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1. Introduction

This chapter deals with the problem of parameter identification of electrical machines to
achieve good performance of a control system. The development of an identification algorithm
is presented, which in this case is applied to Single-Phase Induction Motors, but could easily
be applied to other electrical machine. This scheme is based on a Robust Model Reference
Adaptive Controller and measurements of stator currents of a machine with standstill rotor.
From the obtained parameters, it is possible to design high performance controllers and
sensorless control for induction motors.

Single-phase induction motors (SPIM) are widely used in fractional and sub-fractional
horsepower applications, usually in locations where only single-phase energy supply is
available. In most of these applications the machine operates at constant frequency and is
fed directly from the AC grid with an ON/OFF starting procedure. In recent years, several
researchers have shown that the variable speed operation can enhance the SPIM’s efficiency
(Blaabjerg et al., 2004; Donlon et al., 2002). In addition, other researchers have developed high
performance drives for SPIM’s, using Field-Oriented Control (FOC) and sensorless techniques
(de Rossiter Correa et al., 2000; Vaez-Zadeh & Reicy, 2005; Vieira et al., 2009b). However,
the FOC associated with the sensorless technique demands accurate knowledge of electrical
motor parameters to achieve good performance.

A good deal of research has been carried out in the last several years on parameter estimation
of induction motors, mainly with regards to three-phase induction machines (Azzolin et al.,
2007; Koubaa, 2004; Ribeiro et al., 1995; Velez-Reyes et al., 1989).

However, few methods have been proposed for automatic estimation in single-phase
induction motors. One of them uses a classical method for electrical parameter identification
(Ojo & Omozusi, 2001), its implementation is onerous. In (Vieira et al., 2009a) a Recursive
Least Squares (RLS) identification algorithm is used to obtain machine parameters. The
identification results are good, although this method requires the design of filters to obtain
the variable derivative, which can be deteriorated by noises.

In order to solve these problems, this chapter details a closed-loop algorithm to estimate
the electrical parameters of a single-phase induction motor based on (Azzolin & Griindling,
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Fig. 1. Equivalent circuit of a SPIM.

2009). In (Azzolin & Griindling, 2009) a Robust Model Reference Adaptive Controller
(RMRAC) algorithm was used for parameter identification of three-phase induction motors.
The RMRAC algorithm eliminates the use of filters to obtain derivatives of the signals. Thus,
the objectives of this chapter are to apply the RMRAC algorithm in the electrical parameter
identification of a SPIM and make use of the robustness of the system in dealing with of noise
measurement.

As a result, the proposed parameter estimation procedure is divided into three steps:

(I) identification of the RMRAC controller gains;
(II) estimation of the transfer function coefficients of the induction motor at standstill;

() calculation of the stator resistance Rg;, rotor resistance R,;, stator inductance Lg;, rotor

inductance L,; and mutual inductance L,,; using steps (I) and (II), where the index ”;
express the axes q or d.

This chapter is organized as follows: Section 2 presents the induction machine model. A short
review of the RMRAC algorithm applied to the identification system is presented in sections 3
and 4. Section 5 describes the assumptions and equations of Model Reference Control (MRC)
while section 6 shows the proposed parameter identification algorithm. Sections 7 and 8
present the simulation and experimental results. Finally, chapter conclusions are presented
in section 9.

2. Mathematical model of a single phase induction motor

The SPIM equivalent circuit without the permanent split-capacitor can be represented by an
asymmetrical two-phase induction motor as shown in Fig. 1. In this figure L;;; and L;,; are
the stator and rotor leakage inductances, w; is the speed rotor, ¢,; is the electromagnetic flux
and N; is the number of turns for auxiliary winding or axis d and for main winding or axis q.
The stator and rotor inductances are relationship with the leakage and mutual inductance as
alLs =L+ Ly and L,; = Lj,; + Ly,;, respectively.

From Fig. 1 and from (Krause et al., 1986) it is possible to derive the dynamical model of a
SPIM. The SPIM dynamical model in a stationary reference frame can be described by 1. In this
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equation 0; = LsgLyg — L%m, 04 = LgyL,q — L2, p is the poles pairs and 7 is the relationship
between the number of turns for auxiliary and for main winding N,/ Nj.
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From equation 1 it is possible to obtain the transfer functions in the axes q and d at standstill
rotor (w, = 0), where these equations are decoupled and presented in 2 and 3.

gL Rrg
isy (S) op of
B = o0 " o, o Rk’ )
%
gLra R
i, (s 7, o
Hy(s) = 405 = R 3)
sd 52_’_5pd+%
U4
where
RsgLyg + RyyL R ;L R, L
pg = —9T1 T and py = Sl rd + Rrabsa @)

3. Identification system

The proposed electrical parameter identification system is shown in Fig. 2. This system is
based on a RMRAC algorithm used to generate the control action vs, by the difference between
the measured current isy and the reference i7, at standstill rotor. In this test the auxiliary
winding (or axis d) is open while the main winding (or axis q) is identified.

The dotted box in Fig. 2 is detailed in Fig. 3 where the RMRAC control law applied to q axis
is shown. In Fig. 3, the reference model and plant are given by

(5)
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Fig. 2. Block diagram of the RMRAC identification system.

(i) o W, 5) [
sq —
I | é)_,el
(Usq) (qu) A+
+%L 5 %l G(s) |2
\‘ +
VAN TS
i Ol |AG)
v oG],
i Pl [AG)
0 s sl )
yp E 9“\\‘
0)1 — ? ------------------- ,
@ HERREEA o
612 —>i B:—GPB—P—ge :
N { ( S
Fig. 3. RMRAC structure.
Zp (s)
G,(s) =k, -L>"2 6
p(S) pRP (S) ( )

where Z,(s), Rin(s), Zp(s) and Ry (s) are monic polynomials and k;; and k, are high frequency
gains.

The general idea behind RMRAC is to create a closed-loop controller with gains that can be
updated and change the response of the system. The output of the system y,, is compared to a
desired response from a reference model y,,. The controller gains vector 8 = [61T 92T 03 04"
is updated by a gradient algorithm based on e; error. The goal is that the gains converge to
ideal values that cause the plant response to match the response of the reference model. These
gains can be obtained by a gradient algorithm presented in (Ioannou & Sun, 1996; Ioannou &

Tsakalis, 1986) and described as follows. More details of RMRAC algorithms can be seen in
(Camara & Griindling, 2004).
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The procedure described in Fig. 2 and Fig. 3 is applied to parameter identification of the q axis
or transfer function 2. However, the same procedure is used for parameter identification of
the d axis or transfer function 3.

4. RMRAC gains adaptation algorithm

The gradient algorithm used to obtain the control law gains is given by

. PZ
0= —oPo— —3e ()
with
. 1
m:50m+51(]up}+‘yp}+1),m(0)>(5—, 0 >1, (8)
0
and
&= Wi(s)Iw, )
w = [w] wy ypup]', (10)
wlT, sz are auxiliary vectors, &y, d1 are positive constants and dy satisfies &y + d, <min(pg, qo),

go € R is such that the Wy, (s — go) poles and the (F — goI) eigenvalues are stable and J; is a
positive constant. The sigma modification ¢ in 7 is given by

0 it ||6] < My

oc=1< 0y <U\i” — 1) if My < |0 < 2My , (11)
0
o0 if 6] >2My

where My >| 6* || and 0y > 2u~2/R?,R,u € R+ are design parameters. In this case, the
parameters used in the implementation of the gradient algorithm are

5o = 0.7

5 =

=1, (12)
op = 0.1

My = 10

More details of design of the gradient algorithm can be seen in (Ioannou & Tsakalis, 1986). As
defined in (Lozano-Leal et al., 1990), the modified error in 7 is given by

e=e1+0' &—Wy,0' w, (13)

or

e=¢ T+ (14)
When the ideal values of gains are identified and the plant model is well known, the plant can
be obtained by equation analysis of MRC algorithm described in the next section.
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Fig. 4. MRC structure.
5. MRC analysis

The Model Reference Control (MRC) shown in Fig. 4 can be understood as a particular case
of RMRAC structure, which is presented in Fig. 3. This occurs after the convergence of the
controller gains when the gradient algorithm changes to the steady-state. It is important to
note that this analysis is only valid when the plant model is well known and free of unmodeled
dynamics and parametric variations.

To allow the analysis of the MRC structure, the plant and reference model must satisfy some
assumptions as verified in (Ioannou & Sun, 1996). These suppositions, which are also valid for
RMRAUC, are given as follow:

Plant Assumptions:

P1. Z,(s) is a monic Hurwitz polynomial of degree 11,;
P2. An upper bound 7 of the degree 1, of Ry (s);

P3. The relative degree n* = n, — my of G (s);

P4. The signal of the high frequency gain k) is known.

Reference Model Assumptions:

M1. Z,,,(s), Ry (s) are monic Hurwitz polynomials of degree g, pm, respectively, where
Pm <1,
M2. The relative degree n;, = pm — qm of Wy (s) is the same as that of G,(s), i.e.,
ny, = n*.

In Fig. 4 the feedback control law is

0] a(s) 0y a(s) 03 1
= 5 N N Ly 15
" 94 A(S) P 94 A(S>]/p+94yp+94r ( )
and
w(s) 2wy o (s) = ["2,5" 3,51 for n>2, .
A
a(s) = for n=1,

03, 04 € RL; 91T , 92T e R"1 are constant parameters to be designed and A(s) is an arbitrary
monic Hurwitz polynomial of degree n — 1 that contains Z,(s) as a factor, i.e.,

A(s) =No(s)Zm(s), (17)
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which implies that Ag(s) is monic, Hurwitz and of degree ny = n — 1 — g,,. The controller
parameter vector

0=1[0] 0] 0,0,] €%?, (18)
is given so that the closed loop plant from  to y, is equal to Wy, (s). The I/O properties of the
closed-loop plant shown in Fig. 4 are described by the transfer function equation

yP —~ GC(S)r/ (19)
where
Ge(s) o2y 0
c\s) = ’
A (6,8 = 0] a) Ry —kpZp (6] &+ 630)]
Now, the objective is to choose the controller gains so that the poles are stable and the
closed-loop transfer function G.(s) = Wy, (s), i.e.,

2
kpZy\ e Zm .
A[(0,A =0 a) Ry —kpZy (0] 0+ 65A)] R
Thus, considering a system free of unmodeled dynamics, the plant coefficients can be known
by the MRC structure, i.e., kp, Z,(s) and Ry (s) are given by 21 when the controller gains 6],

(21)

0, , 03 and 64 are known and Wy, (s) is previously defined.

6. Parameter identification using RMRAC

The proposed parameter estimation method is executed in three steps, described as follows:

6.1 First step: Convergence of controller gains vector

The proposed parameter identification method is shown in Fig. 2. In this figure the parameter
identification of q axis is shown, but the same procedure is performed for parameter
identification of d axis, one procedure at a time.

A Persistent Excitant (PE) reference current i, is applied at q axis of SPIM at standstill rotor.
The current is; is measured and controlled by the RMRAC structure while iy, stays at null
value. The controller structure is detailed in Fig. 3. When ¢; goes to zero, the controller gains
go to an ideal value. Subsequently, the gradient algorithm is put in steady-state and the system
looks like the MRC structure given by Fig. 4. Therefore, the transfer function coefficients can
be found using equation 21.

6.2 Second step: Estimation of k;, ho;, a1; and ay;

This step consists of the determination of the Linear-Time-Invariant (LTI) model of the
induction motor. The machine is at standstill and the transfer functions given in 2 and 3 can
be generalized as follows

i Z,i (s ho;
Sy sz:kPizHOz, (22)
y Ry (s) <+ saq; + ao;
where
L, R,; RgiRy;
kpi = (_T—Til, hoi = L_:Z" a1j = p; and ag; = S(;i =, (23)
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The reference model given by 5 is rewritten as

:kmzﬂ k s+2o

Wi (s =kn—s—""—, 24

m (5) Ry 824 p1s+ po -
and from the plant and reference model assumptions results
my=1,n,=2,n"=1,

The upper bound 7 is chosen equal to 1, because the plant model is considered well known
and with n = n, only one solution is guaranteed for the controller gains. Thus, the filters are
given by

a(s) = zop,
Assuming the complete convergence of controller gains, the plant coefficients are obtained
combining the equations 22, 24 and 26 in 21 and are given by

{ A (S) =Zm (S> =5+ 20, (26)

= 20 (g, —pT
hoi = O, (941 911> ’

(27)
ay; = p1 + km03;,

[ 90i = Po+ kmzo (9; + 931') .

6.3 Third step: R,;, R,;, Ls;, L,; and L,,; calculation
Combining the equations 4, 23 and using the values obtained in 27 after the convergence of
the controller gains, we obtain the parameters of the induction motor:

(5 api
si 7
kpiho

A ai; A

Ry = k. Rgj,
pi
A | R, (28)
Lsj =Ly = 7
01

i/ tz' N Rsier

mi si aOl

In the numerical solution it-is considered that stator and rotor inductances have the same
values in each winding.

7. Simulation results

Simulations have been performed to evaluate the proposed method. The machine model given
by 1 was discretized by Euller technique under frequency of fs = 5kHz. The SPIM was
performed with a square wave reference of current and standstill rotor. The SPIM used is
a four-pole, 368W, 1610rpm, 220V /3.4A. The parameters of this motor obtained from classical
no-load and locked rotor tests are given in Table 1.
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Rsg | Rrg | Lmg Lsq
7.000) 112.2602]10.2145H |0.2459H
de er Lmd Lsd
20.630228.0102(0.3370H |0.4264H

Table 1. Motor parameter obtained from classical tests.
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Fig. 5. Plant and reference model output.

The reference model Wi, (s) is chosen so that the dynamic will be faster than plant output is;.
Thus, the reference model is given by

s+45

52 +180s + 8100"
The induction motor is started in accordance with Fig. 2 with a Persistent Excitant reference
current signal. A random noise was simulated to give nearly experimental conditions. Fig. 5
show the plant and reference model output after convergence of gains.

Fig. 6 shows the convergence of controller gains for parameter identification of q axis.
This figure shows that gains reach a final value after 600s, demonstrating that parameter
identification is possible. The gain convergence of d axis is shown in Fig. 7. Table 2 presents
the final value of controller gains for the q and d axes, respectively.

Wi (s) = 180 (29)

-0.0096(-1.0925(0.8332{-0.0950
014 o4 034 044
-0.0164-0.6429|0.6885|-0.0352

Table 2. Final value of controller gains obtained in simulation.

The parameters of SPIM are obtained by combining the final value of controller gains from
Table 2 with the equations 27, 28 and the reference model coefficients previously defined in
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Fig. 6. Convergence of controller gains vector for q axis.

Convergence of controller gains

0 100 200 300 400 500 600 700
Time (s)

Fig. 7. Convergence of controller gains vector for d axis.

equation 29. The results are shown in Table 3. It is possible to observe in simulation that the
electrical parameters converge to machine parameters, even with noise in the currents.

7.07() 112.21(2|0.2150H [0.2462H
Rsa R4 Ling Lsa
20.22(2|27.67€1|0.3312H|0.4292H

Table 3. Motor parameter identified in simulation.
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Fig. 8. Experimental convergence of controller gains for q axis.

8. Experimental results

This section presents experimental results obtained from the induction motor described in
simulation, whose electrical parameters obtained by classical no-load and locked rotor tests
are shown in Table 1. The drive system consists of a three-phase inverter controlled by
a TMS320F2812 DSP controller. The sampling period is the same used in the preceding
simulation.

Unlike the simulation, unmodeled dynamics by drive, sensors and filters, among others, are
included in the implementation. This implies that the plant model is a little different from
physical plant. As a result, there is a small error that is proportional to plant uncertainties
and is defined here as a residual error. The tracking error e; can be minimized by increasing
the gradient gain P. However, increasing P in order to eliminate the residual error can cause
divergence of controller gains and the system becomes unstable.

To overcome this problem a stopping condition was defined for the gain convergence. The
identified stator resistance R,; was compared to measured stator resistance R,; obtained from
measurements. Thus, the gradient gain P must be adjusted until the identified stator resistance
is equal to the stator resistance measurement.

Figure 8 presents the convergence of controller gains for q axis. The gains reach a final value
after 400s. Figure 9 presents the convergence of controller gains for d axis. The value of the
gain that resulted in R,; = R,; was P = 20L

The plant output is; and reference model output isq, are shown in Fig. 10, after controller gain
convergence, where it is possible to see the residual error between the two curves. The final
values of controller gains, for axes q and d, are shown in Table 4.

The parameters of SPIM are obtained by combining the final value of controller gains of Table
4 with the equations 27, 28 and the reference model coefficients previously defined in equation
29. The results are shown in Table 5.
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Fig. 9. Experimental convergence of controller gains for d axis.
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Fig. 10. Experimental plant and reference model output.

b1, | 02 | 035 | Oa
0.0136]| -0.558 |-0.0555(-0.0423

bha | Oo 034 044
0.0042-0.6345| 0.1560 |-0.0207

Table 4. Final value of controller gains obtained in experimentation.
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qu qu Lmq qu
6.91050) [15.418102(0.1821H|0.2593H

de er Lmd Lsd
20.9438(2|34.9016(2|0.4926H |0.6447H

Table 5. Motor parameter identified in experimentation.
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Fig. 11. Transient of comparison among measured and simulated currents from q axis.

8.1 Comparison for parameter validation

A comparative study was performed to validate the parameters obtained by the proposed
technique. The physical SPIM was fed by steps of 50V and 30Hz. The currents of main
winding, auxiliary winding and speed rotor were measured.

Then, the dynamic model of SPIM given by 1 was simulated, using the parameters from Table
5, under the same conditions experimentally, i.e., steps of 50V and 30Hz. The measured rotor
speed was used in the simulation model to make it independent of mechanical parameters.
Thus, the simulated currents, from q and d windings, were compared with measured currents.
Figures 11 and 12 shows the transient currents from axis q and d, respectively, while Figures
13 and 14 shows the steady-state currents from axis q and d, respectively.

From Figures 11-14, it is clear that the simulated machine with the proposed parameters
presents similar behavior to the physical machine, both in transient and steady-state.

9. Conclusions

This chapter describes a method for the determination of electrical parameters of single phase
induction machines based on a RMRAC algorithm, which initially was used in three-phase
induction motor estimation in (Azzolin & Griindling, 2009). Using this methodology, it is
possible to obtain all electrical parameters of SPIM for the simulation and design of an high
performance control and sensorless SPIM drives. The main contribution of this proposed work
is the development of automated method to obtain all electric parameters of the induction
machines without the requirement of any previous test and derivative filters. Simulation

www.intechopen.com



158 Electric Machines and Drives

is4(measured)

Is4 (simulated)

0.5} 1

Measured and simulated currents
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o

Fig. 12. Transient of comparison among measured and simulated currents from d axis.
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Fig. 13. Steady-state of comparison among measured and simulated currents from q axis.

results demonstrate the convergence of the parameters to ideal values, even in the presence of
noise. Experimental results show that the parameters converge to different values in relation
to the classical tests shown in Table 1. However, the results presented in Figures 11-14 show
that the parameters obtained by proposed method present equivalent behavior to physical
machine.
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Fig. 14. Steady-state of comparison among measured and simulated currents from d axis.
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