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Abstract

The Switched Reluctance Motor (SRM) inherits a simple and reliable structure with an economical
manufacturing cost. The DC power output supplies the unipolar converter to control the pulses sent to
SRM. Thus, the velocity and torque are controllable for various velocity commands, and the SRM is
gaining more and more applications on high torque requirement field with constant power. This paper
proposes a DSP based hybrid sensor for switched reluctance motor with easy implementation. The
current transducer is used to monitor the energized current and proximity sensors for rotor salient. The
signals are then fed back to DSP. This design will improve the performance of SRM to operate more
smoothly.
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1. Introduction

The recent surge of interest in switched reluctance motor (SRM) has started due to the demand for
variable speed drives in consumer and industrial products, such as washing machine, fans, motorbike and
automobile. To save energy and our planet, the fossil-fuel engine pollution causes greenhouse gases to
warm the atmosphere. The emerging motor driver applications for variable speed drives need to be
extensively developed. Why SRM? Demanding higher reliability and an equivalent performance to the
dc and induction motor drives are very cost sensitive. The SRM drive system is very promising to meet
such demands in a cost effective fashion, hence the activities in this field will grow up.

SRM is designed for efficient power conversion for high speed applications. It inherits low
manufacturing cost and rugged structure, and the SRM has been considered to be brushless at a low cost
with equivalent performance to compare with AC motor drives. The earliest recorded SRM was the one
built by Davidson in Scotland in 1838 and was used to propel a locomotive on the Glasgow-Edinburgh
railway near Falkirk [1]. Since mid-1960s, these developments have given SRM a fresh start and raised
its performance to level competitive with AC, DC and brushless DC drives [2].

SRM has a significant torque ripple because of the double salient structure. There were many researches
proposed on issues of the modified salient pole shape profile and the specific design for motor phase
number, flux path and air gap parameters to achieve the efficiency and smoothness improvement [1-3].
In general, the converter efficiency is tradeoff between the controller improvement and driver cost. A
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simple and robust controller for ease practical applications is the most challenge task [3].

The SRM geometry of rotor and stator has non-linear and time-varying characteristics. Several
optimizing efficiency strategy is proposed to estimate the parameter and linearity the SRM model [3]. To
reduce the rotor sensor cost, the sensorless algorithm was proposed as observer of flux-linkage and phase
current. And also, the modulation frequency technique was considered [4, 5]. This paper proposed a
digital signal processor (DSP) based hybrid sensor for switched reluctance motor. The algorithm is easy
to be implemented. It uses the current transducer to monitor energized current and the proximity sensors
apply to sense the rotor salient. They cooperate to feed back the signal to the DSP. This feature will
improve the SRM at various speeds with smoothly spin performance.

2. Dynamic model of a SRM
SRM dynamic model’s equations are derivative in this section. These equations govern the velocity
estimation and torque output in the closed-loop control algorithm.

2.1 Equivalent circuit of a SRM

A single phase equivalent circuit is shown in Figure 1, where suffix x means phase a, b, and ¢ and
assume the same phase winding of stator to be serial into a resistance and inductance.
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Figure 1. Single phase equivalent circuit
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The phase voltage equation of SRM can be expressed in the form of
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where A,. A,. A, are flux linkage of phase a, b and c, respectively
ﬂ“a:?a'Laa+?b'Lba+?c'Lca 4)
ﬂ“b :Ia'Lab+|b'Lbb+|c'ch (5)
ﬁ“czla'Lac+|b'Lbc+lc'Lcc (6)

are stator winding resistance,

a C

where: V,, V,. V, are stator winding phase voltage, R,. R,. R

.. ib .l are stator winding phase current, L, X,y=a, b,c : X = self-inductance of the phase
X # Y mutual-inductance of the phase
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2.2 Torque equation

The torque is produced in the SRM by the radial and tangential flux density components interaction. The
electromagnetic torque of the SRM is a nonlinear function of the stator current and rotor position 8.

The equations illustrate above will be utilized to establish the SRM output torque estimation model; the
assumption nonlinearly magnetic operation and certainly the nonlinear effect are taken into account.
Multiplying (1) to (3) by the current result in input power, given by

. dA,
X X X X X dt

. .2
where: VX 1, : input power, 1, - Rx : winding resistive losses (Ohmic losses), i, -

(7

X

" : filed energy

The last term of equation (7) is filed energy to be express as

A, _dw, dw,
“dt dt dt

where: d\(/ij is instantaneous mechanical power,
t dt

i (8)

" is instantaneous magnetic field power.

Mechanical power equation can be expressed in a more conventional way multiplying torque with rotor
speed, as follows:

dw do
m_T .o =T —=
dt e a)m e dt (9)

where: Te is electromagnetic torque, @, is rotor speed.

Substituting (9) into (8) gives

dA, do dw,

i - =T . —2
*odt ¢ dt+ dt (10)

The torque is obtain by the equation

di, AW, (0.4

T.(0,4,) =1,(0,4,)— 11
e X X X d H de ( )
Assuming constant flux gives general expression of the torque by one phase,
=- 12
where W, is stored field energy,
j'X -
W, = |7 (6,4)d 2, (13)

At any position, the co-energy is the area below the magnetization curve as in Figure 2. In here, co-
energy and stored filed energy chart is shown.
Definite integral as
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iX . -
W, =I0 Ay (6,1)diy (14)
where W _ is co-energy at constant current and the rotor moving through an infinitesimal displacement.

The energy conversion is illustrated by the co-energy trajectory. The W . area represents the energy

converted into mechanical energy. W ; returns the energy to the power supply rails.

Magnetization curve

Flux Linkage

- 7

7 Current

Figure 2. Co-energy W, and stored field energy W,
The co-energy and stored field energy are given by
W, +W, =i -4, (15)
Differential result as
dW, +dW, =4, -di, +1i, -d4, (16)

Substituting dW, of the equation (16) into (11), delivers:

T _ A4 —[A,di +i,d 2, —dW,(0.i)]
e de

(17)

As the current increases, the torque increases, too. At low current scope, the torque is roughly
proportional to the current squared. At higher currents, it becomes nearly linear. At very high current
scope, the flux saturation decreases the torque per ampere. Figure 3 show general torque / speed
characteristic of a SRM.
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Figure 3. General torque / speed characteristic of a SRM
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3. Implementation of DSP-based SRM drive system

A Texas Instruments (TI) TMS320F240 DSP is used as the controller to drive the SRM system. The
prototype system is formed by five subsystems. These subsystems are power MOSFET gate driver,
inverter, closed-loop current transducer circuit, closed-loop proximity circuit and command interface
circuit. The DSP -based SRM drive system scheme is shown in Figure 4.

3.1 Closed - loop current transducer circuit

Current transducer is a non-contact to measure the current device. The transducer is winding over the
wire carrying the current to be measured, and the transducer secondary wires are connected with the
voltage coupler to obtain the voltage, and feedback to DSP ADC converter. Figure 5 is shown the closed-

loop current transducer circuit.
This paper uses three sets of current transducer for three phase current measurement. The feedback to
ADC converter can be obtained as

Vout = Iphase ) Nl ) KN VR (18)
where: V_,, is closed-loop current transducer output voltage, N, is the winding numbers on current

transducer, K is conversion ratio, .. is phase winding current, VR is measuring resistance.
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Figure 4. The system configuration of a SRM drive system
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Figure 5. Closed-loop current transducer circuit

3.2 Closed - loop proximity sensor circuit

The sensing device generates one pulse per pass of an actuating target within its sensing field. No direct
contact with the target material is necessary. Each sensor is entirely solid state with no moving parts to
wear out. This provides for long life with little or no maintenance requirement [6-10].

In this paper, three sets of capacitive proximity sensors are used for SRM operation with rotor position to
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feedback to the DSP for communication. The sensors location is illustrated with Figure 6. The rotor
salient of the present is to provide proximity sensors employing impulse waves. For low cost SRM drives,
proximate position sensors have been use to sense rotor salient directly.

Base on the proximate sensors feedback, DSP assigns which phase winding should be energized in an
optimal control to achieve smoothly, continuous torque and high efficiency rotation. Furthermore, the
position angle between two proximity sensors signals is estimated in the software program.

o
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(@) (b)

Figure 6. (a) proximity sensor in the stator configuration, and (b) accomplish picture

The Table 1 illustrates the truth value of energizing to the stator winding of phase A, B, C when S, Sy ,

S, proximity sensor status results rotate direction. The stator winding is energized every 15 rotor

mechanical degrees, and the transition state during the 15-degree angle is also shown for clarification.
Figure 7 illustrates the relationship between the energizing stator winding pole A and rotor salient
position. The proceeding of salient pole 1 through stator A winding can be seen in this Figure. An
increasing stator current results in enhancing SRM mechanical power output, but the enhancement of
mechanical energy is not uniform for all of the operating. Particularly in the saturated region, it should be
avoided the align area operation.

Table 1. The truth table of A, B, C proximity sensor status

Rotor mechanical Sy Sy S, Energized phase  Energized phase

degree (Clockwise) (Counterclockwise)
0~7.5 0 1 0 B C
7.5~15 1 1 0 A B
15~22.5 1 0 0 A B
22.5~30 1 0 1 C A
30~37.5 0 0 1 C A
37.5~45 0 1 1 B C

3.3 Command interface circuit

For convenient operation, the command interface is accessible for full range of commands. It is an
implement for switching the SRM to assign rotation direction and obtain velocity command. The circuit
is shown in Figure 8, it consists of a variable resistor (VR), voltage follower and two switches.

One of the switches is enabling the SRM controller; the other assigns rotate direction command. The VR
and voltage follower regulate analog DC voltage from 0 to 5 volt. This signal is converted by the DSP
ADC converter to a digital value between 0 to 1023; this corresponds to a SRM velocity command from
0 to 3000 rpm. Each digit has a step of around 3 rpm. Especially for user interested in changing the speed
during operation, the command interface is very useful to input new velocity commands to the DSP.
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Figure 7. Idealized inductance profile vs. rotor salient position
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Figure 8. Command interface circuit

4. Design of control system

The operation of SRM winding is activated only one phase at a cycle time. DSP is required in the
presence of current constraint with closed-loop PWM. The overall DSP based control system is
illustrated in Figure 9.

DSP BASED
torque current
speed | s st current controller I
command I PI pase | % Pl 5 | >l .
ol = | cLITTEDE controller-b PWM inverterfp=p» SRM
I = select = |
velocity torque to
| current
controller current ADC S ;?:(l]r

veloci osition | s position
" e b proximity [€—

estimator estimator l

Figure 9. The SRM control system block diagram
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4.1 Software structure

4.1.1 Main program

The main program initializes for the counters, flags, interrupts and the event manager. The event manager
initialization respectively configures the timer units, ADC converter, input/output ports and the PWM
Compare Units in the continuous counting mode. It generates the fixed-frequency carrier PWM to
compare with velocity command to control phase current. The subprogram consists of several algorithms
for the SRM control and operation, they are elaborated in following Figure 10.

Main program

= Initialization for DSP

DSP setup

Event manager initialization
SRM Algorithm initialization
Enable Inturrups

.

Sub-program

Velocity commend input
Velocity estimation
Position Estimation
Current control
Commutation

Yelocity control

LI B T

@ & 8 & @

Figure 10. Overview of the SRM control program

4.1.2 Hybrid sensors communication and phase current algorithm

Three proximate sensors infer the rotor salient position to decide which phase should be energized; the
truth table is shown in Table 1. For motoring operation, the pulses of phase current must coincide with a
period of increasing inductance. Figurell represents the effect of energizing phase winding while a pair
of rotor poles is approaching to align with the stator poles. If it separates from alignment position at next
cycle, the proximity sensors change status and feedback to the ADC converter at the same time.

. Reference for G
L . i *
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;/, for fea /’/ .

Figure 11. Turn-on and turn-off angles of SRM

The switching feature is to ensure that the phase winding current reaches its reference value at the
desired instantaneous of inductance rise, then brought again to zero when inductance reaches its
maximum. Due to the delay in current rise and fall on account of winding inductance, the switching must
be opened at a turn-on angle and must similarly be closed at a turn-off angle as in Figure 12.
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Figure 12. The switching turn-on and turn-off timing vs. the salient position

The rise and fall angles are incorporated with the rotor position information. These switching angles are
variable and depend on the rotation speed and desired current command in the phase windings of the
SRM. To improve the performance of SRM drives, several approaches had been proposed and focused
on the inductance measurement related issues [11-14]. Figure 13 illustrated the concept of computing to
obtain proper switching timing.

@wrginze plhase selectOD

ADC value from Rea-time
current feedback - PWM off
adcifb_result = adcifb_now - adcifb_last;

adcifb_result < 1999
And phase_change == 0

adcifb_now ==
Hphase_change ==

Energinze the same phase J
l J Setting to next phasa‘

adcifb_result > 2000
or phase_change ==

Yes

Figure 13. Block diagram of the energize phase selector

The current transducer and proximity sensor feedback base on energized phase current and instantaneous
rotor position to compare the current gradient. Once the current gradient reduces under a specific value
and the stator and rotor salient are achieving alignment position at the same phase, then the energize
phase selector should off the PWM or force to energize next phase. The strength of the proposed method
is no to increase the equipment cost and achieve the goal with a simple algorithm to decide the timing of
phase change.

4.1.3 Velocity estimation

The rotor position is sensed by proximity sensor which generates a pulse train. The pulse train estimates
the speed by a digital algorithm. It counts the plus times in 100 millisecond timeframe. The timeline of
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velocity estimator algorithm is shown in Figure 14.

Figure 14. The timeline of velocity estimator algorithm

In case of three phases 12/8 pole SRM, it has 48 times pulse train per one revolution. Base on the
equation (19), the resolution of proximity sensor is 48 plus per revolve.

NS

o, = K. x
Ts (19)

where: T, is Sampling time, N, is The proximity sensor pulse train during sampling time.

However, the algorithm occupies one pulse deviation, in theory, it may exist a £12.5 rpm tolerance. The
expression can be written as:

+1(pulse) x 41—8(rev/ pulse) x 01—1(1 /sec)x 60 ==+12.5rpm (20)

The SRM rotor salient position must be linkup to DSP controller. Once the rotor rotates more than 15
mechanical degrees, the proximity sensors sense the rotor position has changed and input new position
into DSP ADC converter for decoding. The information is applied to estimate the velocity as illustrated
in the Figure 15. The velocity estimation is executed during the timer ISR notify a new position
measurement has been received.

| Velocity estimator

1 Energinze phase selector

Catch proximity frequency
during sampling time

.

Yes

—*Phase_change=1

Rotor rotate =15 degree
or
Motor stop

End

Phase_change=0

| v

Figure 15. The velocity estimator algorithm
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The energize phase selector algorithm is different between the motor starting and running. Figure 16
represents the case when the SRM start, the controller infers a phase has been energized by the proximity
sensor status. However, the rotor may be align or opposite rotation direction might achieved, so the DSP
should communicate with the velocity estimator to confirm the SRM start as expected.

After the SRM started, the velocity estimator calculates the rotor rotation speed. If the electrical angle is
within assigned range, the DSP ADC converter catches the feedback by current transducer to survey the
duty cycle for the next energization. The phase selector for running is illustrated in the Figure 17.

Ghase selector for startinD

Rotor position Yes
{SRM-position_state ==

SRM-ast position_state)?

Salient aligned,
energized
next phase

r

No Energinze
the same phase

End Real-time
current feedback

Figure 16. The phase selector for SRM starting
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@se selector for runn@ l

J Catch ADC value from Real-time

current feedback
& determine PWM Duty cycle

Using Velocity estimator to
Calculate electric angle

J yes
__,| Duty cycle = 1023

yes

30 degree=<

electrical angle
<120 degree no
no l Energized A/B/C
PWM off
End

Figure 17. The phase selector for SRM running
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4.2 Current controller

The TMS320F240 accomplishes compare units and output logic to regulate fixed-frequency
programmable PWM signals with varying duty cycles. The percentage of duty cycle command is
calculated by the closed-loop feedback of current transducer. The voltage reference subtracts from PWM
carrier to modulate the duty cycle of the output. The result of the current and voltage PWM regulator
trend to retain almost the same shape of waveform at a wide speed range.

The current feedback is required. The torque increases when the current is increasing. Once the current is
low, the torque is roughly proportional to the current squared. But at high currents, it becomes more
nearly linear. At very high currents, the flux saturation decreases the torque per ampere again. The
current feedback program flow is proposed in Figure 18.

Real-time
current feedback

Phase A/B/C energize |,

No

Chedk ADC buffe

value valid Energinze phase selector

Yes

Catch ADC value

e

Figure 18. The real-time current feedback flowchart

The torque command is obtained using the torque constant multiplied by the current command, the
torque constant is formed from the linearity inductance vs. rotor position characteristics in a particular
value of current. Each phase current is individually regulated using a fixed-frequency PWM inverter.

Often, the proportional plus integral (PI) controller is used for a simple control law to achieve a stable

performance. The current transducer value is subtracted from the current command to obtain Aix , then
multiply by the constant of proportion. The result is the proportion error. The accumulation integration
error | _Aix obtained by the former | _Aix plus the proportion error Al,. The sum of both values

determines the duty ratio of PWM switching current for each windings. The output of the current
controller is the current command. It inputs to the PWM to generate the three-phase current to provide a
smooth operation of the SRM.

4.3 Velocity controller and high speed protection

The speed command is obtained from the command interface circuit. The velocity controller is activated
when receiving the speed error. The design of the velocity controller is a simple PI as the equation (21)

u(t) = K, -e(t) + K, -Iote(t)dt @1)

The velocity estimator feedbacks the velocity error by a closed-loop manner to compare the desired
velocity command with current velocity. It also accumulates the integral error. The PI controller
compensates the velocity error to achieve the steady-state velocity and outputs a signal to the speed error
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command. PI controller also limits the torque command of the energize phase selector to prevent over
loading.

The velocity controller also provides a smooth and soft operation of the SRM, and the velocity commend
can be modify by the VR of commend interface circuit anytime. In order to protect the component to be
damaged by switching to opposite rotation at high velocity, the protection function is developed in the
control system. To avoid increasing any hardware cost, the implementation is embedded in the velocity
controller. Figure 19 shows the algorithm of the high speed protection for opposite operation.

Once the SRM running, the velocity estimator informs the direction and rotation speed to the DSP. If the
velocity is less than a specific safety range, the SRM accepts the opposite rotate command and proceeds
to rotate. In case the velocity is higher than the safety range, the DSP shuts down the PWM immediately
and idles for the error reset [15-17].

Protection for opposite order
at high speed

h

1o
Check the rotation crder change?

SRM starting and running

b,

110
elocity estimator . .
> 5007 p.m. PWM off & program idle ‘ SRM running
Set the rotor dorection and active the -
Protection for opposite order
at high speed algorithm End

Figure 19. High speed protection for opposite operation

5. Experimental results

The SRM is controlled by high-speed and real-time DSP controller, it is operated with current transducer
and proximity sensors. In order to achieve a higher dynamic performance, the system controls the torque
current and the speed, dealing with highly nonlinear characteristics.

The velocity is the first characteristic to be surveyed in the overall controller performance. The current
waveform is in relation with the performance of the torque; two current diagrams will be shown in the
result, one from the oscilloscope and the other from a current transducer. This signal is feed backed to the
DSP. The object to be controlled in the experiment is Emerson part number HSSPWBKB-1833 three
phase 12/8 pole SRM. The specifications are listed in Table 2.

Table 2. Emerson HSSPWBKB-1833 three phase 12/8pols SRM specification

Phase 3

Stator poles 12

Rotor poles 8

Stator winding resistor 2.2Q
Maximum inductance of the stator winding 28.525mH
Minimum inductance of the stator winding 6.553mH
Rate capacity 120V, 2.5A
Rate velocity 1500rpm
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5.1 Peak phase current algorithm

The experimental scheme is proposed for hybrid sensor feature with current and velocity control strategy
to change the energized phase at the specific salient alignment position by the peak phase current as
shown in Figure 20(a) and (b).

1>

_,
-

4 1
L5 L i 50 i P P i R i L A L e L

(b)

Figure 20. The peak phase current algorithm (a) the phase A current transducer and gate driver signal,
and (b) the phase A and phase B current transducer

5.2 Variable speed control result

In this part, the system implementation is illustrated to a given velocity command by command interface
board at clockwise rotation 1500, 2000 rpm and anti-clockwise denote -1500 and -2000 rpm velocity
command and current response.

Figure 21(a) and (b) shows the velocity and current response of 1500 rpm velocity command, Figure
21(c) is the phase A current transducer and gate driver signal. Figure 22(a) and (b) show the velocity and
current response of 2000 rpm velocity command, Figure 22(c) is the phase A current transducer and gate
driver signal. Figure 23(a) and (b) show the velocity and current response of -1500 rpm velocity
command. Figure 24 (a) and (b) show the velocity and current response of -2000 rpm velocity command.
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Figure 21. The velocity command 1500 rpm (a) the velocity response, (b) current response, and (c) phase
A current transducer and gate driver signal

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2010 International Energy & Environment Foundation. All rights reserved.



856 International Journal of Energy and Environment (IJEE), Volume 1, Issue 5, 2010, pp.841-860

2000 mpm velocity response
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Figure 22. The velocity command 2000 rpm (a) the velocity response, (b) current response, and (c) phase
A current transducer and gate driver signal.
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Figure 23. The velocity command -1500 rpm (a) the velocity response, and (b) current response
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Figure 24. The velocity command -2000 rpm (a) the velocity response, and (b) current response

5.3 Operate protection

The protection function is demonstrated in case of the opposite rotate command at the current velocity is
higher than the safety range. Here, the safety range is set at 500 rpm. The velocity and current response
are shown in Figure 25(a), (b).
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Figure 25. The protect function when rotation higher than 500 rpm (a) velocity response, and (b) current

response
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6. Conclusion

The SRM is a robust, reliable and almost maintenance free device for variable speed application. The
DSP-based hybrid sensor controller performed as expected with variable speed response and minimum
torque ripple, resulting on a reduced speed oscillation which is suitable to be used in industries and
transporter applications. The controller produced moderate performance at a wide speed response
without complicated calculation.

Both of SRM characteristics set, flux/current/position and torque/current/position, are nonlinear. This is
required for SRM drives with motion sensors. In principle, the SRM apparently is less attractive for
servo applications. However, the motor simplicity and ruggedness is suitable for variable speed
applications.
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