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Abstract — This paper shows and compares three
different flux estimator algorithms developed for use in
high-performance sensorless ac motor drives. Techniques
using low pass filters, high pass filters and voltage
current model are investigated. Studies are carried out
for a PWM driven induction motor. The algorithms can
be used to accurately measure the motor flux including
magnitude and phase angle over a wide speed range.
Their performances are investigated, compared, and
verified using simulation. Experimental results using a
fixed point DSP are also included.
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I. INTRODUCTION

Variable speed drive systems using induction motors
continue to grow in industrial applications. With the
development of new control strategies these drives have
improved in efficiency and reliability. Key quantities to be
known in high performance induction motor drive are the
stator and/or rotor fluxes. These can be measured or
estimated. Direct flux measurement requires sensors with
high implementation cost and the need of modification of the
machine’s design. Estimating the flux is therefore visually
more interesting once there is no need for physical alterations
in the machine and installation costs are lower [1]-[8]. There
are, in general, two methods for flux estimation: one is based
on measured motor currents, and the other is based on
measured voltages and currents [1]. In current model based
algorithms, the motor’s flux is identified by solving a set of
equations in which currents, speed, or rotor position are
required. Differently, the voltage model based algorithms
need only the voltages and currents. The voltage model based
is usually considered to be much more convenient because of
its simplicity and no need of rotor position or velocity to
estimate the flux, so it is more attractive for sensorless
drives. In this model the flux is estimated by integrating the
back electromotive force (emf) and there is only one motor
parameter that needs to be known. The stator resistance in
the majority of applications is measured and used with a
fixed value because its variation is small with the variation of
machine’s speed [1].

When estimating flux from the integration of the back
emf, errors in the estimation can occur. DC offsets and initial
phase of the input signal to the integrator result in drift
and/or offsets in the output, leading to errors in the flux
estimation.

Several solutions have been presented in the literature.
Some authors suggest the use of low pass filters with a very
low cut off frequency to integrate the back electromotive
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force [1], [4]. Others suggest the use of a high pass filter to
remove the dc offset of the signal before its integration. In
these strategies the pure integrator can be used without drift
problems [2], [8]. There are also hybrid algorithms which use
current and voltage model to estimate the flux with a good
accuracy over a wide speed range.

The present work shows a comparative study between
three speed sensorless algorithms already presented in the
literature [1],[2],[3], used to estimate the stator flux. The
algorithms are described in the next section. Studies are
developed for PWM driven induction motor.

II. ALGORITHMS FOR FLUX ESTIMATION

A. Algorithm with adaptive phase and magnitude
compensation using low pass filter (LPF)

1
The expression of a pure integrator (y = ;x) can also be

written as
1 @,
y= X+—

s+

z
s+ay

(D

where x is the input, z is the compensation and y is the output
to the system and @, is the cut off frequency respectively

[1].
The first term on the right hand side of (1) represents a
low pass filter that is traditionally used to approximate an
integrator operation. The second term can be considered as a
feedback for compensating the filter output. If the output y in
the second term can be appropriately adjusted and controlled,
the modified function delivers a much better performance
than a conventional low pass filter and the problems related
to drift and initial condition normally encountered in pure
integrators can be avoided.

Figure 1 shows the block diagram of the stator flux
estimator that uses the concept of (1). It is based on the fact
that the flux in the motor is perpendicular in time with the
corresponding counter electromotive force. In this way a
detector is used to verify the perpendicularity condition
between the flux and the corresponding counter emf. A PI
regulator is used to generate a compensation level (4.,
sufficient to guarantee that the 90° condition is established. It
is given by

k,.jflq -emf, + 2, -emf,
N

Aoy =1 Kk
[t A

where Kp and Ki are the constants of the PI regulator.
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Fig. 1. Integration algorithm with adaptive compensation based in
low pass filter.

Fig. 2. Vector diagram showing relationship between A and

motor emf.

The operation principle of the adaptive scheme can be
explained by using a vector diagram shown in Fig. 2. The

estimated flux 4 is composed of two components, a

feedforward component qu, which is the output of the LP

filter and a feedback component l; . In an ideal case, the

flux should be orthogonal to the back emf and the output of
the quadrature detector would be. When a signal with an
initial value and/or dc drift is introduced into the integrator,
the above orthogonality relation is lost, and the phase angle y
between the flux and emf is no longer 90°, which yields an
error signal defined by

e —Z, emf//i‘

= ‘emf‘cos}/

q emfg + Ay -emfy )/‘ﬂ,‘

3)
When y is greater than 90° due to an increase in the
feedback vector jqz caused by an initial value or dc drift as

shown in Fig. 2, the quadrature detector will generate a
negative error signal. The output of the PI regulator is
reduced, and so is the feedback vector. As a result, y will
decrease and the flux vector moves back to the original
position of 90°. In this way, the adaptive scheme can keep
the estimated flux and motor emf in quadrature.

This algorithm estimates the flux with a good precision in
a wide speed range, with better results at higher speeds.

B. Algorithm with adaptive phase and magnitude
compensation using high pass filter (HPF) and pure
integrator

The block diagram of this algorithm is shown in Fig. 3
and uses a HPF to remove the DC offset normally present in
the signal that will be integrated [2]. The output of the HPFs
will be a sinusoidal signal but affected in magnitude and
phase. Integrating the output of the first HPFs with pure
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integrator the response will be a sinusoidal signal with phase
and magnitude distortions. To obtain an accurate flux
estimative, compensations in magnitude and phase have to be
performed in real time. To do so, a second level of HPFs,
identical to the first level of filters, fed directly by the latter
is used. Since the HPFs are identical, they will affect their
input signals similarly to the first ones in terms of magnitude
and phase shift. The magnitude compensation is obtained by
dividing the inputs modulus by the output modulus. The
coefficient for angle compensation is obtained by evaluating
the difference between the input and output positions of the
second group of HPFs. The effective flux position is rebuilt
as shown in the following equations.
The transfer function of the HPFs is

HPF(s) = ——
s+ a)c (4)
where
w=2n.f_ )
and f; is the cut-off frequency.
The coefficient for gain compensation is obtained as
(6)

Gain= | fa Xat X, X,
Yd'Yd"'Yq'Yq

Positions before and after the second level of HPFs are
given by

19x=atan2(Xq,Xd). 9},:atan2(Yq,Yd) )
And the compensation angle is calculated as
Angle:atanZ(sin(Hy —Q),cos(é’y —BX)) (@)

The gain compensation is applied on the signal at the
output of the pure integrators for accurate flux magnitude
estimation

Auo =Gain-Z ;4 =Gain-Z, )

To obtain the corrected flux dgO the following equations
have to be solved

b5 = atanZ(ﬂqso,ldso)= atan2(Zq,Zd)

(10)
6, =atan2(sin (6, — Angle),cos (6;, — Angle)) ~ (11)
Agg = Ag -cos(8) . Ags = As -sin (6y) (12)

This algorithm has a better performance in high speeds of
induction motor where the errors in the flux estimation are
lower.

X d Pure ‘{’[
emf'd, HPF | Integrator —
Y, Vs
> HPF "l Gain —
» Signal \P.r
Yq » Angle > Correcnon_»
» HPF » Hs
emf. —>
—qb HPF Pure
I P Integrator 7 ¥,

q q
Fig. 3. Integration algorithm with adaptive compensation using
high pass filter and pure integrator.
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C. Flux observer algorithm using voltage and current model

This flux estimator algorithm uses the voltage and current
model to estimate the estator flux with good accuracy. The
open loop current model which is supposed to produce an
accurate value, especially for low-speed operation, and
adaptive voltage model for wide speed range operation [3].
The block diagram is shown in Fig.4.

N
The estimator calculates the stator flux A the rotor flux

N
A, the electromagnetic torque T, and the rotor speed @,

solving the following equations:

U =Ri+si+jol (13)
Ri +sA +j(o-w)A =0 (14)
As=Li,+Li, (15)
A=Li+L, 0, (16)

T, =1.5p(Ayi, — Aiy) (17)

where p is the number of poles and s is the derivative
operator. The input parameters used in this flux estimator
algorithm are the stator voltage and currents dg, referred to a
stationary reference frame.

The rotor flux estimator in the rotor reference frame can

be written as
— -

-
-4, (18)
1+sT, ™
where T, =L,/ R, is the rotor time constant.
For rotor flux coordinates, the d, g rotor flux components
in stationary reference are:
L
Ay =—"
rd 1+5T, sd

Ay =—2iy—j
dq 1+STr sdq

Ay =0
;1 19)

The output of the open-loop current model is the stator

5
flux /ls’ and is written as:

- - 72 5
P :i_m P Yy (20)

where ;Lr" is the estimated rotor flux from (19).

The voltage model is based on (13) and uses the estator
voltage and current measurement. For the stator reference
frame the stator flux is given as

N

- 1 . -
A=~ Vi=R is=U.om @1)
Cs
> U,
Current Model Vi s Voltage Model
Wi, A A . s
He —»"e"gﬂr—ﬂ AR |~ ZT’
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arctg (A, 1 A4) [€ ﬂ’r (ﬂx ) »
%

Fig. 4. Stator flux observer based in the current-voltage model.

713

In order to correct errors associated with pure integrator
and stator resistance measurement, present in stator flux
estimation, the voltage model is adapted through a PI
compensator

=

U, = (Kp LK 3 (2.~ )

The coefficients K, and K; may be calculated such that, at
very low frequency, the current model stands alone, while at
high frequency the voltage model prevails (23)

Kp:wl"'wz;Ki:wl'wz

(22)

(23)

where the values of the poles®1 and “2 can be
configured respectively between 2-5 rad/s and 20-30 rad/s
[3]. These poles have to be adjusted to have a smooth
transition between the two models of the closed-loop flux
estimator. A detailed parameter sensitivity analysis of this
observer can be found in [9].

The rotor flux A; is calculated in stator reference frame by
equation (24).

- - _7? 5
/’Lr — Lr /15_ Ler Lm is (24)
L L

This algorithm estimates the stator flux of induction motor
with a very good accuracy including practically the whole
speed range.

III. SIMULATION RESULTS

Algorithms performance were verified by simulation
using MATLAB/SIMULINK. The dg counter emfs that are
the input to the estimators and the electromagnetic torque are

written as:
emfd= vd.s_ R.vid.v

(25)

3p (26)

equ= Vqs— Rszqs ;

D) (qu"%dx

The cut-off frequency used for the LPF of algorithm 1 was
set to 6 Hz, so that the filter works in the integration region,
when the motor is driven at frequencies close to rated [1].

For the algorithm 2, which uses HPF, the cut-off
frequency was set to 600 Hz, which corresponds to one
decade above the frequency of 60 Hz [2].

The constants K, and K; of the PI compensator used in
algorithm 3 were set to 22 e 40 respectively [3].

The strategy followed in the simulation aiming to
investigate the estimators operation was as follows: The
induction motor model is solved for a given operating
condition. In parallel runs the simulation of the three
estimators making it possible to compare their outputs and
performance with those calculated from the motor model.
There are no closed loops. At the end of simulation all the
outputs are available for comparison. For steady state
operation at 60 Hz all the estimators worked well, with no
discrepancies compared to the values calculated from the
motor model.

With the motor running at steady state, initially at no load,
a step of rated torque is applied during a short time interval
to verify the transient behavior of the estimators. Results are
reported in Figs. 5, 6 and 7, where it is seen that the response
of algorithm 2 presents a bigger riple, and algorithm three
with the smaller riple. It is noticed in all simulations that

—iy-A,)

qs
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algorithm three performs better that any of the other two
even in low speeds. Algorithm 1 is a good choice also
because it demands less computing power than algorithm 3.
The worse results in all investigation were obtained from
algorithm 2.

Torque estimation follows straight from flux estimation by
applying eq. (26). Figure 8 shows a comparison between the
torque estimated provided from all algorithms and the
calculated torque from the motor model, where can be
observed that all algorithms estimate the electromagnetic
torque with good accuracy. Again algorithm 3 performs
better than other two, particularly in speeds close to zero.
This suggests that in implementation of this estimation
technique can be rather useful for real time measurements of
shaft torque and power delivered to the load. Conventional
torque sensors are known to be rather expensive and require
special installations. The instantaneous flux position is a
requirement for high performance drives. Figure 9 shows the
estimated flux position obtained with the studied algorithm,
which as seen, compare quite well with the calculated
position.
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Fig. 5. Estimated and calculated stator flux amplitude (Wb) — algorithm 1 —
60 Hz.
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Fig. 6. Estimated and calculated stator flux amplitude (Wb) — algorithm 2 —
60 Hz.
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60 Hz.
] ] k ] ] Algorithm 1
| | | | | —— Algorithm 2
OF — ===~~~ "7 T 7T T T 7| —— Algorithm 3
! ! ! ! ! Calculated
| | | | |
| | | | |
| |
£ 1
P4
i3
g
(s}
°
H\Hm il hlm \“ ‘ ‘H‘\M\ il
L HH\ HM\ WW MHW
Time (s)
Fig. 8. Estimated and calculated torque (N.m.) — 60 Hz.
g q
T Tl = Algorithm 1
! J‘ —— Algorithm 2
| | | — Algorithm 3
| | Calculated
o
2
<

0.13 0.14 015 0.16 0.17
Time (s)

Fig. 9. Flux position — 60 Hz.
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IV. EXPERIMENTAL RESULTS

The experimental setup depicted in fig. 10 was used to
investigate the flux estimation algorithms and consists of a 3
HP induction machine, an IGBT inverter, a DSP kit
TMS320F2812, and sensors to obtain two currents and DC
link signals. With the motor connected in star configuration,
only two currents were needed to be measured and the third
current was calculated using (27).
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ic :_(ia+ib) (27)

The phase voltages required for the estimation are
reconstructed inside the DSP, from the DC link voltage as:

2 1 1

V. =VC.C(§S1_§S2_§SSJ (28)
2 1 1

V,=Vee (gsz_gsl_gssj (29)
2 1 1

Vo=Vee (553_§S1_§S2j (30)

where S;, S,, S; are the switching states of PWM inverter.
Algorithms 1 and 3 were implemented and experimentally

tested with the motor operating at 60 Hz, no load. Each

algorithm was tested at a time. Tests were come out with the

motor driven by PWM converter in open loop. Algorithm 2
was not tested.

Results obtained with algorithm 1 are reported in Fig. 11.
Fig 11(a) shows the dg components of stator flux and Fig
11(b) shows the resultant flux amplitude. It is to be noticed
that the dg components are in quadrature. The flux amplitude
is less than rated (0.85 P.U.) because a voltage less than rated
was applied. Figs 11(c) and 11(d) show respectively the flux
phase angle and the phase diagram.

Results obtained with algorithm 3 are reported in Fig. 12.
Fig 12(a) shows the dg components of stator flux and Fig
12(b) shows the resultant flux amplitude. Figs 12(c) and
12(d) show respectively the flux phase angle and the phase
diagram.
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Fig.10. Experimental setup.
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Fig. 11. Experimental results from algorithm 1
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Fig. 12. Experimental results from algorithm 3

V. CONCLUSIONS

Three different flux estimators proposed in the literature
were verified and implemented in digital simulations. They
were tested at 60 Hz to compare performance. All of them
present good estimated results in the high speed levels with
supply frequencies around rated value. The algorithm that
presents the best overall performance is the observer based in
the voltage-current model. Experimental results using a fixed
point DSP are shown and confirm the good performance of
the low pass filter estimator and observer estimator.
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