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Abstract - This paper discusses the analysis and
implementation of a Luenberger observer applied to the
estimation of the speed of an induction machine (IM) for an
indirect vector control (IVC) system, operating at both low
and high speeds, with and without load torques. A complete
description of the technique is provided, along with some
insightful explanation of their adaptation mechanism. The
paper also discusses the influence of parameter variation as
well as the choice of the integration routine on system
dynamic and steady state characteristics.

I. INTRODUCTION

poles are dynamically changed to take into account the
non-linear characteristics of the IM. They, however, did
not fully take advantage of the potential of the technique,
simplifying their implementation by forcing the observer

gain matrix to zero.

Il. SPEED OBSERVER STRUCTURE

The overall system block diagram is shown in Fig. 1. It
consists of an IVC system where the speed sensor has been
replaced for a speed estimator, based on the Luenberger
observer, that produces a speed estimate from the stator

Sensorless vector control has been a topic of interest fepltages and currents.
drive systems researchers in recent years. The advantage§ stator current {,) and rotor flux (), ) are selected as

of substituting the mechanical sensor, usually a pulsgt

encoder, for speed estimators are well known:

ate variables [2], the IM state equations in the stationary
reference frame can be written as in (1), while the output

« The sensor is fragile and sensitive to hOSt”eequation stator current, is given by (2):

environments, usually present in industrial plants;

» The installation of a speed or position sensor requires
shaft extension in the machine, what adds cost to th

system;
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» The sensor is also expensive, sometimes costing mofe = Cy )

than the main machine;

Several techniques have been proposed in the Iiterat%ere_
for estimating the speed of an induction machine (IM). The ' T
methods can be broadly classified in two main categories; :[ids iqs] is the stator current vector;
back emf methods, that derive the speed signal from the
fundamental stator and current signals, and spectrgj = [LUd W, ]T is the rotor flux vector:
analysis methods, that utilizes the natural (intrinsic) slot
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harmonics or intentionally injects high frequency ;S:[vds Vqs] is the applied stator voltage vector.

harmonics in the machine (superimposed to the

fundamental signal) to detect rotor position and speed, _ 0OR, [-oc0 _

based on intrinsic or induced machine asymmetries. A = _E}T +OT_EI =aml
While the techniques based on back emf do not 4

continuously operate at zero speed, and usually presen{tzls _ L, 01

instability problems at low speed, they are in general les§/? ~ oLl [T
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demanding in terms of computational load than the
techniques based on spectral analysis. Furthermore, they,; =1 =q,,;1
do not require any machine modification, what makes them Ty

suitable for application to low cost, off the shelf induction

motors .

Among the several back emf methods, one technique has
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emerged as most promising, namely the Luenbergep =—— I =b1

observer [1]. It is relatively simple to implement, and

oL,

possesses good dynamic and steady state characteristics. In
fact, H. Kubota et al. [2] applied the Luenberger observer
to a direct vector-controlled IM drive, where the observer



ds

e L
ldgé—, s f©¢© vk Va
i * Current dqg [V* [ PWM | V,

{2

Speed Control | | b | Ye* |Inverter| Vo
Control
sinBe
% cosfe Lii [Vaw Ve
+
| P @D Low-P:
@D 11 /(Tx*lds) K e Oglterass
+

Luenberger
Observer

Fig. 1 - Block diagram of the proposed system.
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R., R  stator and rotor resistance

~

s, L, stator and rotor self inductance

L, mutual inductance

o Ieakagecoefficient,czI—Lmz(LSL,)
1, rotor time constant, T, = L, / R,

W, motor angular velocity

A state observer for stator current and rotor flux
estimation can be derived from (1), as shown below:
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where G is an observer gain matrix, designed to ensure a
stable operation for the observer.

The observer structure can be seen on Fig. 2. It
essentially duplicates the dynamics of the IM, but also
possesses a corrective term contributed by the observer
gain matrix G. Thisis necessary to reduce the sensitivity to
machine and observer parameter mismatches.

In order to derive the adaptive scheme [2], Lyapunov’
theorem is utilized. From (1), (2) and (3), the estimatior&tim
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Fig. 2 - Block diagram of adaptive speed observer [2].
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where A is apositive constant.
Thetime derivative of V becomes:
%V:eT[(A+GC)+(A+GC)T]e—
eig P, —ei
200, ds¥ qr qgs dr+ 6)
e
2 d .
+—Aw, — W
N Ta T

where: eig, =iy _;ds and eiqs = iq‘\, —lqu
From (6), we can find the following adaptive scheme for
the speed estimation by equalizing the second term to the

third term:
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If the observer gain matrix G is designed so that the first
term of (6) can be negative-semidefinite, the proposed
speed adaptive flux observer is stable.

The motor speed can change quickly. Therefore, the
following proportional and integral adaptive scheme is

sed in practic to improve the response of the sped
ation.

error of the stator current and rotor flux is described by thé

following equation:
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Now the following Lyapunov function candidate is

defined:

d)r = kP(eidquqr _eiqqudr)+k[I(8id9qur _eiqslpdr) ©)
where kp and k; arethe arbitrary positive gain.

The observer gain matrix G is calculated by the
following equation so that the observer poles are
proportional to those of the induction motor (with
proportionality constant £ = 1):
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where:

g1 =(k=1)Uan1; +a,22)

g2 = (k=1) Wi,

83 = (k2 ‘1)540%11 *+aypp) = cllk = 1)fa,;; +a,2)
gy = —cllk - 1)l

In short the adaptive system consists of a Pl controller
that acts upon an error signal (U) obtained as the vector
product of the stator current error vector and the estimated
rotor flux vector , asindicated by 10.

U = eigyDW,, —ei 0P, (10)

In fact, by using the standard steady state T model for
the IM (not shown), along with the phasor diagram of
Fig. 3, the behavior of the error signal can be illustrated,
here for a particular condition, where the system is
operating at steady state at 900 rpm, and 50% of load
torque. The actual speed signal is used for both vector
orientation and speed control. When the speed estimate is
smaller than the actual value (e < 6))( Wreg = 850 rpm),
the dip frequency estimate becomes greater than the
correct value (wyeq > Wy), Causing an increase in the g-axis

component, such that the estimated current vector (f5850)
leads the actual value (TS). As can be seen in Fig. 3, the

current error vector (eigsg) lags the rotor flux estimate

vector, such that the error given by (10) results positive. As
a conseguence, the PI controller increases the speed
estimate until the error is driven to zero, where the speed
estimate equals the actual machine speed. Opposite
behavior occurs when the speed estimate is greater than the
actual value, what isaso illustrated in Fig. 3 for wyey = 950
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Fig. 3 - Phasor diagram of adaptive system.

I1l. SMULATION STUDIES

The system was initially validated by simulation studies,
using SIMNON language. A complete IVC speed control
system was constructed, using a sinusoidal PWM inverter
model to ensure redlistic results, as shown in Fig. 4. Low-
pass filters (LPF) were utilized to condition the current and
voltage signals needed for the observer, as well as for the
current control loop, implemented in the synchronous
frame.

The system was initially tested for a 0 to 900 rpm speed
reference step, followed by a load torque step of 0.5 pu.
Fig. 5(a) shows reference and actual speed responses,
while Fig. 5(b) presents the speed estimate along with the
actual speed. The current loop operation can be observed
in Fig. 5(c) and (d), for g-axis and d-axis components,
respectively.

The effects of switching frequency, as well as the
integration technique, on speed estimate accuracy were
next investigated. Figure 6 shows a steady-state operation
at 900 rpm, and 0.5 pu of load torque, when estimated
speed is used in the speed control loop. For a5 kHz PWM
switching frequency, Fig. 6(a) shows a 6 rpm estimation
error. This value is reduced to 3 rpm, when the switching
frequency is increased to 10 kHz. Figure 6.1 shows a 5
kHz switching frequency operation, but now a trapezoidal
rule of integration is used, in contrast to rectangular ruler
(Euler) utilized in the previous cases. The estimation error
is now reduced to 1 rpm. Due to its superior performance,
trapezoidal rule was also utilized in the experimental study.

As the IM parameter are subject to change due to
temperature and saturation effects, a sensitivity study was
carried out, asindicated in Fig. 7.

Fig. 7(a) indicates that rotor resistance variation is a
dominant factor in speed estimate accuracy, particularity at
high load torques. The influence of stator resistance
variation is also affected by load torque, but its impact is
higher at low speeds due to a smaller back emf, Fig. 7(b).
The leakage inductance variation is a secondary factor in
speed estimate precision, asindicated in Fig. 7(c). Itisaso
easier to compensate for, due to the a priori knowledge of
its behavior with respect to total stator current.
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Fig. 4 - Block diagram used for simulation.
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Fig. 6 — Steady state operation for 0.5 pu load torque
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(a) 5kHz switching frequency, Euler method of integration;
(b) 10kHz switching frequency, Euler method of integration;
(c) 5kHz switching frequency, trapezoidal method of integration.
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Fig.7 — Parameter variation effect on speed estimate.



IV. EXPERIMENTAL STUDIES

An actual system was next implemented, as shown in
Fig. 8. It utilizes a Host PC with an embedded Texas
Instrument's TMS320C25 DSP based control board from
Dalanco Spry [3][4]. Except for the A/D and D/A
converter, all control functions are implemented with a 200
ps sampling time. The man-machine interface is
implemented in the Host PC, that is responsible for starting
| stopping the system, establishing the speed reference, as
well as capturing the system internal variables and
graphically displaying them.

Experimental step response from 900 to 1350 rpm are
shown in Fig. 9 for a5 hp, 4 poles induction motor drive,
with an inertial load of 0.057 kgCm® The actua and
estimated speed signals agree quite well for both steady
state and transient condition, good accuracy was obtained
for this condition.

Four quadrant operation is illustrated in Fig. 10. The
system was initially operating at 50 rpm, when the speed
reference was changed to 200 rpm. After nearly 1 sec, the
speed reference is set to -200 rpm, and, finally to zero. It
can be seen that some spikes are present in the speed
estimate, during the initial transients, and they were found
to be caused by delays introduced by the LPF, and are not
easy to circumvent. The g®axis current response is aso
shown in Fig. 10(c) and (d). Current oscillations are a
consequence of estimate speed fluctuations. One
remarkable feature is the stable operation of the system at
zero speed albeit some inaccuraciesin the estimate.

The impact of a sudden load step (of 0.5 pu) can be
observed in Fig. 11. Good disturbance rejection can be
obtained, as indicated in Fig. 11(a). Observer error
(Fig. 11 (b)) isclearly noisier a higher current levels, what
is propagated to speed estimate. Finally, it can be seen that
IM flux is also affected by load torque, and this is
attributed to a mismatch between the actual parameters,
and those utilized in the observer, as well as in the dlip
gain, particularly the rotor time constant.

Some oscillations in the steady state condition are
caused by the inverter dead time of 3pus, that has not been
compensated for.
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Fig. 8 - Block diagram of experimental system.

m[rpm]

1500

1400

1300

1200 ref

@

1100 Wrest

1000

90

80

m[rpm]

0.8 t[s]

1500

1400

1300

(b)

1200
Wm

1100

1000

90

80 02 0.4 0.6

0.8 t[s]

Fig. 9 - Step response to @900 to 1350 rpm variation in reference sped,

at no load:
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V. CONCLUSION

The paper discussed the application of the Luenberger
Observer to the speed estimation of an IM under indirect
vector control. An insightful explanation of the adaptation
mechanism was introduced, along a detailed simulation
and experimental study.

The results obtained indicate that this is a viable,
reasonably simple to implement technique for speed
estimation of the IM, and applicable to vector control
systems operating in al speed regions.
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