An Evaluation of Sensorless Induction Motor Drives for Low Speed Operation
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Abstract — In this paper some sensorless strategies for voltage and inverter switches conditions. The errors caused
induction motor drives are reviewed and analyzed. A method py these assumptions are often negligible in high speeds.
for accurately obtaining the PWM stator voltage is used 10 However, they can be relatively high in low speeds, since
%Egzee;hueaﬁg%b:ﬁwos\f/ isptggggn%séa;gzrgﬁ fst?yr::atZ?atsc:?tfcl)Lx the voltages are reduced to maintain the reference flux and

’ the errors due to the voltage drops and dead times in the

observer is presented and its capability to compensate for L . . -
stator voltage errors is discussed. switching devices become more prominent in lower output

Keywords: Sensorless induction motor drives, flux observer,voltage range.
voltage measurement in PWM circuits. Other approaches have been recently proposed [8]-[10].

However, they need a high computational effort to be
implemented and in some of them, a kind of intervention in

. INTRODUCTION the machine is necessary (e.g., high frequency signal
injection and modifications on the rotor slots).

Induction motor drives have been thoroughly studied in Despite the many attempts to obtain accurate flux and
the past few decades and many vector control strategiepeed estimation for wide speed range induction motor
have been proposed, ranging from low cost to higldrives proposed recently, it seems that the solutions do not
performance applications. meet simultaneously the simplicity, accuracy and reliability

In order to increase the reliability and reduce the cost gkquisites to be largely accepted and used in the industries.
the drive, a great effort has been made to eliminate the The main objective of this paper is to present some
shaft speed or position sensor in most high performansensorless induction motor drives and the problems that
induction motor drive applications [1]-[3]. arise in low speed operation. It will be shown how an

Generally, using the induction motor state equationsjccurate measurement of the stator voltage can improve
the flux and speed can be calculated from the stator voltagensorless drives and enable their use in lower speeds.
and current values [4]-[7], [11], [12]. The flux is estimated
or observed from the stator voltage equation and the speed II.  INDUCTION MOTORMODEL
is obtained using the estimated flux and the rotor equation.

A model reference adaptive system (MRAS) [5], [6] is In an arbitrary reference frame, the induction motor
also used as an alternative method for sensorless inductiorodel is described by the equations below:
motor drive strategy. In this case, the rotor flux is estimated. -

from the induction motor stator equation (considered to bes = Rl + )‘s + ]we)‘s 1)
the reference model, once it does not depend on the speed) o = , y . _ T
and also using the rotor equation (adaptive model). The ~ Ri, +Ar + J(we @, )Ar @)
speed is then obtained by the use of an adaptive law haviljf;5 = Laie + Lo, A3)
. ; s's T bmlr
the cross product of the two flux estimates as input. R - -
In another proposed scheme [7], the flux is obtained by\; = Lijig + Lci; (4)

a full order Luenberger observer, taking the differencgynere
between measured and estimated stator currents to improve
the observer dynamic response. In this case, the adaptati@n
law to estimate the speed uses the cross product of trle°’ ~
current error vector and the observed flux vector as input. is' ir Stator and rotor current vectors (A)

The methods above perform well except in very low. .
speeds, near zero stator frequency. It can be shown [2] thds. Ay Stator and rotor flux vectors
at zero stator frequency the stator quantities are net L, L, Stator, rotor and mutual inductances (H)
affected by the rotor speed and, therefore, the speed canpgt R Stator and rotor resistance)(
be observed from measured stator voltages and curren
Further, the stator voltage provided by the inverter is ¢’ '
difficult to measure and sometimes is assumed to be equal
to the reference voltage or calculated from the DC link

Stator voltage vector (V)

Reference frame and rotor speeds (elect. rad/s)



Ill.  REVIEW OF SENSORLESSSTRATEGIES

®
In this section, some of the methods based ordthe 3
model for speed estimation in sensorless induction motor :‘;‘
drives will be presented and discussed. ‘g
@ -to
A. Speed Calculation from State-Space Equations 5 ]
Two of these methods will be presented. 2 o
In the first one [4], the rotor flux vector is first T
estimated. In order to make the flux computation g "]
independent from the speed, the stator voltage equation & ocofrrrrrrrrprrrr ey
(voltage modglin a stator fixed reference frame is usually Time (s)
preferred: Fig. 1 Simulation results. Sensorless strategy according to Rajashekara
~ L - - . [4].
A, :L_’[I(vS —RS|S)dt—oLS|S] (5) . .
r_n . _ /\sd/\sq _/\qusd
whereg is the leakage coefficient. W, = > > (7)
Rotor equation (2) can then be used to obtain rotor /\sd +/\sq
Speed' — I—m Asdlsq _/\sqlsd
0 A, L. R IUYI ®)
UJ T _?Isd+/\rd T, /\sd+Asq
- —r ! Rotor speed is obtained by subtracting Eqn. (8) from
O Aq Eqn. (7).
Wy =0 A ) (6) The same problems associated to the low frequency
029 _ =mj st )\rq integration necessary to compute the stator flux vector arise
O T, T, here. Simulation results without considering dc errors in
E /\rd the measuring signals are presented in Fig. 2. The results

, . show again that the flux and speed calculation scheme
The author [4] proposed the use of the first equatioq g suffice, even for low speed operation, if no dc

only to estimate the speed. It should be noted however thafo g rement errors were present. For high-speed operation

the d and g axis flux components will be generally yhe yelocity became oscillatory and a digital filter was
sinusoidal quantities. Thus, in order to avoid dividing by gaq.

zero, we suggest using the second equation whenever
A > A

For low speed operation, when the frequency is also
low, the integral in Eqn. (5) is difficult to implement due to
offsets and drifts. A filter is often implemented to allow the ]
strategy to be used in moderate and high speeds. A good 0.6+
measuring scheme, such as the one presented in the next
section can be used to reduce the minimum speed for which
the method can be applied.

Fig. 1 shows simulation results in low and high-speed
operation of a sensorless drive with this strategy. No Tooo Tois ool Tois i ies ik s
offsets or drifts in the measured signals were considered. _. _ _ Time () _

. .__Fig. 2 Simulation results. Sensorless strategy using Eqgs (7) and (8).
The stator voltage was considered to be measured by using

the scheme described in the next section. The good resyjfs Speed Estimation Using MRAS Techniques

;how _that it is ideglly possible to implement_ a se_nsorless' Model Reference Adaptive Systems (MRAS)
induction motor drive for zero speed operation, since t_hf‘echniques were applied in [5] and [6] in order to estimate
offsets and drift problems are solved for the integral i
Eqgn. (5) to be stable.

Another alternative to calculate flux and speed from th
induction motor equations can be derived from the stat

flux vector speed [11] and slip speed [12] expressions:

Rotor Speed (rad/s)

Stator Flux (Wb)

otor speed. Schauder [5] used the induction motor voltage
model as in Eqn. (5), and the current model, derived from
the rotor equation, to obtain two estimates for the rotor
Qlux. The voltage model was considered to be the
reference, once it does not depend on the speed. Then,
from the two rotor flux estimates, an adaptive mechanism
to generate the rotor speed to be used in the current model
was developed. The current model and the adaptive
mechanism are described by Eqns. (9) and (10) below.



9) is difficult to implement, once it requires A/D conversion
in a very high sampling rate. Some methods to calculate

. ~ A ~ A precisely the stator voltage from the DC link voltage and
W, = kp@\‘r’ XA, ﬁ+ kij'ﬁ’\;’ XA, @it (10) the states of the inverter switches have been recently
proposed [13]-[16]. Generally, a compensation scheme for
Simulation results using this speed estimation techniqu&/D conversion offsets, dead time of the inverter and
are shown in Fig. 3. forward voltage drops in the switches is used.

Another alternative was presented in [17]. The voltage
to be measured is integrated each switching period. At the
end of each period, the integration is stopped and the
output is held during an interval necessary for its digital
detection. The average voltage is obtained by dividing the

, detected value by the switching period. Then, the integrator
is reset to zero until the next operation. Two groups of
circuit are necessary for alternating the measurement. This
instantaneous average voltage-measurisgheme was
used to obtain the results in this paper. The scheme is
simple and inexpensive and was physically implemented.
ke ek ok ohs ihe ik ik ibs The two integrators must use accurate components to give
Time (s) identical results for identical inputs. Otherwise some
Fig. 3 Simulation results. Sensorless strategy according to Schauder [5l/oltage fluctuation will appear in the output and this may

deteriorate the flux calculation. The circuit must be

All the alternatives presented make use of the voltaggyrefully built in order to ensure its linearity and accuracy.
model in some way for the speed estimation and have

problems for low speed operation. V.
Other techniques for speed estimation have been

proposed recently. Rotor position and velocity can be A peadbeat Direct Torque and Flux Control (DTFC)
estimated by injecting a high frequency signal in th&rategy recently proposed was used [18]. The voltage
machine terminals and tracking the rotor magnetiGecior necessary to eliminate the flux and torque errors in

saliencies [8]. one switching period is determined in a stator flux

In a wye connected machine, the sum of the three statfiference frame. This calculated voltage vector serves as a
voltages is dominated by the third harmonic componeniserence to a space vector PWM scheme.

and a high frequency rotor slot ripple. Assuming & The flux and torque controllers are described below.
balanced operation, it can be shown [9], [10] that the

amplitude and position of the air gap flux can be obtained  Fjux Control
from the third harmonic air gap voltage. In low speed |, 5 stator flux reference frame, the axis flux

operation, however, the signal/noise relation is very |°V160mponent is zero and the flux dynamics can be imposed
and the third harmonic voltage is difficult to be preciselyomy by thed axis stator voltage component.

measured. . ;
Vgq = Rgiggt A sg (11)
IV. STATOR VOLTAGE MEASUREMENT ConsideringT as the sampling period and as the
sampling instant, Eqn. (11) can be written as a discrete
When a shaft position or speed sensor is available, tfierward difference equation:
use of a flux observer and the assumption of the statotgq(k +1) = Agq(K)+[Vgg(K)—Rgigg(K)IT (12)
voltage to be equal to the inverter reference voltage |n order to impose a deadbeat flux control, it should be
generally leads to good dynamical responses, even at zero . *
speed. However, if the flux is obtained by the use of theonsidered thad g4(K +1) = A'g Then
voltage model, this assumption makes the flux estimation A=A 4(k) _
to fail in low speeds. In order to obtain a better estimatioVsg(k) =—=——3 + Rgisg(k) (13)
of the stator voltage, it is usual to determine the stator . R
voltage from the inverter switches states and the measurdfj€re the symbols * and "~ denote the commanded value
DC link voltage. and the estimated or observed value, respectively.
Sensorless induction motor drives have their use limited
to speeds down to about 1% of rated value [13]. In order - __1°orque Control _
extend this speed range, problems caused by the inaccurac The electromagnetic torque in the stator flux reference

of stator voltage measurement and problems due to offsét§Me IS

; 3P .
and drifts must be solved. Te = EE)\sd|sq (14)

- 1 L . The inverter instantaneous output voltage measurement
Ar == - jwr r +— is
r Tr
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Rotor Speed (rad/s)

Stator Flux (Wb)

CONTROL STRATEGY



where P is the pole number.
Considering that the flux is conveniently controlled, the
torque depends only on tlipaxis current. This current is
strongly related to the stator flux vector speed as it can be
seen from the quadrature component of Eqgn. (2), rewrittel ’
q p an. (2) LRy T

in terms of stator flux and current components in a stator o
flux reference frame: .
L. -
—Sigq+olssg Py
WOn = 0. + r (15) X, Observer
e — Wr :
Asd ~OLgigg o]
where 7, is the rotor time constant ara is the leakage o =
coefficient. ooy
By the use of a sufficiently small sampling period, the
current derivative in (15) can be written as a forward Fig. 4. Induction Motor Drive Station
difference equation: The stator current derivative in Eqn. (20) is calculated
isq( k+1)- isq( k) from stator voltage, stator current and stator flux, using the
sq = T (16) induction motor state model:
and, imposing the electromagnetic torque to be equal to tt% *D’s Ris % J""rg % Iy E’LSSD
commanded value in the next sampling instant results in & (21)
T* s~ Ig’s Riis Eﬁ Jwrg Eﬁ jwy %’Ls sO
i - e 17 ®
isg(k+1)= 3P (17) where
5 5 Asd(k) 2
22 Ry =Ry +R -
Combining (15), (16) and (17) gives r
L H T E The stator flux error is then governed by
S : . . R
—jgq( k) + Di—l k)d Ly 1 41 .
. salK)* 3 p sa(k) E=Ag—Ag=L—BE—-jwy (22)
o 5 Asd(K) oL
ws =w,(K)+ = P
> r Asd(k) —0oLgisg(k) or, considering
(18) _t -leb
In order to imposev s theq axis component of Eqn. (1) %2 |1 E
can be used, takingq as input: gl LG
) * 1 _'2
Vsq(k) = Resq(k) + wiAsg(k) T S S R
Fig. 4 shows the block diagram of the prototype Ols[L El ! LzE 1y B o
implemented to obtain the experimental results. H g Tr H
Any observer dynamics can be easily imposed by an
VI. FLUX AND SPEEDESTIMATION adequate choice ¢of andl,. However, in order to make the

real part of the eigenvalues to be independent from the
In order to evaluate the effect of the voltage measuringpeed], will be chosen equal to zero. The observer poles
scheme and whether a flux observer is able or not tare then
compensate for the voltage errors, a reduced order 1 0O _
Gopinath stator flux observer was implemented. AS]2 =—%:+ JMM% (24)
feedback term based on the derivative of the stator current
error was added to the stator voltage equation in a stator As it can be seeny influences only the imaginary part

reference frame to improve the observer dynamic responsef the eigenvalues. Howevet; cannot be arbitrarily

EX —v Rs? chosen for the discrete time flux computation requires a
s~ Vs NRsls

Ok ) s (20) limited sampling rate.

Fs = Vs ~Rels = L(is ~is) VIl. FLUX OBSERVER ANDVOLTAGE MEASUREMENT

EFFECTS

Some simulation results are presented to emphasize the
flux observer capability to compensate for the stator
voltage errors on estimated flux and therefore on the speed
accuracy.



The flux, torque and speed responses to steps in the
load torque and commanded speed are analyzed at
standstill and 150 electrical radians per second. Reference,
observed and real values are shown in the graphs.

The sensorless results were here obtained by the use of
the strategy proposed in [4], and presented in section 3.

The results considering no voltage measuring scheme
(for the flux estimation, the stator voltage was assumed to
be equal to the inverter reference voltage), a flux 1
estimation based on induction motor equations without any
feedback and the existence of an ideal speed sensor is
presented in Fig.5. As shown, the stator flux can be % 05
estimated, although with high errors, except in low speeds.
The inverter does not ideally produce stator voltage
reference. The flux is estimated integrating the stator
voltage equation and considering the stator voltage 10 be |, 5 sensorless drive, however the flux observer was no
equal to the reference voltage was the main cause for ﬂLI'énger capable of compensating for the stator voltage
and torque errors. At zero speed the flux estimation fail§;;ors and unstable results were obtained. The speed
for the relation between voltage error and stator voltage igssimation errors made the current model inaccurate to be
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Fig. 6 Results with no voltage measurement, presence of flux observer
and ideal speed measurement.

much bigger. used for correcting the voltage model flux estimate.
7 20 ‘ ‘ In Figs. 7 and 8, the instantaneous average stator
§ 100f ~ 1 voltage measurement was used. No speed sensors were
B o ] considered and the flux was obtained simply by the use of
Q. . . .
@ 100, o5 T s the induction motor stator voltage equation.
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The inclusion of the described Gopinath observer to the o Tme@ -
scheme above enables the flux to be accurately determined, Fig. 8 15(_) rad/sec r_esults with average voltage measurement, flux
even at zero speed, as shown in Fig. 6. Using the observer estimated using voltage model and no speed sensor.

means that additional information is given by the current

model, reducing the effect of the voltage errors in the flux As indicated in the results, the stator v_oltage_
estimate measurement enables the use of the sensorless induction

motor drive at standstill, with or without load torque
applied. It should be noted that when operating at zero
speed without load torque applied the stator frequency is



zero and the speed is not observable from termina@nough and the difference in the responses of the two
guantities. There will be an error in the flux and torquenecessary circuits made the measured voltage too
estimates and some torque will be applied. This causes tbecillatory. For this reason, no experimental results using
frequency to increase and the speed to become agahe technique are presented. The authors are working for
observable. The minimum speed for which the drive cathe improvement of the voltage measuring circuit.

operate depends on the measurement errors, specially due
to the problems of integrating stator voltage containing a
DC offset.

75

50

VIll. EXPERIMENTAL RESULTS

Experimental responses to steps in the speed and load
torque commands with the use of a speed sensor, 5
considering the stator voltage to be ideally produced by the “

Torque (N.m.) Speed (rad/s)

PWM inverter and using the proposed reduced order flux % : : R

observer are presented in [18]. The results obtained are g

very similar to the simulations. R T T T
Sensorless strategy proposed by Rajashekara [4] was Time (s)

used to obtain the results presented in Figs. 9, 10 and 11.

Stator voltages were again considered to be equal to the F'9- 10 Responses to a square wave commanded torque. No voltage
. . or speed measurement. VVoltage model used to estimate the stator flux.

reference values. However, in order to avoid DC errors to

make the flux estimation unstable, statonfintegration .
was made by the use of a low pass filter. A programmable ]
time constant was used in the filter to enable its use in a 2]

wide speed range. Further, a compensation scheme for the
filter to have gain and phase equal to that of a pure
integrator in steady state was used.

In Fig. 9 steps in the speed command of 150 electrical NI
rad/d and 40 electrical rad/s are applied, respectively.
Good flux, torque and speed responses are observed.
However, the system was not able to operate in speeds ] NV
below 20 electrical rad/s. This means that the low pass
filter for the flux estimation was no longer capable of
distinguishing the DC errors from the low frequency signal -

T T T T

to be integrated in a sufficiently short time. _ Speed (rad’s)

Fig. 11 Speed x Torque response to a square wave commanded
torque. No voltage or speed measurement. VVoltage model used to

T T 1
60 &0

[S]
o

L estimate the stator flux.
rects)
IX. CONCLUSION
Nm) N Some of the strategies for sensorless induction motor
e drives were reviewed and the effects of including a flux
‘ T observer and a PWNhstantaneous average measuring
schemavere analyzed.
wy f When a speed sensor is available, the use of a flux
M — —_— — observer showed to be an effective means to enable fast

J 1

: and precise flux estimation without any voltage-measuring
Tie (s) scheme. The observer uses both voltage and current
Fig. 9 Responses to steps in the commanded voltage. No voltage dp()dels' Sl_n_ce the Current{ model depends on the SpeEd*
speed measurement. Voltage model used to estimate the stator flux. SOme additional mechanism must be used to ensure
convergence for sensorless drives without some voltage
The response to & 2N.m. square wave commanded measuring scheme.
torque in the low speed range is presented in Fig. 10. The The implemented stator voltage-measuring scheme
corresponding speed versus torque curve is shown in Figsduces the lower speed limit for induction motor drives
11. As shown the estimated torque follows accurately th@ith stator flux estimated only by the voltage model to be
reference and a corresponding triangular speed curve applied.
obtained.
Unfortunately, theinstantaneous voltage measuring
schemewas implemented with components not accurate
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