 =6, —— o

As in motoring operation, the flux-linkage in the intersection angle 6° is greater than the half of the
peak flux linkage, ,A°>452 and therefore, higher torque ripple is expected compared to PWM mode at
Whic}li?al}ﬂfﬂ :

IV.DESIGNAND IMPLEMENTATION OF THE CONTROLSYSTEM

The feedback system with the speed and position controllers is shown in Fig. 4. The transfer
function Gp(s) represents the SRM and the power converter. In the speed PI controller, an anti windup
protection is used in order to avoid low-frequency oscillations that may lead to instability. This is
realized by applying inner negative feedback to the integral action of the controller.

The Simi link diagram of the SRM drive that is used in simulations is shown in Fig. 5. The same
controller model, in combination with the I/O interface blocks provided by the board supporting
software, was used for programming the DSP controller board. Fig. 6(a) and (b) shows the Simu link
diagrams of the advanced speed and fuzzy position controllers of the SRM drive, respectively. The block
“Firing angles” determines

Position PD controller Speed PI controller
------------------------------------- Jmm e e e,
o; | ey R =1 + T @ 6,
O+ - N, - rp LN Y
+ “J’ : I LPFI + Af'f’ jc | + 1 Ri'“ f i Gﬂ(‘\‘) Ky =
: o Speed | - | + Current ;
: 7 Limiter : w, : ++ Limiter }
6| LPF : | P
b o e AR ! ! +
! N
L

Fig. 4. Model configuration of the advanced speed and position controllers.
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SRM Drive with Self-Tuning Regulators for Position Control
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Fig. 5. Simulink diagram of the SRM drive with advanced speed PI and position PD
controllers.

the command turn-on and turn-off angles, i.e., 8* on and 6* . ]respectively, through the conditions
presented in Section III.The block “Switch pulses” generates the control pulses for the SRM power
converter switches. In the low-speed region, the phase current is regulated by a hysteresis-band PWM
control technique.

The block “Speed PI” determines the reference phase current i through the speed error (o * r—
or). The gains KI and K, of the PI controller are online adapted. The lookup table T(i, 0) was determined
by means of offline experiments of the SRM drive.

Fig6.a.Speed PI Control
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Fig6.b. Fuzzy PD control
V.SIMULATION RESULTS

A fourphase 1-hp 8/6 SRM drive was used to validate the developed position control system.
The parameters of the motor are reported in Table I. The controller board DS 104 of dSPACE was used
for the implementation of the experimental system. Fig. 7 shows the variation of torque ripple factor as
defined by

Kiip = S (2)

avyg

where T, and T, are the minimum and maximum instantaneous torques, respectively, for each

given SRM speed, while Tavg is the average torque. Fig. 7(a) corresponds to a PWM operation, while
Fig. 7(b) corresponds to a single-pulse peration. All points noted by asterisk correspond to operating
points obtained with the firing angle conditions of Section III. It can be seen that, in these points,
minimum torque ripple is achieved.

Output power 1-hp at 4,000 rpm (motoring operation)
Inertia 0.0004 Kg'm?

m =4 B, =23’

N,/N,= 8/6 B.=23.4"

8,,,= 2n/N,=60" R,;=13Q

L,=5277mH L,=9.1mH
TABLE 1

FOUR-PHASE 1-hp 8/6 SRM
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——T,=05Nm —8-T,k=1Nm
—4T,=1.5Nm —6—T,=2Nm

Torque ripple factor k;,
o

l i
0,5
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O T T T
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Turn-off angle 0, [mechanical degrees] A
(a) Aligned
position
1.8
——71,=05Nm —8-T,~1Nm
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8 1,21
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S N
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L 0.8 1
R
=
B 067
S
= 0.4 4
0.2 1
®,=2,500 rpm
0 T T T
10° 159 20° 259 30°
Turn-off angle 6, [mechanical degrees]
(b) Aligned
position

Fig. 7. Variation of torque ripple factor, as defined in (29), for various speeds and load torque
values, in a four-phase 1-hp 8/6 SRMdrive. (a) PWMoperation. (b) Single-pulse operation.
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Figure9. Current graph when it turns from motoring to braking operation
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Figure 10. Speed graph
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Figure 13. Current in breaking operation

VI.CONCLUSION

The four-quadrant control scheme is based on the average torque control method, and it is
capable for maintaining the torque ripple at an acceptable level over a wide speed range. Advanced PI
control and Fuzzy PD control have been presented in this paper. The parameters of the speed PI
controller are online adjusted according to the load torque and rotor speed. A smooth transition between
PWM and single pulse modes is provided, since the firing angle conditions are continuous functions at
the points where the SRM operation mode is changed. The four-quadrant control scheme is based on the
average torque control method, and it is capable for maintaining the torque ripple at an acceptable level
over a wide speed range. Thus, it provides quick response and high-precision position control of the
SRM drive The proposed controller is easily implemented and does not require the knowledge of the
SRM magnetization curves. Several simulation results are presented to validate the feasibility of the
proposed control scheme.
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