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Abstract:

This paper investigated the speed sensorless indirect vector control of a two-phase induction

motor to implement adjustable-speed drive for low-power applications. The sliding mode observer esti-
mates rotor speed. The convergence of the nonlinear time-varying observer along with the asymptotic
stability of the controller was analyzed. To define the control action which maintains the motion on the
sliding manifold, an “equivalent control” concept was used. It was simulated and implemented on a sen-
sorless indirect vector drive for 150W two-phase induction motor. The simulation and experimental results

demonstrated effectiveness of the estimation method.

1. INTRODUCTION

The single-phase or two-phase induction motors have
been widely employed in low or middle power level fields,
especially in households where a three-phase supply is not
available. At present, most of these applications, especially
those with lower nominal power, utilize fixed-speed drives
or conventional adjustable speed drives through voltage
control using a triac or thyristors. Therefore, there is a great
potential for energy savings if one manages to introduce
energy efficient speed adjustable vector control into these
areas on massive scale[1]-[2].

However, the problem lies in generally high cost for speed
adjustable vector control compared to fixed or conventional
adjustable speed drives, and difficulties in mounting the
speed sensors due to environmental or mechanical restric-
tions.

In recent years, due to the advances in power electronic
technology and low-cost high-performance digital signal
processor, adjustable speed drives are being broadly applied.
And a large amount of research effort has been spent in
order to develop a reliable, low-cost control strategy for AC
motor drives not needing speed sensors, called "sensorless”
techniques. Numerous methods of sensorless vector control
of induction motors are nowadays available. Mag-
netic-saliency-based[3]-[4], observer-based[5] and artificial
intelligence(Al) based[6] sensorless methods have been
proposed. But Most of these methods are applied to
three-phase AC motor.

In this paper, the speed sensorless IFOC(indirect
field-oriented control) of a two-phase induction motor is
presented, based on a sliding mode rotor flux/speed observer
in the two-phase stationary reference frame. The conver-
gence of the nonlinear time-varying observer along with the
asymptotic stability of the controller was analyzed. To define
the control action which maintains the motion on the sliding
manifold, an “equivalent control” concept was used[7]-[8].

The method has been implemented using the
TMS320VC33 floating-point DSP controller. The per-
formance and validity was proved by simulation and ex-
periment on laboratory 150W two-phase induction motor
drive system.
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2. MODELLING AND IFOC METHOD OF THE
TWO-PHASE INDUCTION MACHINE

The two-phase induction motor is composed of two
symmetrical windings. That is, the number of windings of
d-axis is the same as that of the windings of qg-axis, and
displaced 90 electrical degrees between these windings.
Therefore, the mathematical model equations of two-phase
induction motor may be equal to that of two-phase model of
three-phase induction motor.

2.1. Stationary Reference Frame Model

A mathematical model of the two-phase may be described
by the following set of ordinary differential equations in the
stationary reference frame( @ =0):

v(SIs = RYZ:AI\ + p/lflx (1)
v;;S = Rsi; + plfls 2)
0= Rrirslr + p/lfll' + L, ﬂ’.(\/r (3)
0=Ri +pA, —owl, )

riqgr qr
where, the stator and rotor flux linkage is described with
the following equations (5)~(8):

A‘f[_v = Lx lzslx + Lmi;r (5)
j'f/.r = Lsi(j.y + Lmlrjl (6)
/1‘:/:‘ = Lrijl' + Lm ljs (7)
B =Li +L i (8)

«@r roqgr moys
where, R, R,, L., L and L, are the stator resistance,

rotor resistance, stator inductance, rotor inductance and
mutual inductance, respectively. Subscripts d and q denotes
variables in the d,g-axis windings. Parameters and quantities
with sub- or superscripts s and r are those in the stator and in
the rotor, respectively. p denotes derivative operator. o,

is rotor electrical angular velocity.
The instantaneous electromagnetic torque produced by the
machine is then given by the equation:

dr®gs qr’ds

L, .,
T = P (Ao = 2is) ©9)

where P is the number of pole pairs.



2.2. Synchronously Rotating Reference Frame Model

A mathematical model of the two-phase may be described
by the following set of ordinary differential equations in the
synchronous[y rotating reference frame(w = ):

R.\'l{/: + pllb a)cllj/c ( ] 0)

:p = R:lr/x + pl{q: + wcifls (l 1)
0= erz/r + p/llll ( - )/1;1 ( 12)
0 erqr + pllqr +(0) -0 )A,/, (]3)

where the superscript e denotes synchronously rotating
reference frame. The stator and rotor flux linkage is de-
scribed with the following equations:

/{:‘I - L\'lrlx + Lmlrlr (14)
/{“ ler/: + Lmlqr (15)
J’fl Lrlflr +Lml1ls (16)
AC = Ll'l{[S + L"ll([x (] 7)
The electncal torque equation is

Tt‘ = P m (iclr qs A';rlltl’:) (18)

r

2.3.IFOC Method of Two-phase Induction Motor

From (16) and (18), d- and g-axis rotor currents in svn-
chronous rotating frame are

1lr - (/1111 m rls ) (19)
qv - (A;I m .r: ) (20)

:

Substituting (19) and (20} into (17) and (17) yields

1 L
p’lsr +—7_:—/{flr_—T_m'id\ W, /l:/r =0 (21)
pA;, +T—Af/, g 0, = (22)

where w,(= 0, — @, ) is the slip angular speed. If the FOC

is fulfilled such that q-axis rotor flux is zero and d-axis rotor
flux is constant in synchronous rotating frame, the electro-
magnetic torque is controlled only by g-axis current from
(18) and then

x, =0 23)

pA, =0 (24)

pAy, =0 (25)
Ll" [4 (

T = P L 1[r qs (26)

Substituting (23)-(25) into (12) and (20)-(22) yields

i =0 27

.C Lm .

l{/r = _—Z:lq.\‘ (28)

/{:;r = Lmlxls (29)
R R

o, - Rl 1k (0)

L X T

where, the superscript * denotes the reference value.

The rotor flux angle is

0. = [(@, +,)d 31)

3. THE PROPOSED FLUX/SPEED OBSERVER

3.1. Model-based Sliding Mode Observer

The model-based sensorless controller is a very pupular
method to estimate rotor speed using stator quantities. Spe-
cifically, only the stator currents and stator voltages are
measured. A block diagram of the proposed model-ased
motor drive for sensorless IFOC of two-phase induction
machine is shown in Fig. 1(a). A sliding mode based state
observer is shown in Fig. 1(b),
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Fig. 1 (a) Schemetic of model-based senorless IFOC of two-shase
induction motor. (b) Sliding mode based state observer

The proposed sliding mode state observer uses two inde-
pendent observers to estimate the same quantities, the com-
ponents of the rotor flux vector: one flux model (32) and (33)
not involved o, derived from (1)-(4) and (5)-(8). ani one

sliding mode flux observer (36) and (37) involved w, >ased
on (34) and (35).
Rotor flux observer not including , terms are
L -y
Py = =i, — (R, + L,ap)i ] (52)
pA, = L, R +L 33
=7 v, — (R, + L,op)i, ] (33)
Rotor flux observer including w, terms are
L I
Ay =—is, ——A, -0, A 34
P2y T, Ty T, dr rgr ( )

Applying the same structure of (34) and (35), the sliding
mode rotor flux observer is proposed as

623



A L
p/‘{flr = —7:1 ds Aflr Cl) A’f/r +uﬂ'f]r (36)
Lm .5 s 5 2s
plqr - T lqs - T /11/" + a)r/’idr /‘L([r (37)

where continuous time function [’

dr > r//

timated rotor flux, 7, is rotor time constant and o is the

represent the es-

motor leakage coefficient(s =1 - 22 41 L )).The estimate

m

of angle speed @, and auxiliary variable u are discon-
tinuous parameters given by

@, = wysign(s,) (38)
u =uysign(s,) (39)
Lif s, >0
where sign(s,,)=1{ 0, if s, =0 and,
- l’ l.f S o < O

@, and u,are positive constants. s, and s, are nonlin-

ear functions of rotor flux errors and estimated rotor flux.

Sy = (A = ANE, (X, = X)A, —ﬂd,/l;, X, (40)
8, = (B =B Ay + (&, = ANA, = B0, + 1%, (A1)

3.2. Lyapunov Stability Analysis for the Proposed Ob-
server

To analyze convergence of the estimates to the real values
for the proposed rotor flux observer structure, the sliding
mode observer equations with respect to the flux errors

/1(/r (=24, —4,)and /1 . (= /lq, lf/, ) can be written as
1 —
pi, =- 7/15, wr/lf,, +w, A, +ull, (42)
—_ ] — " AL ) A~
pa, = —F/L;, 0,4, +o, A —ull, 43)

And Lyapunov’s stability theorem gives a sufficient con-
dition for asymptotic stability of a system by using a
Lyapunov function[9]. Consider the following Lyapunov
function ¥ because the estimate of angle speed @, and

auxiliary variable u are function related to (40) and (41).
V= ls; + lsf

2 2
The Lyapunov function ¥ is positive definite. This satis-
fies the first Lyapunov stability condition. The second con-

dition is that the derivative of the sliding mode function must
s,8, +5,5,<0.

ww uu

be less than zero. i.e., V=

Using (36), (37) and (42), (43), 5,5, yields

= /1(,,,/1‘ - /1‘ A+ A /1 -1 /1(,, (44)
By = B by = osign( ) AP =5, v o6 +ul AP
T A\' Y} 2 1 N2 L
/lt‘;rllqr - ﬂ'qr A’dr (U“Slg}’!(su )S Sru —u “ l ” +u€] - 7:" eZ
And,
S = =0 A1 s, J0usign (5,) - 25, + 1. (49)
Therefore,
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S 2
S, =—(Ul41° —S.,)wo|sm|—T—Si +s,f, (46)
Similarly, for s,s,
§,8, =8 (Ad,ﬂf,, +/1 /1“ +1‘,,/1f,, +/1 A‘ L)
2 .
= —agfsafs, +ups,fs,[- =5+, 1, (47)

r

where, || A II= }:f,,z +}:';,2 £, = (o, +u)e, —%e{ ,

,

Lm K s g8
Af;z - T (Id\ﬂ’dr +Iq\ qr) a (ﬁdrﬂql

r

Sy

qrtdr

e, = A A + A5 0, (48)
e, _ldr/lqr i AL 49) .
From (46) and (47)

V=58, +s,8, (50)

2 2 2
—(Stu + Su ) +Sa)fa) + sllf;l

,

212
= _“ A || w0|swi+u0swlsul-

=IAIF @y —2pfs,|sigrs, )] Js.] ——Ti(si +5D) 5., 5.,

It follows from (50) that, if the condition
u, <<,

(Sh

is satisfied, then for high enough o, , V=s§ +55 <0,

(o uTu
i.e., sliding mode will occur on surface s, =0and s, =0.
After sliding mode arises on the intersection of surface
s, =0and s, =0, then 1} =0 and /-1-;,_ =0 under the

assumption || A |># 0, which means that the estimated flux

A, /if,, converge to the real fluxes.
The sliding mode equations on s, =0and s, =0can be
derived by replacing the discontinuous function

w,sign(s, ) and uysign(s,) by the equivalent control value
@ and u* , which are the solutions of the algebraic equa-
tions s, = 0. From (45), & is
a")uq - a)l‘ Lm
. = =
AIE - TAl
[f the estimated rotor flux converges to the real flux, the
equivalent rotor speed will tend to the real speed. However,

~oeq

w

(52)

2 can not be calculated by the above equation, since it

contains unknown real rotor fluxes in e, and e, . In practice,

the discontinuous control can be considered as a combination
of an equivalent control term and a high frequency switching

term. Therefore the equivalent control @ can be obtained
through a low-pass filter with discontinuous value @, as the
input[7]-{8]. ’

@ (53)

where the 7 is the time constant of the filter. It should be
sufficiently small to preserver the slow component undis-



torted but large enough to eliminate the high frequency
components. The obtained equivalent control @7 is used as

feedback in the closed loop. In the paper, r was selected as
0.0067. In case of higher value than this one, the closed loop
system suffered from excessive speed ripple.
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Fig. 2 Block Diagram of the proposed sliding mode flux/speed
observer

3.4. Practical consideration of the sliding mode observer

In practice, the rotor flux by pure integration based on (32)
and (33) can pose significant problems, particularly at low
frequency, because of sensor noise, dc offset, and parameter
detuning effect.

In this paper, to overcome these problems, 1’st high pass
filter is applied to (32), (33). And then rotor flux is observed
as follow

T L
A, = e IS — (R, + L op)i), 54
2 I+7—:p Lm [ dy ( ¥ ‘07)) J\] ( )
T L :
A = b v —(R. + L op)i’, 55
T 14 Tp L,,,[ w = (Ror Lopi,] 3

If the time constant 7. is small value, the influence of

5

voltage and current offset is decreased. Against, if 7, is

increased, phase error of the observed rotor flux is de-
creased. . In the paper, 7, was selected as 0.1. The block

diagram of the proposed sliding mode flux/speed observer
using flux observer (54) and (55) with high pass filter is
shown in Fig. 2.

4. SIMULATION & EXPREMENTAL RESULT

4.1. Experimental System Configuration

Fig. 3 shows the sensorless IFOC configuration of
two-phase induction motor using speed estimation algorithm
by the proposed sliding mode observer. And Fig. 4 shows the
system hardware configuration for experiment.

The speed and current controllers were implemented by
PI controllers.

The current regulated four-switch voltage-fed inverter[ 1 0]
and 150W two-phase induction motor was available for
computer simulation and experimental study. The parameter
of are given in Table 1.

The control system was implemented with the 32-bit
digital processor TMS320VC33 operating with a clock fre-
quency of 100 MHz and sampling interval is 125 ps for

current control and speed estimation loop.

A sinusoidal PWM algorithm was used. Because the ex-
perimental target system is for a low power household ap-
pliance which seriously considered about energy efficiency,
the PWM switching frequency of implemented system is 4
kHz with a dead time of 6xs considering the switching, loss.
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Fig.3 Schematic of the sensorless indirect vector drive system for
two-phase induction motor
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Fig.4 System hardware configuration.

Table | Parameter of Two-phase Induction Motor(75°C )
Rated output 150 [W]
Rated voltage 220 v
Rated main/aux winding current 1.63 [A
Stator main/aux winding resistor | 19.0 (2]
Rotor resistor 13.3 [Q]
Main/aux winging inductance 34.7 [mH]
Rotor inductance 292 [mH]
Mutual inductance 371.4 [mH]
Pole 4

4.2. Simulation Results

A detailed computer simulation was developed on
MATLAB/SIMULINK. The validity of the proposed sliding
mode flux/speed observer for speed sensorless [FOC of
two-phase induction motor is verified by the simulation at
trapezoidal reference(167.6 rad/s to -167.6 rad/s, ramp rate:
£ 41.9 rad/0.1sec) under no-load condition. The resu'ts are
given in Fig. 5 and 6. In Fig. 6(b), observed speed er-or is
less than [.5[rad/s] at ramp range for speed transition. Fig. 6
shows the transition waveform at forward to reverse opera-
tion. Fig. 7(c) shows observed rotor flux waveforris by
sliding mode flux observer.
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Fig. 5 Simulation result. (a) rotor speed (b) observed speed error
(c) d- , g-axis current at sync. Frame (d) stator current
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Fig. 6 Simulation resuit. (a) speed reversion re-
sponse (b) rotor flux angle (c) observed Rotor flux

4.3. Experimental Results

Experiment for the target system in the paper was achieved
in the same process as computer simulation, i.e., at trape-
zoidal reference(0 {rad/s] — 167.6 [rad/s] — -167.6 [rad/s],
ramp rate: 41.9rad/0.1sec) under no load. Because the re-
striction of implemented inverter rating, maximum exciting
current of motor was restricted to 32% of rating. Fig. 7-10
show the experimental response under given condition.

Fig. 7 shows response of trapezoidal speed reference in-
cluding start-up and speed reversion operation. The dynamic
performance of the proposed observer and the experimental
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IFOC system are satisfactory under the whole operation
range, as presented in Fig. 7(b).

Fig. 8 shows the responses at start-up operation. One can
notice the capability to maintain the rotor flux/speed esti-
mation by proposed sliding mode observer at standstill.

Fig. 9 and Fig. 10 show responses at the speed reversion.
These waveforms demonstrate the speed transition that was
achieved smoothly without any transient also at the speed
range including zero speed.
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Fig. 9 Speed reversion (no load)
(a) Actual speed. [qse(0.5A/1V), stator current(1A/1V)
(b) Observed rotor flux and position
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Fig. 10 Speed reversion (no load)
(a) Actual speed, 1gse(0.5A/1V). stator current(]1A/1V)
(b) Observed rotor flux and position

5. CONCLUSION

A sliding mode flux/speed observer that provides rotor
speed estimate for sensorless IFOC of a two-phase induction
motor has been presented. Error analysis of the observer has
been performed, which shows that the asymptotic stab lity of
the observer can be achieved for any time-varying speed.
The computer simulation and experiments was carrizd out
for the speed adjustable sensorless IFOC of 1 50W two-phase
induction motor.The validity and performance of thz pro-
posed system was proved by simulation and experimental
results.

Though the problem lies in generally high cost corr pared
to fixed- or conventional adjustable speed drive fcr low
power applications, the proposed speed sensorless dri e has
a great advantage in energy efficiency and reletively
low-cost compared to sensored speed vector drive.
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