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1. Introduction

This chapter addresses the problem of controlling a three-phase Induction Motor (IM) without
mechanical sensor (i.e. speed, position or torque measurements). The elimination of the
mechanical sensor is an important advent in the field of low and medium IM servomechanism;
such as belt conveyors, cranes, electric vehicles, pumps, fans, etc. The absence of this sensor
(speed, position or torque) reduces cost and size, and increases reliability of the overall
system. Furthermore, these sensors are often difficult to install in certain applications and
are susceptible to electromagnetic interference. In fact, sensorless servomechanism may
substitute a measure value by an estimated one without deteriorating the drive dynamic
performance especially under uncertain load torque.

Many approaches for IM sensorless servomechanism have been proposed in the literature
is related to vector-controlled methodologies. One of the proposed nonlinear control
methodologies is based on Feedback Linearization Control (FLC), as first introduced by
(Marino et al., 1990). FLC provides rotor speed regulation, rotor flux amplitude decoupling
and torque compensation. Although the strategy presented by (Marino et al., 1990) was not
a sensorless control strategy, fundamental principles of FLC follow servomechanism design
of sensorless control strategies, such as (Gastaldini & Grundling, 2009; Marino et al., 2004;
Montanari et al., 2007; 2006).

The purpose of this chapter is to present the development of two FLC control strategies in the
presence of torque disturbance or load variation, especially under low rotor speed conditions.
Both control strategies are easily implemented in fixed point DSP, such as TMS320F2812 used
on real time experiments and can be easily reproduced in the industry. Furthermore, an
analysis comparing the implementation and the limitation of both strategies is presented. In
order to implement the control law, these algorithms made use of only two-phase IM stator
currents measurement. The values of rotor speed and load torque states used in the control
algorithm are estimated using a Model Reference Adaptive System (MRAS) (Peng & Fukao,
1994) and a Kalman filter (Cardoso & Griindling, 2009), respectively.

This chapter is organized as follows: Section 2 presents the fifth-order IM mathematical
model. Section 3 introduces the feedback linearization modelling of IM control. A simplified
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98 Electric Machines and Drives

FLC control strategy is described in Section 4. The proposed methods for speed and torque
estimation, MRAS and Kalman filter algorithms, respectively, are developed in Sections 5 and
6. State variable filter is used to obtain derivative signals necessary for implementation of the
control algorithm, and this is presented in section 7. Digital implementation in fixed point
DSP TMS320F2812 and real time experimental results are given in Section 8. Finally, Section 9
presents the conclusions.

2. Induction motor mathematical model

A three-phase N pole pair induction motor is expressed in an equivalent two-phase model in
an arbitrary rotating reference frame (q-d), according to (Krause, 1986) and (Leonhard, 1996)
according to the fifth-order model, as

d
alqs = —ayplys — wslys + azan Agr — a13NwAy, + a14Vys (1)
d
gplas = —2lys + wslgs + a13a11A gy + a13NwAgr + a14Vys 2)
d
%/\qr = —apAgr — (ws — Nw) Ay, +any L Igs 3)
d
gphar = —anAar + (ws — Nw) Agr + a11 Ly (4)
d B T,
—w = p- (Agrlgs — Agrlas) — 7w — — )
dt i i
Te=p-J- (Adrlqs - Aquds) (6)

In equations (1)-(6): Is = (Iys, Lss), Ar = (Agr, Agy) and Vs = (Vis, Vyis) denote stator current,
rotor flux and stator voltage vectors, where subscripts d and q stand for vector components in
(g-d) reference frame; w is the rotor speed, the load torque Ty, electric torque T, and ws is the
stationary speed, 0 is the angular position of the (q-d) reference frame with respect to a fixed
stator reference frame (a-B) , where physical variables are defined. Transformed variables
related to three-phase (RST) system are given by

xlxﬁ = K- XxgsT (7)
Let '
Xqd = efeoxalg 8)
b1
1 jeo _ | cosbp  —sinby _ \/? > B
with e sinfy  cosfy and K 3 . @ B @
2 2

Xqd and x,, B stand for two-dimensional voltage flux and stator current vector, respectively on

(g-d) and (a-p)reference frame.
The relations between mechanical and electrical parameters in the above equations are
A Ry A <L5Lr&+L2m ) A Lm A Ly A NLy

A 2
ag = LsL, — L5, 011 = —, a1p = —aq1 ),a13 = —, a1y = — and u =
0 sbr mr 11 L’ 12 20 L a0 11 13 a0’ 14 a0 H L,
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Feedback Linearization of Speed-Sensorless Induction Motor Control with Torque Compensation 99

where Rs, Ry, Ls and L, are the stator /rotor resistances and inductances, Ly, is the magnetizing
inductance, | is the rotor inertia, B is the viscous coefficient and N is the number of pole pairs.
In the control design, the viscous coefficient of (5) is considered to be approximately zero, i.e.
B~ 0.

3. Feedback Linearization Control

The feedback Linearization Control (FLC) general specifications are two outputs - rotor speed
and rotor flux modulus, as

vi={w VB3] 2w ) o)

which is controlled by two-dimensional stator voltage vector Vs , on the basis of measured
variables vector yo = Is. The development concept of this control strategy is completely
described in (Marino et al., 1990) and it will be omitted here. Following the concept of indirect
field orientation developed by Blaschke, (Krause, 1986) and (Leonhard, 1996), the purpose of
FLC control is to align rotor flux vector with the d-axis reference frame, i.e.

The condition expressed in (10) guarantees the exact decoupling of flux dynamics of (1)-(4)
from the speed dynamics. Once rotor flux is not directly measured, only asymptotic field
orientation is possible, according to (Marino et al., 1990) and (Peresada & Tonielli, 2000), then

t—00 t—o0
Itis defined yi = [ wrer Af | ! , where wy, s and A; are reference trajectories of rotor speed

and rotor flux. The speed tracking, flux regulation control problem under speed sensorless
conditions is formulated considering IM model (1)-(5) under the following conditions:
(a) Stator currents are measurable;

(b) Motor parameters are known and considered constant;

(c) Load torque is estimated and it is applied after motor flux excitation;

(d) Initial conditions of IM state variables are known,;

(e) A} is the flux constant reference value and estimated speed & and reference speed w;,r are
the smooth reference bounded speed signals.

FLC equations are developed considering the fifth-order IM model under the assumption that
estimated speed tracks real speed, and therefore it is acceptable to replace measured speed
with estimated speed (i.e. &y ~ w). In addition, the torque value is estimated using a Kalman
filter. Fig. 1 presents the block diagram of FLC Control.

3.1 Flux controller

From the decoupling properties of field oriented transformation (10), the control objective of
the flux controller is to generate a flux vector aligned with the d-axis to guarantee induction
motor magnetization.

Then, substituting (10) in (4)

1
a11Lm

. O
i = (an7 + g 0 12)
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Fig. 1. Feedback Linearization Control proposed

The rotor flux |A,| is estimated by a model derived from the induction motor mathematical
model, (3) and (4), that makes use of measured stator currents (Iqs, Ids) and estimated speed
@ variables.

d .
EAr = —a11Ar — j (wWs — Nw) Ay + a11 LI (13)

ay1Lm .,
s

controller is made using Euler discretization and the derivative rotor flux signal is obtained
by a state variable filter (SVF).

where the stationary speed is ws = N@ +

The digital implementation of the flux

3.2 Speed controller
The speed control algorithm uses the same strategy adopted for the flux subsystem and it is
computed from (5), as

.1 (T, d
To compensate for speed error between estimated speed and reference speed, (i.e.
ew = W — Wyf), a proportional integral compensation is proposed, as follows
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o (ko Ry, (15)
q p_1q S w

These gains values (kp_iq/ki_iq> are determined considering an induction motor mechanical
model. The reference quadrature component stator speed current is derived from (14)-(15), as

lgs = 1q — Ig (16)
In DSP implementation, the speed controller is discretized using the Euler method and the
rotor speed derivative (14) is computed by a SVE.

3.3 Currents controller
From (1) and (2), the currents controller is obtained, as

s = - <a121q5 + wsit, + a13AEN (wrgf + ew) + 2l (17)
and
1 » " d
Ugs = — Cllzlds + wslqs + ﬂ11ﬂ13)tr + 7Ids (18)
a14 dt
where proportional integral gains of the current error
_— kiy \ ~
Ugs = kpv + S Igs (19)
and
_ o klU -~
Ugs = kpv + 5 Lds (20)

in which ?qs = Igs —igs and gs = lgs — .

These gains (kpy, kiy) are determined considering a simplified induction motor electrical
model, which is obtained by load and locked rotor test. Hence, current controllers are
expressed as

’U;S - uqs - ﬁqs (21)

Vs = Uds — Ugs (22)

In DSP, currents controller are digitally implemented using discretized equation (17)-(22)
based on the Euler method, and the stator current derivative is obtained by SVF using stator
currents measures.

4. Simplified feedback linearization control

In order to reduce the number of computation requirements, a simplified feedback
linearization control scheme is proposed. In this control scheme, one part of the current
controller (6)-(7) is suppressed and only a proportional integral controller is used. This
modification minimizes the influence of parameters variation in the control system.

Fig. 2 presents the block diagram of the Simplified FLC proposed.

The currents controller of simplified FLC are defined as
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Fig. 2. Proposed Simplified Feedback Linearization Control

Flux and Speed Controller are computed exactly as in the previous scheme, as (12) and
(14)-(16).

5. Speed estimation - MRAS algorithm

A squirrel-cage three-phase induction motor model expressed in a stationary frame can be
modelled using complex stator and rotor voltage as in (Peng & Fukao, 1994)

. d, d,
Vs :Rsls‘i‘Lsals‘i‘Lmalr (25)
for squirrel-cage IM vy = 0
. . . d. d.,
0:err_]NCULrlr_]NWLmls—i_Lralr—i_Lmals (26)
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The voltage and the current space vectors are given as X = x, + jxﬁ, X € {vs,is, i}, relative
to the transformed variables present in (7). The induction motor magnetizing current is
expressed by

L
im = —ir+ i (27)
L

Two independent observers are derived to estimate the components of the
counter-electromotive vectors.

2 L2,. L? . 1. 1,
em = L—Tlm = L—r: (a)lm Y ﬁlm =+ ilg) (28)
. d.
em — Vg — RSIS — O-Lsals (29)

Lin

LsL,
and its value is defined by cross product of the counter-electromotive and stator current vector

where 0 = 1 — . The instantaneous reactive power maintains the magnetizing current,

Substituting (28) and (29) for ey in (30) and noting that is ® is = 0, which gives

d
qm = is ® (VS - (TLS_is> (31)
dt
and
LA, 1, .
dm = I (im ©1is) w + T (im ®is) (32)
T r

Then, qm is the reference model of reactive power and qm is the adjustable model. The
estimated speed is produced by the proportional integral adaptation mechanism error of both
models, and an MRAS system can be drawn as in Fig.3

This algorithm is customary for speed estimation and simple to implement in fixed point DSP,
such as in (Gastaldini & Grundling, 2009; Orlowska-Kowalska & Dybkowski, 2010; Vieira
et al., 2009).

The SVF blocks are state variable filters and are explained in greater detail in Section 7. These
filters compute derivative signals and are applied in voltage signals to avoid addition noise
and phase delay among the vectors as was proposed by (Martins et al., 2006).

6. Load torque estimation - Kalman filter

The reduced mechanical IM system can be represented by the following equations

AT w B 1 w 1
a [ TL } == O] O] [ TL } + (]) Te (33)
y=1[1 0] Y‘ii } (34)

The Kalman Filter could be used to provide the value of torque load or disturbances - Tt.
Since (15)-(16) is nonlinear, the Kalman filter linearizes the model at the actual operating
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Fig. 3. Reactive Power MRAS Speed Estimation

point (Astrom & Wittenmark, 1997). In addition, this filter takes into account the signal
noise, which could be generated as pulse width modulation drivers. Assuming the definitions

. B 1 1
xp = [ @ Tp ], Am = i J 'Bn=1| 7T |,Cmn=[1 0]andy = @.
0 0 0

Then, the recursive equation for the discrete time Kalman Filter (De Campos et al., 2000) is
described by

T T -1
K(k) = P(k)CL (cmp(k)cm + R) (35)
where K(k) is the Kalman gain. The covariance matrix P (k) is given by

P(k+1) = (I— Amts) (P(k) — K(k)CP(k)) (1= Amts) 4+ (Bmts) Q (Bmts)T  (36)

Therefore, the estimated torque TL is one observed state of the Kalman filter

giving @ ~ @y and X (k) = [ @x Ty }T.
The matrices R and Q are defined according to noise elements of predicted state variables,
taking into account the measurement noise covariance R and the plant noise covariance Q.

7. State variable filter

The state variable filter (SVF) is used to mathematically evaluate differentiation signals. This
filter is necessary in the implementation of FLC and MRAS algorithms. The transfer function
of SVF is of second order as it is necessary to obtain the first order derivative.

Wsy f

3 (38)
S+ Wy f>

Gsvf =
(
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where wyg, ¢ is the filter bandwidth defined at around 5 to 10 times the input frequency signal
Ugyf-
The discretized transfer function, using the Euler method, can be performed in state-space as

Xsvf (K +1) = AgyeXsys (k) + stf”svf (k) (39)
1 1 0 X
where Agyf = —wszvf 1— Zwsvf , Bgyt = [ ngf } and Xgyf = [ x; }

The state variables x; and x; represent the input filtered signal and input derivative signal.

8. Experimental results

Sensorless control schemes were implemented in DSP based platform using TMS 320F2812.
Experimental results were carried out on a motor with specifications: 1.5cv, 380V, 2.56A, 60
Hz, Rs = 3.24Q0), R, = 4.96Q), L, = 404.8mH, Ly = 4024mH, Ly, = 388.5mH, N = 2 and
nominal speed of 188 rad/s.

The experimental analyses are carried out with the following operational sequence:

1) The motor is excited (during 10 s to 12 s) using a smooth flux reference trajectory.

2) Starting from zero initial value, the rotor speed reference grows linearly until it reaches the
reference value. Thus, the reference rotor speed value is kept constant.

3) During stand-state, a step constant load torque is applied.

In order to generate load variation for torque disturbance analyses, the DC motor is connected
to an induction motor driving-shaft. Then, the load shaft varies in accordance with DC motor
field voltage and inserting a resistance on its armature. Fig. 4 and Fig. 5 depict performance
of both control schemes: FLC control and simplified FLC control with rotor speed reference of
18 rad/s. In these figures measure speed, estimated speed, stator (q-d) currents and estimated
torque are illustrated.

Fig.6 and Fig. 7 present experimental results with 36 rad /s rotor speed reference.

Fig. 8 and Fig. 9 show FLC control and Simplified FLC with 45 rad /s rotor speed reference.
The above figures present experimental results for low rotor speed range of FLC control and
Simplified FLC control applying load torque. In accordance with the figures above, both
control schemes present similar performances in steady state. It is verified that both schemes
respond to compensated torque variations. With respect to Simplified FLC, it is necessary to
carrefully select fixed gains in order to guarantee the alignment of the rotor flux on the d axis.

9. Conclusion

Two different sensorless IM control schemes were proposed and developed based on
nonlinear control - FLC Control and Simplified FLC Control. These control schemes are
composed of a flux-speed controller, which is derived from a fifth-order IM model. In the
implementation of feedback linearization control (FLC), the control algorithm presents a large
number of computational requirements. In the simplified FLC scheme, a substitution of FLC
currents controllers by two PI controllers is proposed to generate the stator drive voltage.
In order to provide the rotor speed for both control schemes, a MRAS algorithm based on
reactive power is applied.

To correctly evaluate whether this Simplified FLC does not affect control performance, a
comparative experimental analysis of a FLC control and a simplified FLC control is presented.
Experimental results in DSP TMS 320F2812 platform show the performance of both systems
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in the 18rad/s, 36 rad/s and 45 rad/s rotor speed range. Both control schemes present
similar performance in steady-state. Hence, the proposed modification of the FLC control
allows a simplification of the control algorithm without deterioration in control performance.
However, it may necessary to carefully evaluate the gain selection in the simplified FLC
control, to guarantee rotor flux alignment on the d axis, as well as, to guarantee speed-flux
decoupling. Both control schemes indicate sensitivity with model parameter variation, and
one way to overcome this would be the is development of an adaptive FLC control laws on
FLC control.
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