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An Improved Stator Flux Estimation for Speed
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_ Abstract—This paper proposes a programmable low pass ~ Some efforts have been made to solve the problem [3]—[6].
filter (LPF) to estimate stator flux for speed sensorless stator A digital filter was proposed to solve the drift problem [3]. In

flux orientation control of induction motors. The programmable ; ; ; ;
LPF is developed to solve the dc drift problem associated with a this method, the magnitude of stator flux is estimated by a pure

pure integrator and a LPF. The pole of the programmable LPF is integrgtpr, qnd th? synchronous angle and spge.d are estimated
located far from the origin in order to decrease the time constant DY a digital filter with the pole farther from the origin. However,
with the increasing speed. In addition, the programmable LPF the magnitude of stator flux vector estimated by pure integrator
has the phase/gain compensator to estimate exactly stator flux js not correct due to the drift and the saturation. In addition,

in a wide speed range. Consequently, the drift problem is much \yhen the motor frequency is lower than the cutoff frequency of

improved and the stator flux is exactly estimated in the wide speed L . . .
range. The validity of the proposed programmable LPF is verified the digital filter, an error will be produced in the computation of

by speed sensorless vector control of a 2.2 [KW] three-phasethe synchronous angle.

induction motor. A programmable cascaded LPF was proposed to solve the
Index Terms—nduction motor, sensorless vector control, stator drift problem and to estimate exaCt_Iy stator flux [4], [5]. How-
flux estimator. ever, the scheme has a drawback in that when the motor speed
is very close to zero, the time constant of the LPF will be very
large.
|. INTRODUCTION

This paper proposes a programmable LPF with the phase/gain
NDUCTION motors have been used more in the industrigbmpensator to estimate precisely the stator flux in a wide speed
variable speed drive system with the development of tti@nge. In addition, the pole of the programmable LPF is located

vector control technology. This method requires a speed senturfrom the origin in order to decrease the time constant as the

such as a shaft encoder for speed control. However, a spspéed increases. Consequently, the stator flux is exactly esti-
sensor cannot be mounted in some cases such as motor drivégated and the drift problem is much improved by the small time

a hostile environment and high-speed drives. In addition, it reonstant in a wide speed range. The proposed programmable

quires careful cabling arrangements with attention to electriddPF is applied to speed sensorless stator flux-oriented induc-

noise. Moreover, it causes to become expensive in the systépm motor drive. The validity of the proposed programmable
price and bulky in the motor size. Recently several speed séfF has been proved by the simulation and experiments.

sorless vector control schemes have been proposed [1]-[10].

The stator flux for speed sensorless vector control is esti- [I. DESCRIPTION OFPROGRAMMABLE LPE

mated by the integration of back emf. The integration of back . .

emf by pure integrator has the drift and the saturation problemsThe principle O.f the programmable LPF method of integra-

by the initial condition and the dc offset. To solve the problemg,On can be gxplamed as follows. L

the pure integrator should be replaced by a low pass filter (LPF)In the stationaryx— 3 reference frame, the stator flux is given

[2]. When the motor frequency is lower than the cutoff l‘reby

guency of the LPF, an estimation error will be produced. To es-

timate exactly stator flux in a wide speed range, the LPF should As = /(vs — Rig) dt Q)

have a very low cutting frequency. However, there still remains

the drift problem due to the very large time constant of the LPfghere, = stator voltageR, = stator resistance, and =

stator current.
The integration of (1) by pure integratét/s) involves the
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where ©’ = estimated valué\sl = estimated stator flux by LPF, B 4
a = pole, andv. = back emf(v, — R,i). Ve
The phase lag and the gain of (2) can be given as
N ¢ a
¢ = —tan~* <&> )
a
5\51 1 ¢1 N
M= = — (4)
Ve v/ (:}g =+ CL2 /{\ Z’Sl

wherew,. = estimated synchronous angular frequency.

Fig. 1 shows the phase lag af; estimated by the LPF, and
the phase lag ok estimated by the pure integrator. The phase
lag of A, is 90° and the gainig/|&. |. However, the phase lag of
the LPF is not 90 and the gain is nat/|o.|. Consequently, an
error will be produced by this effect of the LPF. When the motc
frequency is lower than the cutoff frequency of the LPF, th,, +

Fig. 1. Vector diagram of LPF and pure integrator.
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error is more severe. In order to remove this error, the LPFin ( * - (s+[a§e]/ k) I“; 1 Computation
should have a very low cutting frequency. However, there st R, vy < i ¥ s
remains the drift problem due to the very large time constant sin(¢)  ~
the LPF. For the exact estimation of the stator flux, the phase | ;‘{ cos(4h) \_mI_;
and the gain oh; in (2) have to be 9and1/|w.|, respectively.

In addition, to solve the drift problem, the pole should be located

far from the origin. Fig. 2. Block diagram of the programmable LPF.

In this paper, the decrement in the gain of the LPF is compen-
sated by multiplying a gain compensat6tin (5) and the phase
lag is compensated by multiplying a phase compensé&tan, 5o
(6). The new integrator with the gain and the phase compensator
can be given as (7).

As 1 )
U_e = (S T |d)€|/k) eXP(—J¢1)

©F + (e /k)?

| e

The complete equation for stator flux estimator can be derived

)

G-V ‘Uf +a? (5) Where
|we|
P = exp(—jd1) ®) exp(—j¢1) = cos(¢1) — jsin(¢r)
A, 1 J@Z+a? : We
== : exp(—jd1)- ) cos(¢1) = #
ve (s+a) || W2 + (@e/k)?
When the programmable LPF is transformed into the sam- sin(¢y) = Coe /K

pled-data model using the difference approximation, the sam-
pled-data model has a modeling error which, in turn, produces
an error in the stator flux estimation. This error is more severe
when the motor frequency is lower than the cutoff frequency of

VOI+ (@ /R

Fig. 2 shows the block diagram of the programmable LPF.

the LPF. Accordingly, the cutoff frequency can not be located at ~ !ll. DIRECT STATOR FLUX ORIENTATION SYSTEM

fixed point far from the origin. If the pole is varied proportion- The control scheme of the proposed drive system is speed sen-
ally to the motor speed, the proportion of the motor frequency &yrless stator flux orientation. The stator flux orientation con-
the cutoff frequency of the LPF is constant. If the proportion igol of induction motor is used more in industrial variable speed
large, the estimation error will be very small. Consequently, thgive system because stator flux estimation accuracy is depen-
pole a is determined to be varied proportionally to the motogent only on the stator resistance variation. In addition, it is in-
speed as (8). Therefore, the pole is located close to the origignsitive to the variation in the leakage inductance of the ma-
in very low speed range and far from the origin in high speeghine.

range.

wherek = constant.

®)

Fig. 3 shows the control block diagram of speed sensorless
stator flux orientation control drive that incorporates the pro-
posed programmable LPF. The stator flux magnitude and the
transformation angle can be written as follows from the flux in
stationarya — /3 reference frame

The time constant of the programmable LRF|w.|, is de-

creased with the increase of the motor speed. (10)

|)‘S| = V )‘as + )‘%35
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X TABLE |
1]
INDUCTION MOTOR PARAMETERS.
Inverter
with
Control Parameter Value
7\ Rated power 22 [kw]
_ Pole number 4
Digital [* . Magpetizing current(peak) 5 [A]
LPF _ [cos(4)) Rated flux 025  [Wb]
~ l ;f\s sin(4,) Stator resistance 1.26 [}
cos(6,) Signal Rotor refsi-stagce 0.2 [}
Computation |* Magnetizing inductance 50 [mH]
2 I Moment of inertia 0.017  [kgm’]
cos( 4, ).sin(¢,) o o Stator leakage inductance 4.7 [mH]
1 1 ¢ Rotor leakage inductance 4.7 [mH]

Fig. 3. Block diagram of speed sensorless stator flux orientation control drive.

The stator voltage is reconstructed from the inverter switching
states. The algorithm of the stator voltage estimation is as fol-
lows [10]. A switching function SA for phase A is 1 when upper
switch of phase A is on. SA is 0 when lower switch of phase A
sin(f) = 222 (12) is on. A similar definition is adopted for phase B and C. The

D>

cos(f) = == (11)

5

>

>

|As stator phase voltages can be given in terms of switching states
The estimated slip speed and the decoupling compensat®l§l the dc link voltage as follows.
current are represented in rotatidg; reference frame as fol- Vie
lows [7]. Ugs = ?(QSA —SB - 8C) (20a)
g Vdc
G = (1+ ar,,p)LS‘qu (13) v = —5*(~SA +28B - SO) (20b)
Tr(Ads — 0Lgtgs) v
 Qameoigs 14 Ves = ;‘ (=SA — SB + 250C) (20c)
tdg = 7~
1+o7 . :
(1+omp) Applying the 3 to 2 phase transformation to (20), stator
wheres = (1 — L% /L,L,) is the total leakage factor,, = voltage in stationaryr — 3 reference frame can be given as
L, /R, is the rotor time constant;,,, is the magnetizing induc- v
tance;L;, L, is the stator and rotor inductance; ané= d/dt Vas = de (25A — SB — SC) (21a)
is the differential operator. 3
The synchronous speed and the rotor speed can be given as
~ ~ Vdc
— R - — R.i vgs = —(SB — SC 21b
5, (03 = R, L,@s)xaTX | gvas Byin))Ass) (15 5= ) (21b)
O =G — ooy ° (16) The processor reads the outputs of prefi(ter_z —2985)
through an A/D converter. The signal aliasing is prevented by
The torque can be written as the prefilter. The phase lag and the decrement of gain caused by
3p the prefilter can be neglected because the pole of the prefilter is
T, = Tn)\dsiqs (17) located so far from the origin.
whereP,, is the number of poles in the machine. IV. SIMULATION RESULTS

When_ the slip speed in (13) an_d decquplln_g compensqt_lon-l-he proposed programmable LPF was studied by simulation
current in (14) are calculated, a differentiator is very §en3|t|\<[ﬁth the drive system shown in Fig. 3. ACSL was used for sim-
to the noise. The system could be unstable by the noise. To ifizion The constaritin (9) was determined as 3 for good per-
crease the noise immunity of the system, the derivative termels .- <o of the drive. The lower limit of (=|@.|/k) is 1 to
eliminated and steady-state form is used as follows. prevent the time constant of the programmable LPF from being

Lyigs 18 much increased when the motor speed is close to 0 [rpm]. The
7r(Aas — 0 Lgigs) (18) motor parameters are shown in Table I. _
idg = QalTr0ligs (19) F|g.. 4 _f,hows the speed and the flux waveforms by the LPF in
(2) with fixed pole(s = —1). Because the pole is close to the

The control system could be unstable due to the very highigin, the flux and the speed estimation are unstable due to the
peak components included in the slip speed. To make the systamge time constant of the LPF when the speed is changed from
stable, a limiter is used to eliminate the very high peak comp»500 to 400 [rpm]. Fig. 4(a) shows that the estimated speed is
nents. The error included in the rotor speed is removed by ttelayed by the use of the LPF. Fig. 4(d) shows that the LPF
use of low pass filter. produces a flux estimation error.

Wsl =
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Fig. 4. Stepresponse by LPF with fixed p¢le= —1) (load torque: 6 [N-m],
speed referencev’): 1500 — 400 [rpm]).

35 Time[s] 48

Fig. 5 shows the speed and flux waveforms by the proposed
programmable LPF. Because the pole of the programmable LR§ 5. Step response by programmable LPF (load torque: 6 [N-m], speed
is located far from the origin, it can be seen that the speed and ffgrence: 1508~ 400 [rpm]).
flux estimation are stable when the speed is changed. Figure 5(d)
shows the time constant of the programmable LPF. The time
constant of the programmable LPF varies between 0.0095 an

0.045. Fig. 5(e) shows that the stator flux is exactly estimated. (ay @, , A i AN

[xpm])

1600

V. EXPERIMENTAL RESULTS

In order to verify the proposed programmable LPF, the (b
control system is implemented by the software of DSP
TMS320C31. The inverter input voltage 1§, = 300 [V].

The switching frequency is 5 [kHz]. The current control period
is T, = 100 [us]. Both speed control period and flux control
period arel; = 1 [ms]. An encoder of 1024 ppr is mounted on
the rotor shaft to monitor the real rotor speed. Load torque is
produced by a dynamometer. The stator currents are detecte (& ww °
through Hall-type sensors. The stator currents are sampled an
held at every sampling instant, then A/D converted witug] [
conversion time. The lower limit of pole is 1. The motor is
2.2 [kW] three-phase induction motor shown in Table I. ThEIg 6. Speed and flux waveforms by LPF with fixed pgle = —20) (no
constantk in (9) is 3. load, speed reference (step chan@e}> 1000 — 0 [rpm]).

When the motor speed is close to zero, the value of gain com-
pensator in (9) becomes very large. The value is significantly &fowever, the fluctuation was avoided by the use of small stator
fected by the small detuning of stator resistance. Consequentigistance(about 1.XY] by trial and error) for the estimation
the flux control at very low speed close to zero can be unstabbd.stator flux (while the measured stator resistance is £4¥ [
However, the unstability can be avoided by setting the value sifice thed-axis current was not fluctuated. The voltage drop
synchronous frequency in (9) to 3 [rad/s] by trial and error wheat stator resistance can be negligible as the speed increases be-
the synchronous frequency is lower than 3 [rad/s]. When tlsause the back emf is high enough. However, if an operation in
synchronous frequency is lower than 3 [rad/s], the synchrondow speed range is needed, the measured stator resistance should

()

Time@Ss/div)

frequency in (9) is set to 3 [rad/s]. be used.
The flux control loop acts at a wide speed range (including Fig. 6 shows the speed and the flux waveforms by the LPF
zero speed). At zero speed, the exact estimation of stator fluith fixed pole (s = —20). Because the LPF does not have

is almost impossible since the back emf is zero. When the fltixe pole close to the origin, the speed and the flux estimation
control loop acted at zero speed, the flux control was unstabdee unstable at the zero speed reference and the speed is not
The motor speed did not become at a standstill but be flucentrolled to zero. If the pole is located more far from the origin,
ated at very low speed since theaxis current was fluctuated. the system becomes more unstable.
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Fig. 7. Stepresponse by LPF with fixed péle= —1) (load torque: 4 [N-m], Fig. 10. Flux waveforms by programmable LPF (no load, speed reference

speed referencd200 — 500 [rpm]). (step change)d — 800 — 0 [rpm]).
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Fig. 8. Step response by programmable LPF (load torque: 4 [N-m], spdei- 11. Speed and torque characteristics by programmable LPF (load torque

reference (step changd)200 — 500 [rpm]). (step change): 3 [N-m], speed reference: 50 [rpm]).
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Fig. 9. Speed and flux waveforms by programmable LPF (no load, spek. 12. Speed reversal operation by programmable LPF (no load, speed
reference (step changé):— 200 — 0 [rpm]). reference (step change1500 — 1500 [rpm]).

Fig. 7 shows the speed and the flux waveforms by the LRRe flux and the speed estimation are unstable due to the large
with fixed pole(s = —1). Because the pole is close to the origintime constant of the LPF when the speed is changed.
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TP —1500 to 1500 [rpm]. Fig. 12(d) shows that the pole of
71k = ~ programmable LPF varies between 104.7 and 1.
18 A § Ags Fig. 13 shows the locus of stator flux vector by the LPF with
(@ ﬁm vy .’,{m o3l | | 1H ] J_ﬁm fixed pole(s = —1). The magnitude of the stator flux vector is
(Wb : ‘ S (dE. not constant due to the dc drift.

] Fig. 14 shows the locus of the stator flux vector by the pro-
| grammable LPF. The magnitude of stator flux vector remains

04 T = nearly constant while the speed is changed.
® A A ApAARARARARD
(we) :UUVUUVUUUUVUUU VI. CONCLUSION
54 - This paper investigated the drift problem of stator flux esti-
250 AR AAAA M[\MM mated by the LPF with fixed pole due to the large time constant
©) wm v U&UWWWUUWUW of the LPF, and proposed a programmable LPF to solve the drift
04 [ problem.
Time®.2s/ AV}

The stator flux was exactly estimated by the phase/gain
compensator of the proposed programmable LPF in a wide

Fig. 13. Locus of stator flux vector by LPF with fixed pale = —1) (load
torque: 4 [N-m], speed reference (step chany@)) — 500 [rpm]).

speed range. In addition, the drift problem was much improved

by the small time constant of the programmable LPF. Conse-
quently, the speed sensorless drive system with the proposed
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Fig. 14. Locus of stator flux vector by programmable LPF (load torque: 4
[N-m], speed reference (step chand€)d0 — 500 [rpm]).

6
Fig. 8 shows the speed and the flux waveforms by the pro—[ ]

posed programmable LPF. It can be seen that because the pro-
grammable LPF has the pole farther from the origin, the speeo[7
and the flux estimation are stable when the speed is changed. [g]

Figs. 9 and 10 show zero speed start up characteristics by the
proposed programmable LPF. The speed and the flux estimatioR!
are stable at zero speed compared with Fig. 6. Fig. 9(d) shows
that the pole of the programmable LPF varies between 14 arld0]
1(lower limit value of the pole) when the speed is changed.

Fig. 11 shows the speed and torque characteristics by the pro-
posed programmable LPF at low speed. The speed reference is
50 [rpm]. The step load torque (3 [N-m]) is applied, then after
about 26 [s], the load is disconnected from the system. Figt
11(a) shows that the speed is decreased by about 20 [rpm] w
the load torque is applied to the system, then the speed is ¢
verged to the command value. Fig. 11(d) shows that the fli
estimation is stable when the load torque is applied and disct
nected.

Fig. 12 shows speed reversal characteristics by the propo
programmable LPF. The speed reference is changed fr

programmable LPF was able to be more stable than the system
with the LPF with fixed pole. The validity of the proposed
programmable LPF was proved by simulation and experiments.
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