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A Novel Sliding-Mode Observer for Indirect Position
Sensing of Switched Reluctance Motor Drives

Y. J. Zhan,Student Member, IEEEC. C. ChanFellow, IEEE and K. T. ChauMember, IEEE

Abstract—A switched reluctance motor (SRM) drive generally observer theory has been employed to estimate the rotor posi-
requires a rotor position sensor for commutation and current tion angle of SRM drives by using the measured phase voltages
control. However, the use of this position sensor increases both and currents [1], [7], [9]. However, this linear observer has

cost and size of the motor drive and causes limitations for lected th i ity d t fi turati d
industrial applications. In this paper, a novel indirect position neglecte € noniinearity due 1o magnetc saturation an

sensing technique, namely, the sliding-mode observer, is proposedSPeed perturbation, and suffers from high sensitivity at low
for SRM drives. The corresponding design approach and operat- speeds due to the large feedback gain corresponding to a fixed
ing performance are provided to illustrate the fast convergence pole assignment. As a result, the performance of this observer
anq high robustness of the observer against disturbances and may not be fast enough for transient operation. Moreover
variations. :
an accurate knowledge of both motor and load parameters is
Index Terms—Observers, position measurement, reluctance desired when using this observer.

motor drives, variable-structure systems. In this paper, a novel position sliding-mode observer for
SRM drives is proposed in which magnetic saturation, load
I. INTRODUCTION disturbances, parameter variations, and model errors have

G ENERALLY, a switched reluctance motor (SRM) drivebeen taken into account. Disturbance rejection capability and

: o o optimum convergence rate of initial estimation errors are
requires an external or built-in rotor position sensor oo S :
uantitatively analyzed. This sliding-mode observer aims to

for commutation and current control. The position sensogf_rer the advantages of inherent robustness of parameter

however, not only adds complexity, cost, and size to t.huencertainty and easy application to SRM drives. Due to the

whole drive system, but also causes limitation for mdustnralse of state reconstruction, this technique avoids the need

applications. Thus, in order to eliminate this physical posmo(r)1f added diagnostic circuitry and the generation of negative

sensor, a number of indirect position sensing techniques have . . L
been proposed for SRM drives in recent years [1]-[9], Etlorque. With the proposed technique, a sliding-mode observer

I~ . : . del can successfully estimate the rotor position based on
The proposed indirect position sensing techniques for S .
. o : e measured motor voltages and the difference between the
drives can be classified into two major methods. One Q

them is the so-called waveform detection method. Since tﬁ%t'mated and measured motor currents.
unsaturated phase inductance of an SRM varies significantly

between the aligned and unaligned positions of the stator Il. MODELING OF SRM DRIVES
and rotor poles, this method is based on the measuremengy definingV = [V;,---,V,]" as the vector of terminal
of inductance variation in one of the unenergized phases, #ase voltagesi = [iy,---,4,]? as the vector of terminal
reported in [2], [6] and [8]. Although this sensorless operatigphase currentsy = [1)1,---,1,]% as the vector of flux
can eliminate the position sensor, it suffers from the followinghkages, H(6) = diag[H1(6), -, H.(6)] as the matrix of
drawbacks: phase reciprocal inductances, ane- diag[ry,---,7,] as the
» generation of negative torque due to the use of a diagratrix of phase resistances, the system dynamics of SRM
nostic pulse [6]; drives can be modeled as
« limited resolution at high speeds due to the time delay - AU
caused by the previous diagnostic phase [2]; P —-tHOV +V +w,
e added complexity d-ue to the diagnostic circuitry. - do T.—T, B B T
Another key method is based on the fact that the terminal P Y i + T + Wy,
voltage and current of an SRM drive contain the necessary 46 @
information to recast the rotor position. Thus, the Luenberger Y + we
i=H(V
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To Torque vs Rotor Position TABLE |
80 rque(Nm)[ . i . SYSTEM PARAMETERS OF SRM DRIVE.
; Power 4 kW

Phase 3
Stator poles 12
Rotor poles 8
DC voltage 240V
Rated current 40 A
Rated torque 12.8 Nm
Stator resistance 03Q
Reciprocal inductance (1437+1134cos0) H™!
Viscous friction coefficient 0.0012 Nms?

c are similarly expanded. Hence, the output equation becomes
(4), as shown at the bottom of the page, where

H,(6,) 0 0
: i i i _ _ T
5 10 15 20 25 Ho = 0 Hyb) 0 » €=1(C, G, )

Rotor Position(Deg) 0 0 Hb(eo)
and
Fig. 1. Nonlinear characteristics of SRM. .
—1134sin 6,14,
Do = | —1134sin(6, — 120°)4)p,

electromagnetic torque, and; is the load torque. Due to —1134sin(6, + 120°)tpe,
magnetic saturatior], in (1) depends on both andd. The
corresponding nonlinear characteristics are shown in Fig.
which are obtained by using finite-element analysis during
machine design. Moreover, the matnix = (wy,, w,,,ws)?
consists of the model errors due to load disturbances and
parameter variations. Althougl; has been considered ad?- Sliding-Mode Observer and System Error Dynamics

a known value or even zero [7], this assumption may be The sliding-mode observer theory [10] can be applied to the
invalid because of the fact that the load torque does exislitput equation given by (4). Thus, the sliding-mode observer
and can hardly be measured precisely under inevitable spge@onstructed as

perturbations. Therefore, in this paper, the load tor@ués (1
treated as an external disturbance. T

%!’e constant matrices.

Ill. SLIDING-MODE OBSERVER OFSRM DRIVES

Based on the system experimental parameters of a typical i T B X
three-phase 12/8-pole SRM drive shown in Table |, the recip- i 7€ - 7&; + K, sgn(i—1i)

rocal inductance of phase can be modeled by a nonlinear

()

equation as given by : fl_f =&+ Kpsgn(i— i)
H,(6) = 1437 4 1134 cos 6 + 412 cos(26). (2) i=HOT

Thus, the output current of phagecan be expanded into a
Taylor series at an equilibrium point,, as shown in (3), at where” denotes the corresponding estimated value. In (5),
the bottom of the page. The output currents of phdsasd the innovation terms are due to the error of the estimated

. [ OHu(O)pa OHo(B)fe OHu(O)00 OHa(6)b OH.(0)Ye )
lg = Ha(9)z/)a ~ a’(/}a s 81/)1, a"(/)c ; W ’ 90 :| xzxo(x Xo)
— [Ha(6,),0,0,0, —1134sin(6, Ybao]x + Ca 3)

; . C
o\ | H.6,) 0 0 0 —1134 i 6otfa0 o
iz [ 4 ) =| He) sin 69 x+|C | =(Ho 0 Do) (¥ w )T+C
i 0 Hy(6,) 0 0 i —1134sin(6, — 120°)y, C.
0 0  H.6,) : 0 : —1134sin(6, + 120°)t.,
=MHo 0 Dg)x+C (4)
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Substituting (1) and (5) into the derivatives of (6)—(8), the

7 rowm ,\m 7 S error dynamics can be obtained as
CONVERTER ~ A d
e
FAN d_tw =-r-e +Kysgne, — wy (10)
deg B 1 .
% = —7% + j(Te —T.)+ K, sgne;, —w, (11)
IGBT r
DRIVER Voltage Current d
¢ Sensors Sensors % =cs + Kosgne; + wp. (12)
D B. Determination of Switching Gairl,, and Ky
5 To guarantee the system sliding mode, the sliding surface
MCGEHCIS |45 Sliding Mode on the state outputand its derivatives are defined as

«—— Observer

s=i—i=(H, 0 DH¥ -0V &—w 6-67T
Fig. 2. System configuration of SRM drive.

= Hoew + Dgey (13)

§ = Hoéy + Doce. (14)
Hence, the sufficient condition of the sliding mode is expressed
as
sT .5

= (Hoew + Co@g)T(Hoéuy + Coég)
=e HyHoé, + coCi Hoey, + e H Coés + e CF Coéy
<0. (15)

Inequality (15) constrains the trajectories pointing toward the
surfaces, and is referred to as ttgtiding-mode conditionThe

idea behind this condition is to choose a well-behaved function
of the tracking erros ,and then determine the switching gains
K,, K., and K, to keeps = 0 ands = 0 despite the
presence of model imprecision and disturbances. Thus, this
sliding observer possesses intriguing properties in the presence
of measurement noise, as well as predictably robust properties
and measured output currents multiplied by the switching the presence of model errors.

gains K, K., and Ky. It should be noted thaK, = SinceH, > 0 and the sign ofD, depends omin(f), the
diag(ky ky ky) is @ matrix, whereas boti,, = k(1 1 1) sliding-mode condition given by (15) can be further expressed
and Ky = kg(1 1 1) are the row vector gains. All of them 55

are the essential parameters for ensuring the sliding mode of

Fig. 3. Sliding-mode observer configuration.

the observer. As shown in (5), the estimated electromagnetic equ'éw' <0 (16)
torqueTe is calculated by using the measured phase curients eoty < 0. (17)
the estimated rotor positioh and the nonlinear characteristics

given by Fig. 1. Substitution of (6) and (10) into (16) yields

Fig. 2 shows the system configuration of the proposed R T )
SRM drive using a sliding-mode observer. The corresponding (W —W)" - (—rej + Ky sgn(es) —wy) <0. (18)

configuration of the sliding-mode observer is illustrated in In order to generate the sliding mode, the switching gain

Fig. 3. The inputs of the sliding-mode observer are the sourge :
. . ) » should be chosen so as to be large enough to satis
line-to-line voltages supplied by the PWM converter. Th b g g fy

5 8). Although it is usually claimed that the sliding mode
estimated three-phase curreits (i, 4, ¢.)’ are compared ts) g Y 9

h th di d . T and generally yields robustness against disturbances, it should be
with the corresponding measured curr (da 4y ic)” an noted that there is a restriction on this property. As to the

the differences of these currents are fed back through the S3Ring-mode observer, the sliding hyperplane is determined
functions. The system errors of this observer are defined aﬁy the system itself V\;hereas the switching gk can be

arbitrarily assigned to attain robustness against disturbances.

ey =V U=y —ta th—t v.—1.)T (6) However, the restriction on the assignment of the switching

o O w 7) gain K,, comes _from the requirement that the obseryer is
© stable. If the gain is too large, a great amount of ripples
cp =0 — 9A (8) may result, causing the estimation errors. Therefore, a tradeoff
s=e =1—1=c(X—x). (9) should be made between the robustness and the stability. Since
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i « ¥ and the bound of disturbanoe,, is known, K., can

be deduced from (18) as + 1 e
Wy F - >
Ky < —rllei]| = [[wy]] (19) + $
where|| -|| is the quadratic norm of vector space.
Similarly, for the gainKy = k¢(1 1 1), the substitution of 2
(8) and (12) into (17) yields -5

(0 — 0)(e., + Ko sgn(e;) — wg) < 0. (20)

PPN . Fig. 4. Transfer function of error system.
From (20), ifd — & > 0, thene, + Kgsgn(e;) — wg < 0 is 9 Y

satisfied. Sincd « 6~ is valid on a vicinity of the sliding
plane, thersgn(e;) < 0 is valid. Thereforek, can be deduced For arealizable and stable system, the effect of disturbances
as and the convergence rate of errors can be analyzed by intro-
ducing two norms,H, norm and H., norm of the system
ke > e — we. (21) transfer matrix, respectively. Through optimizing these norms
On the contrary, il — 6 < 0, thene,, + Kp sgn(e;) — wy > 0 unQer different operating conditions, an optimum switching
andsgn(e;) > 0, which leads to gain can be obtained. In the Hardy spacés and H, the

[|T(s)]|2 is defined as
kg > —ey, + we. (22)

In order to satisfy both (21) and (22), gdin can be expressed 1T(s)l2 = % / [T (jw)T'(jw)] dw (30)

as a uniform ultimate inequality o

where j2 = —1 and 7*(jw) is a transpose and an adjoint
matrix to the closed-loop transfer matrix of the error system
It is obvious that the resultinge satisfies the inequality given 7'(jw). Physically,||T(s)||2 is the mean-square value of the

ke > |ew| + |w9| (23)

by (20). estimation error corresponding to a stochastic noise and is also
the integral of the square of the impulse response of the error
C. H., Optimization of Switching GaiilK,, system to the initial error. Therefore, the convergence rate

Sincee,, does not appear in the inequality given by (15)of the error system can be quantitatively analyzed by using

this switching gair,, cannot directly be determined from the”T(S)H?' On the other hand, th(s)||. norm is defined as
slldlng—mod.e .condmon. According to th_e sliding-mode theory, 1T(5)|| oo = SUP Tumax(T(jw)) (31)
once the sliding mode occurs, an equivalent control becomes w
valid [10] On a VICI?Ity.Of the slld{ng su[facg, the .equalen\t/vhere Omax[T(jw)] is the maximum singular number of the
control satisfies = (i—1i) = 0 ands = ¢(Xx— %) = cé, =0, matrix T'(jww), which can be obtained b
thus, ¢, = 0. By substituting it into (10) and omitting the T« y
small voltage drop term, it results in T[T (jw)] = [)\maX(T*(jw)T(jw))]% (32)
ey, = Kysgn(i—1) —wy, =0. 24 . . _ .
v v sgni —1) —wy (24) where \,.,. is the maximum eigenvalue of the matrix
Hence, the rearrangement of (24) yields T*(jw)T'(jw). From (31), it can be seen that thH.
K. sen(i —i o5 norm represents the gain @f(s) corresponding to the worst
v sgu(l —1) — wy. (25)  gisturbancesw. Therefore, thel.. norm. in practice, is the
By definingK,, = LK, and substituting it into (11), it can criteria of error system performance in a sense of robustness
be expressed as of disturbances. For a desired closed-loop system, the initial
B 1 errors should be quickly attenuated, whereas the convergence
éo=——¢e, + L, Kysen(i—1i)+ —(TF, —T,)—w,. (26) rate of estimation errors can be evaluated by Mienorm of
‘_] _ _ _ J _ the closed-loop system. The block diagram of error systgm
By substituting (25) into (26), it results in is shown in Fig. 4, and the corresponding closed-loop transfer

B 1 . function is given b
o= ——e, +L,wg + 7(T€ —T.) — we- (27) 9 Y

J -1
B
After defining the following parameter: Ii(s) = <3 + 7) - (33)
1 .
w), = F(Te = Te) — we (28)  According to (30), theH, norm of (33) can be expressed as
the error equation given by (27) becomes 1 /°° CNT g _d
7.2 = o ) trace[T,.(—jw)" T, (jw)] dw = 55 (34)

B B
¢ = ——e,+Lowyg +w, =—-=c, +Fw (29)
J J From (34), theH> norm of the closed-loop system is deter-
whereF = (L, 1) andw = (wy w’)T. mined by the system parameters. Therefore, the convergence

w
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rate of initial errors is determined by the system inherent char-S2:
acteristics. From Fig. 4, the transfer matrix from disturbances

W'(s) to error outputE,(s) can be expressed as H — (H+ AH): wy, = —rAH(§)V
-t and
Tye(s) = <s + g) -F (35) )
w/ _ _(Te _Te) +Tl
wherekF is the disturbance input matrix defined by (29). From “ o J '

(31) and (32), the| - ||..-norm of T, can be obtained as By substituting them into (40), it yields

L J
||Twe||oo = Sup alnax[T'we(jw)] = (L2 + 1) 2. = - 2
; w T.-1T.)+1;
: b L. (-r-aH@UP + (LTt T
=2-||Fll2- [T ]l2 (36) J
2

where||F||; = (L2 + 1) is the induced quadratic norm of < <@) ) (43)
F. The || T¢||s can be considered as the maximum gain of “\J

the error system. For the disturbanc®&'(s), the maximum

erTor responsd.. max(s) is obtained as This inequality can be solved as

Eomax = || Tue. |- W' (37) (Loa Luv Luc) 1
[(aB)? — (T = T. + T)*]2
For any given constant > 0 and disturbance®’(s), E., imax S 7
should be kept within the bounds of 1 1 1
J / ' <7’a|AHa|¢a 7o | AHy | 7‘CIAHCI¢C>'
According to the Cauchy—Schwarz inequality, S3:
[(E, W) < [IE]2 - [[W]l2 (39) P
B (B+AB)w, = FezT)+Ti AB
where|(F, W)| is the inner product, then (38) can be rewritten J J
as and
2 /214 aB
(Low o+ ()71 < (2F). (40) s =0.

From (40), anfl.., optimal observer can, therefore, be deducelf® correspondingd., optimal L., can be obtained as

under various system disturbances caused by parameter varia- B\ 2

tions and load. Different situations are discussed as follows. (—w)? < <a7) . (45)
S1:

r — (r + Ar): w,, = —ArH(0)¥ It should be no'ted 'Fhat (45) is'indepe.nden[Qf, hence, it can
be chosen arbitrarily large without violating the constraint of
and H,. However, a very largd., tends to give an undesirable
. dynamic error.
! de-T)+7 S4:

w, = —

“ J
Thus, the inequality given by (40) can be written as B—(B+AB); H— (H+AH);, (r+Ar):
wy = —(ArH + rAH + Ar - AH)Y

N 2
(Te - Te) + Zrl
and

L. - (~Ar - HEDP + < .

aB 2 /__(Te—Te)'i'Tl_ﬁ
< (7) . (41) O B

By solving (41), anH., optimal L., can be obtained as Hence, (40) can be expressed as

(Lwa Ly Lu,c) |Lwa(_ATaHaz/}a - TaAHaz/}a - A7’0,AI'Iaz/}a)
[(aB)? + (T, — T, + T})*]2 + Ly (—AryHythy, — 1y AHytpy — AryAH iy )
< , ,
- J + Lwc(_ATchr(/}c - TCAHCF(/}C - ATCAHCz/}C)|
1 1 1 [(aB)? — (T. — T. + T; + ABw)?]2
X <|m,,,|fz,,, Aroli  [Aris ) (42) < 5 )
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0 500 1000 1500 2000 2500
(b)
Fig. 5. Observer errors due to sudden change in reference speed. (a) Speed (b)
(speed versus time). (b) Position (angle error versus angle). Fig. 6. Observer errors due to sudden change in load torque. (a) Speed (speed
versus time). (b) Position (angle error versus angle).
Solving (46),L., can be obtained as
2200 - S o)
'Speed(rpm
(Lwa wa Lu.c) 2000 R ‘F‘,..‘! ? A

< [(eB)” (1. — T. + T; + ABw)?]'/2

- J
. ! 1400 ) : Time(sec)
|AT|Hothe + 7| AH e + | Arg || AH 1, 0 6.08 0.1 .15 02
! (@
| Ary| Hythy + 7| AHp [ty 4 |Are||AH [ty
1 7 10 H T Angle efror(degree)
|Are|Hetpe + 7| AHe |9 + |Arc||AHc|z/;c>' “7) ol ; i
Finally, L, should be optimally determined to have a TS UL SOt SOOI SO SUOUUUTOO i
uniform ultimate value under the most severe situation among : : Als'lgle(degree
S1, S2, S3, and S4, without violating the inequality (40). 205 560 1000 BT o0 500
(b)

IV. COMPUTER SIMULATION AND

EXPERIMENTAL VERIEICATION Fig. 7. Observer errors due to sudt_jen change in damping coefficient. (a)
Speed (speed versus time). (b) Position (angle error versus angle).

A. Computer Simulation ]
For the sliding-mode observer given by (5), the optimé‘eference speed from 500 to 2000 r/min at 0.1 s. The results

feedback gain&.,,, K., andK, can be determined by using|nd|cate that the estlmate(_j _posmons can track the actual
values, even under a large initial error. Figs. 6-8 illustrate the
(19), (23), (42), (44), and (47). The adequacy of the propose i . . :
; . o : . observer’s errors due to various abruptly applied disturbances.
control algorithm is testified by computer simulation based

a realistic three-phase 4-kW SRM drive. In the simulation, tl]e e corresponding responses due to an abrupt stgp qhange of
. . oad torque from 5 to 13 Mnh at 0.1 s are shown in Fig. 6.
following assumptions were made.

N . . ) Although there are temporary increases in both speed and
* ¥(0) :_0’ 6(0) = Q’_l_(o) = 03 _V = V., and w((_)) = position errors, the system can quickly recover the expected
100 r/min are the initial conditions for overcoming the ,cking accuracy. Figs. 7 and 8 show the responses of the
initial transients. _ proposed observer in the presence of parameter and voltage
. Applled voltage and line current can be detected W'thOUBriations, namely, an abrupt step- change of damping coef-
time delay. _ _ ficient from 0.0012 to 0.0024 ¥-s? at 0.1 s and an abrupt
* Current-hysteresis-controlled PWM is employed. step change of supply voltage from 240 to 200 V at 0.1 s.

Different simulations are performed under different initiahs expected, the observer can provide the insensitivity and
states, speed references, load disturbances, and system pafgbirstness to these variations.

eter variations, so as to assess the robustness of the proposed
sliding-mode observer. The simulation results are shown in )
; _ B. Hardware Implementation
Figs. 5-8.
Fig. 5 shows the observer errors of the estimated rotorFor experimentation, a prototype of the proposed SRM drive
position and motor speed subjected to a sudden changeisiconstructed. The system parameters of this three-phase 4-kW
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(b)
Fig. 8. Observer errors due to sudden change in supply voltage. (a) Speeg 10. Measured voltage and current waveforms at 1200 r/min: (upper)
(speed versus time). (b) Position (angle error versus angle). 125 V/div; (lower) 10 A/div; 2.5 ms/div.
Tex NN 2005/s 20A03s
[ et et |
. P e Sk T T
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J Na pariod found
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Fig. 9. Startup transient responses from 0 to 1200 r/min: (upper) measu

E%% 11. Transient responses with sudden change in reference speed from
speed; (lower) estimated speed; 600 r/min/div; 250 ms/div.

to 1500 r/min: (upper) measured speed; (lower) estimated speed; 500
r/min/div; 250 ms/div.

SRM drive are listed in Table I. The observer algorithm igmin, the observer can quickly track the new speed in less than
implemented by the MC68HC16Z1 microcontroller, which cah00 ms. The corresponding responses are shown in Fig. 11.
perform 32-bit floating-point multiplication, and can providelherefore, the practicability and performance of the proposed
a machine cycle of only 150 ns for every computation. Thebserver are verified.
sliding-mode observer runs on-line at a sampling rate gi&0
Moreover, the microcontroller deals with the phase current
chopping and switching pattern computation for current and
velocity control. A novel sliding-mode observer for an SRM drive has been
The SRM drive is first started up from an arbitrary initiaproposed and implemented, in which magnetic saturation,
rotor positiondy. When the starting procedure of about 150 misad disturbances, parameter variations, and model errors
is completed, the observer begins to work for the position ahdve been taken into account. The stability of the proposed
speed calculations. Fig. 9 shows the measured and estimaeldeme is assured. The selection criteria of the corresponding
startup transient responses of the SRM drive, ranging froms@itching gains are quantitatively analyzed to compensate
to 1200 r/min. It can be found that the proposed observer ctm the system disturbances and parameter variations. Even
quickly track the motor speed in less than 500 ms. The corgarting the SRM drive under an arbitrary rotor position,
sponding voltage and current waveforms during 1200 r/min attee observer can provide a good transient performance. The
also shown in Fig. 10, illustrating that the observer can provideasibility, robustness, and convergence rate of the proposed
accurate and stable rotor position estimation. Moreover, whehserver are supported by the simulation and experimental
there is a sudden change in reference speed from 500 to 158€uts.

V. CONCLUSION
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