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Intelligent Tuning of Commutation for Maximum
Torque Capabillity of a Switched Reluctance Motor

K. l. Hwu and C. M. Liaw Member, IEEE

Abstract—Since the winding current and inductance profiles of  pgn Developed power ofith phase winding.

a switched reluctance motor (SRM) are far from ideal, its torque (.. Q,, Phase-delayed signal and its complementary.
generating characteristics are quite ambiguous and difficult to op- Stator phase-winding resistance.

timize quantitatively. In this paper, the intelligent commutation

tuning control to improve the torque generating performance of R Load reSISt:?mce. )

an SRM is presented. First, the effect of the commutation instant fsw Turn-on resistance of the CMOS switch.

on the torque characteristics of a singly excited SRM is observed. R, Variable resistance used in the timing network
Then accordingly, an intelligent method of commutation tuning is of SN74121.

developed to improve the torque generating capability. In making Ry, Ry

- L . . Resistances to represent par R
the tuning, the minimization of the motor drawn line current is P partraf

employed as a performance index to equivalently yield maximum S1 ~ Sy, Switches used in the lower and upper parts of
torque per ampere (TPA). Finally, the circuit implementation of 11 ~ T4 converter legs.

the developed tuning scheme is carried out. The appropriate com- 1y, nth phase winding developed torque

mutation makes the motor draw minimum currentunder any load 77, Total developed torque.

condition. It follows that the motor conversion efficiency is also im- Ty

proved. In addition, owing to the increased torque generating capa- Load torque.

bility, the tracking and regulation speed control performances are Vsaw Amplitude 0fvq.,.
also improved. Some experimental results are provided to demon- Ve Control voltage.
strate the effectiveness of the proposed control scheme. Vsaw Sawtooth voltage.
Index Terms—Commutation control, current minimization, effi- ~ An(in, 0r) nth phase flux linkage.
ciency maximization, switched reluctance motor. 0, Oons Dwell angle, turn-on angle, and turn-off angle.
Oory
0. Rotor angular position.
NOMENCLATURE Wr, Wi, Rotor angular speed and its command.

B, Damping ratio and inertia moment. T Turn-on period of commutation timing signal.
d = PWM duty ratio. 1 = R,C Delay time interval.
Ve Veaw T=T—7 Advancing duration.
en(in,0r) Phase-winding back electromotive force.  (-)(n) Value of (-) atnth sampling interval.
Gew(s) = Speed feedback controller. A(Y) Small change of-).
kpw +
kiw/s I. INTRODUCTION
G.i(s) = Current feedback controller. .
kpi + kii/s N ADDITION to some structural advantages, the switched
H,(s) Phase closed-loop current-tracking transfe reluctance motor (SRM) also possesses remarkable features

function. in its converter such as [1]: simple circuit configuration,
I Current command magnitude. freedom from shoot-through fault, and ease of switching
inyden Phase-winding current and its command. ~ control. However, the SRM suffers from some disadvantages
K Proportional gain employed to adjust controfnd until now, a lot of research has been done to improve

sensitivity. its operating performance. This includes converter circuit
Ky Torque generating function. improvement [3],[4]; dc-link voltage boosting [5], [6], ad-
L., L, Aligned and unaligned position inductances. vancing commutation [7]-[16] in current switching control;
L (in, 0y) Phase-winding incremental inductance. motor design; acoustic noise reduction; small-signal dynamic
Py~ P, Switching signals decopuled from Hall sensofodeling; and sophisticated speed control methods.

outputs. Physically, the torque generating characteristics of the SRM

depend heavily on whether the phase current is in accordance
. . o Y]vith the inductance variation feature. Hence, the actual phase
Manuscript received September 5, 2000; revised November 13, 2001. This . . . .
research was supported by the National Science Council of R.O.C. under G%H{ren.t_proﬂle pIaY_S an important role in the torque producmg
NSC 89-2213-E-007-072. capability and basically there are three tunable variables: 1)
The authors are with the Department of Electrical Engineering, Na-rrent waveform: 2) turn-on anga%m; and 3) turn-off angle
tional Tsing Hua University, Hsinchu, Taiwan, R.O.C. (e-mail: cm- . .
liaw@ee.nthu.edu.tw). 8o7¢. And the performance indices usually used for making

Digital Object Identifier 10.1109/TEC.2002.808406 performance evaluation are conversion efficiency, torque ripple,
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Fig. 1. System configuration of the experimental SRM drive.

or torque per ampere (TPA). During the past years, seveigtics of a singly excited SRM is observed intuitively. Subse-
researches in switching control have been made, for exammlaently, an intelligent commutation tuning approach is devel-
the control of acquiring maximum motor drive efficiency [7];0ped to optimize the torque producing capability. Intuitively,
the torque ripple minimization [8], [9]; and the current wavethe larger torque the motor is generated, the less the current
forms generated for maximum torque per root-mean-squasedrawn. Therefore, in performing the tuning, the minimiza-
(rms) ampere [10]. As to the studies in the commutaticion of winding current command, and hence, motor drawn line
instant tuning, some online self-tuning algorithms have beenrrent is employed as a performance index. Finally, the cir-
presented, including,,, altered andl, ¢ fixed [12], [15], or cuit implementation of the proposed tuning scheme is made
0on fixed andf,s; altered [12]-{16]. Most of them focus onto stably achieve the desired control performance. The devel-
the tuning control of the multiply-excited SRM but few onoped intuitive searching control algorithm is simple, no motor
the singly excited SRM. The self-tuning method developedodel and parameters are required. Moreover, the simulation
in [12] uses a steady-state speed-dependent algorithm to adted measured data are also not necessary for developing the
turn-on angle for minimizing the dc-link power. The measuregroposed searching control algorithm. The appropriate commu-
results indicated that the searching convergent speed is slation made by the proposed approach can let the motor drawn
As to the self-tuning technique presented in [13], a simptirrent be minimum under any load condition. And accordingly,
algorithm along with a lookup table is used to optimize the TPthe speed dynamic responses are also improved. The control
with additional computer simulation proving its existence angerformances are insensitive to the variations of system oper-
uniqueness. Concerning the optimization of the TPA made &tion conditions and parameters. Effectiveness of the proposed
[14] and [15], the artificial neural networks (ANNS) are appliedtrategy is verified by some experimental results.
to perform the online self-tuning of turn-on or turn-off angle.
However, a lot of simulated or measured data are required for
training and establishing the NNs. And as to the self-tuning
controller in [16], online identification is used for adjusting the The configuration of the proposed SRM drive is shown in
turn-off angle to minimize the torque ripple. Fig. 1. It consists of an SRM with an encoder (EC) and a Hall-ef-
It is known that the torque generating characteristic of dactsensor (HS), a converter circuit, a proportional-plus-integral
SRM drive is significantly affected by the inductance and cu(Pl) speed controlle®.., (s), a phase winding current command
rent profiles and it is very difficult to directly control since thegenerator, four Pl winding current controlle®;(s), a PWM
torque information is normally not directly available. Thus irsignal generator, the proposed current minimizing tuner and in-
this paper, the improvement of torque generating performariedigent commutation signal generator, and a permanent dc gen-
of the SRM via intelligent tuning is studied. Initially, the ef-erator having variable load resistangg. The generator is me-
fect of commutation instant variation on the torque characteshanically coupled on to the motor to serve as its dynamic load.

Il. CONFIGURATION OF THEPROPOSEDSRM DRIVE
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As to the current commands of the winding current controllers
their commutation instants are first roughly set according to thi copeed
sensed rotor position information, then they are adjusted by th "+ ©
current minimizing tuner to achieve the desired performance.
The SRM employed in this experimental drive system is man
ufactured by the TASC Drives Ltd., U.K., and it is 8/6 poles,
four-phase, 4.4 kW, 1500 r/min.
Suppose the SRM s singly excited and the hysteresis o? 2. Control system block diagram of the SRM drive.
magnetic circuit is neglected, the terminal voltage of phase 1
winding is given by

i

I1l. PROPOSEDTUNING SCHEME

A\ (ir,6,) A. Intuitive Analysis and Problem Statement

v =Rix + di It is obvious from the above observations that the electro-

) oM (i1,0,) diy 9N (i1, 0,) db, magnetic (EM) torque generating behavior, which is a nonlinear

=Ry + T 9, dt 0, I function of motor parameters and current, is quite chaotic.

. . it ‘ For the convenience of developing the proposed self-tuning

SRiy + Ly (i1, 0r) — + ke (i1,600) approach, the effect of commutation instant variation on the

A diy torque generating characteristics of an SRM is observed intu-
=Ri1 + Ly (i1,0,) — + €1 (i1,0,) Q) i i

Riy + Ly (41, at 1 (21, itively. For ease of analyzing the developed torque generated

according to winding inductance profiles and winding current

where v; is the terminal voltage;R is the phase-winding : X
waveforms, the following assumptions are made

resistancef,. = is the rotor angular positiony,, = df,./dt =

is the rotor angular spee@) (i1, 0, )/di; = Li(iy,0,) = is ) the SRM is singly excited;
the phase-winding incremental inductange; (i, §,.)/96, = ii) the phase inductance is independent of current level and
ki(i1,6,) = is the coefficient of equivalent back emf represented by a trapezoid as a function of position,
e1(iy, 0,) = ki(ir, 6, )w, = equivalent back emf. in which L, and L,, denote the winding inductance at
The developed power and torque generated by phase 1 aligned and unaligned positions, respectively;
winding can be found as iii) the phase current waveform is approximately expressed
, _ , . by a trapezoid.
P (1) =e1 (i1, 0,) in = ky (i1, 0,) weia (2)  Onthe bases of (i) and (ii), the developed torque can be calcu-
and lated by using the following formula with the mutual inductance
Ty _Par _ ke (i1, 0,) i1 ©) being neglected:
" 4
Similar terminal voltage and generated torque equations for Z % (5)

other three phase windings can also be derived. Then one can

obtain the following torque equation: )
g q a The developed torque for the assumed current profiles

without commutation advancing is sketched in Fig. 3(a). One
df- 4 can find that due to the nonideal current response, the resultant

torque is no longer ripple free and with a less average value. In
whereT. is the sum of the torque developed by all phases witfyht of this, the turn-on and turn-off angles are shifted forward
mutual inductance effect neglectdd; is the load torque; and  as shown in Fig. 3(b). This causes both the average torque and
and’B denote the total moment of inertia and the damping ratifipple torque to be increased. However, the excessive advance
respectively. of the commutation instant may lead to the decrease of average

Observations: torque.

i) Equation (1) implies that the winding excitation current In actual operations, the torque generated by an SRM is more
tracking response is remarkably affected by the inducemplicated and difficult to handle, as described in Section II.
tance and the back emf, which both dependent on thdis is attributed to the following facts: 1) the winding induc-
position/speed and the excitation current level. At highéance is also a nonlinear function of current level and it is bell
speed, the back emf will be a dominant factor. shaped rather than the trapezoid shown in Fig. 3(a) and (b); and

ii) Equations (3) and (4) indicate that the transfer functio) the waveform of winding current is considerably affected by
block diagram drawn in Fig. 2 can be used to repreghe variations of the motor inductance and the back emf.
sent the dynamic behavior of the SRM drive shown in Proposed Control MethodologyThe conceptual block
Fig. 1,whereH,,(s)(n = 1 ~ 4) denotes the closed-loopdiagram for explaining the proposed tuning control method-
current tracking transfer function. But due to the exisslogy is drawn in Fig. 3(c), wherein the typical PWM
tence of the nonlinear inductance and back effif(s) switching-controlled winding current waveforms without and
is far from ideal (e, H,(s) = 1). The higher the rotor with commutation advancing are also sketched. Similar to the
speed is, the more the current response deviates frolvservations made in Fig. 3(a) and (b), one can also find that
ideal. The nonlinear feature of the torque generatifgpth the average and ripple torque characteristics are much
functionk; of each phase can be known from (1). affected by the change of commutation instant. For many

T. = ZTM =T} + Buw,

1=1
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Fig. 3. (a) Developed torque without commutation advancing; (b) developed torque with commutation advancing; (c) conceptual block diagramifay expl
the proposed tuning control methodology.

applications where their mechanical time constants are not tad later. According to the circuit shown in Fig. 4(a), thth
small, the torque ripple is less important. And intuitively, thenodified commutation timing signal; can be obtained by
larger average torque the motor is generated, the less the current L B o
will be drawn for a particular load. Therefore, in the proposed Si =(Qi-1 N PN Piy1 NPi2) UQi=1~4
tuning control scheme, the turn-on and turn-off angles are if ; —1 =0, theni — 1= 4
adjusted with the motor draw.n line current minimization being ;. | S40ori+2> 4, theni+12i—3or
employed as a performance index. , AL

1+2=i—2 (6)

B. Proposed Intelligent Commutation Signal Generator ~ Wheren andU denote the ANDed and the ORed processes,
respectively. For example, if= 4, then

Fig. 4 shows the configuration of the proposed intelligent According to (6), the resulted modified and original commu-
commutation signal generating scheme and its typical waugtion signals are sketched in Fig. 5. The results in Fig. 5 indicate
forms are sketched in Fig. 5, which are used to explain tligat the modified commutation timing signa#(i = 1 ~ 4)
detailed procedure for generating the advancing commutatiead the original one®;(i = 1 ~ 4) by a durationr,, which
timing signals. In Figs. 4(a) and 5, the original commutatiogan be adjusted via the changerpfaccording to the following
timing signalsP’;, P, P3, andP; are decoupled from two-phaserelationship:
position sensor signal$é and B and the delayed signalg; (i =
1 ~ 4) are yielded through the TTL IGN74121. The delay n=17—-7,71 = R,C (7)
time 7, is determined by the variable resistangg, which is
varied using pulse-width-modulation (PWM) control techniquesherer; is the delay time interval determined B\N74121,R,,
based on the proposed tuning algorithm. The PWM controlleshd C' are the timing network c6N74 121, and- denotes the
scheme for yielding variable resistance will be introduced in datrn-on period of the commutation timing signal. This corre-
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(b Before the development of the proposed self-tuning control

o 4 Confiaurati i 4 el , ~approach to decide the intelligent commutation of the singly
g hguratn of lne proposed nelgert, commtaton S9%kxcited SRM drive, Some experimental observations are made.
controlled timing network to control the delay time of the monostabld N€ operating conditions are described as follows: 1) dc-link
multivibrator. voltageV,. is set to 300 V; 2) speed commaaf is chosen to

be 5.16 V (1500 r/min); and the motor speed is regulated to be
sponds to that the turn-on andlg, is advanced by an angle ofconstantusing a Pl controlléX,,, (s) = kpw+kiw/s With k., =

Tw, and the dwell angle is equal & = Tw,.. 10 andk;,, = 30; 3) the PI current controllef.;(s) = k,; +
o k;i/s hask,; = 75 andk;; = 10000; and 4) the load resistance
C. PWM-Controlled Timing Network of the dc generataR;, = 88 (2. As to the advancing duratien,

A PWM-controlled timing network to control the delay timeit is varied from 0.3 to 1.2 ms in steps of 0.15 ms. The measured
of the monostable multivibrator integrated circuit ()74 121  current commandé. for different values of advancing duration
is shown in Fig. 4(b). Through PWM control, the total variabléz are listed in Table | and plotted in Fig. 6. The results show
resistanceR, can be represented as that there exists a minimum point, which allows the self-tuning

control to be possible to achieve.
By = Rotd(Ba//Bow)+ (1= d) & Bo+(1=d)f1 (8) ¢ Proposed Self-Tuning Mechanism
whereR,,, denotes the turn-on resistance of the switch which 1) Dynamic Signal AnalysisFrom Figs. 4, 5, and the pre-
is implemented herein using the CMOS @D4066 . It is rea- ceding descriptions, it is obvious that tuning the control voltage
sonably assumed th&,., < R; in the choice ofk;. The duty e In the PWM scheme can vary the advancing duratigrand
ratio of the PWM scheme can be found tobe: vc/Vsaw with thus, minimum drawn line current is obtained. In order to de-
R L being the control voltage and the amplitude of thgelop a stable and efficient tuning algorithm, the dynamic signal
sawtooth voltage,..,, respectively. And then, the delay timednalysis is first made to observe the relationship between the
interval; of the SN74 121 can be expressed as changes ob. and!.. Define
AT.(n) élc(n) —I.(n—1)
current command change at the

T = R7,C ~ |:(1 — ch >R1 +R2:| C (9)

saw
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Current command 7, (4)

Fig. 6. Measured current commands for different

duration.
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Dynamic signal analysis of the proposed control approach, (a) to (d):

The possible dynamic phenomena gfdue to the change of,,

Advancing duration Current command
72 (ms) I.(4)
TABLE 1l
0.30 4.38 PROPOSEDLINGUISTIC TUNING CONTROL ALGORITHM FOR A v, (n + 1)
0.45 4.02
0.60 3.99 A ve(n)
0.75 4.08 A L(n) + -
0.90 4.32
1.05 4.48 + + +
1.20 4.78 Mode 2 Mode 4
_ + -
nth sampling interval Mode 1 Mode 3

Ave(n) 2v.(n) — ve(n — 1)
control voltage change at the

nth sampling interval. 2) Implementation of Tuning Mechanism&ccording to

the above intuitive analysis, the linguistic tuning algorithms
for Av.(n + 1) described before are tabulated in Table Il and

are sketched in Figs. 7(a)—7(d), which are described as followgcordingly, the tuning control law is proposed as

a)

b)

¢) Mode 3: As illustrated in Fig. 7(c)Av.(n) < 0 and

d)

Mode 1: As shown in Fig. 7(a)Av.(n) > 0 and

AI(n) < 0 at thenth sampling interval, which implies ve(n + 1) =ve(n) + Ave(n + 1) (10)
that I, is approaching to the minimum valdg. Hence, Ave(n+1) = — KAv.(n)Sign (Al.(n))  (11)
Av.(n+ 1) at the next sampling interval must be positive , A [1:AI(n)>0

to makel,. continuously decrease. Sign (Ale(n)) = { —1:AL(n) <0 12)

Mode 2: As shown in Fig. 7(b)Av.(n) > 0 and

Al.(n) > 0 at thenth sampling interval, which indicateswhere Sign(AI.(n)) is a sign function to obtain the direction
that I, is departing from/*. Thus, at the next sampling of the current command change/.(n) and K is a propor-
interval, Av.(n + 1) must be negative to redudg, thus tional gain employed to adjust the control sensitivity. The im-
forcing I.. to approach td* in the opposite direction.  plementation of the proposed tuning control scheme is shown
in Fig. 8. The discrete variables.(n) and I.(n) are yielded
Al.(n) < 0 at thenth sample interval, which indicatesfrom the continuous ones through the sample and Hldi() IC
that . is approachindg. Therefore Av.(n + 1), at the LF398. After determining the updated control voltagén + 1)

next sampling interval, must be negative to mé@keon- according to the tuning law from (10)—(12), the new control
tinuously decrease. voltagev.(t) is obtained through a low-pass filter. The sam-
Mode 4: As depicted in Fig. 7(d)Av.(n) < 0 and pling frequency ofS/H is chosen to be 10 Hz and the corner
AT.(n) > 0 at thenth sampling interval, which shows frequency of the low-pass filter is chosen s = 5 Hz. In
thatl. is departing fromi’*. ConsequentlyAv.(n+1) at the PWM scheme, the frequency and amplitude of the sawtooth
the next sampling interval must be positive, thus forcinggave are set to be 60 kHz aftlyw ~ 3.5V, respectively. The

1. to move tol¥ in the opposite direction. circuit components of the IC SN74121 shown in Fig. 4(b) are
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Fig. 10. Measured results before and after applying the proposed tuning
scheme under the load resistatte = 57 {2 at 1500 r/min: (a) control voltage
v, and current commang ; (b) steady-state phase-winding currents.

i tuning. Now letw,, = 1500 r/min andR; = 57 (2, the mea-

Beff’re > sured results similar to those of Figs. 9(a) and 9(b) are plotted
t“(;’;"g in Figs. 10(a) and 10(b). In this case, the dc-link curteptis
decreased from 4.18 A before tuning to 3.65 A after tuning. Itis
obvious from the results shown in Figs. 9 and 10 that the current
i commands are reduced by applying the proposed commutation
After = tuning control approach.
t”g;"g In general, for a motor running at a constant speed with a

I given load, this decrease in required current implies that the
) — torque generating capability is increased. Accordingly, to fur-
s ther test the motor torque generating characteristics using the
Fig. 9. Measured traces before and after applying the proposed scheme urgene speed controller, Figs. 11(a) and 11(b) show the measured
the load resistanc®,, = oo Q at 1500 r/min: (a) control voltage. and current  speeds due to speed command change of 100 r/min when the
command’.; (b) steady-state phase-winding currents. motor is running at 1400 r/min anft, = 57 Q, before and
after tuning. Figs. 12(a) and 12(b) show the measured speeds
chosento bé?; = 7.2kQ, R, = 0.35 kQ andC = 1 uF. The due to the step load change fraffy, = 57 2 to 342 at 1400

proportional gain of the tuning scheme is set taibe- 6. r/min, before and after tuning. The results shown in Figs. 11 and
12 indicate that by employing the proposed tuning approach, the
V. EXPERIMENTAL RESULTS speed tracking response becomes faster and the speed regulation

. . . . sponse is also improved in the smaller dip and faster restora-

.HaV|r'19 made the design and |rnplem(_entat|0n of the SR n. This is mainly due to the increased torque generating ca-
drive with the proposed commutation tuning scheme Shownﬁﬁbility of the SRM
rm '

Figs. 1, 4, and 8, some measured results are provided to con
the effectiveness of the proposed control method. Let the motor
be stably regulated at 1500 r/min using the controller and system
parameters set in Section lll. Fig. 9(a) shows the measured conThe intelligent commutation tuning to yield improved torque
trol signalv. and current commantl before and after the tuning generating capability of an SRM has been presented. Initially,
under the load resistand®;, = oo). The measured dc-link the effect of commutation instant change on the torque gener-
currentsl,. are 1.43 and 1.31 A before and after tuning, respeating characteristics of the SRM is observed. Then accordingly,
tively. Under the same conditions as above, Fig. 9(b) shows tle intelligent commutation tuning approach is developed to in-
measured phase-winding currents before and after finishing ttrease the torque generating capability. In the proposed tuning

V. CONCLUSIONS



120 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 18, NO. 1, MARCH 2003

ably upgraded. Besides, the tracking and regulation speed re-
sponses are also improved.
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