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ABSTRACT. The synchronous speed adaptation and rotor resistance parameter identifi-
cation skills applied the adaptive control approaches to being presented for a speed estima-
tion indirect rotor flux vector controlled induction motor drive. The voltage-and-current
serial-model rotor-flux estimator is established to execute proper coordinate transforma-
tion. The reactive power based model reference adaptive system is developed to attain
exact synchronous speed. The rotor resistance parameter on-line identification scheme
1s designed by fized trace algorithm to acquire accurate slip speed. Simulated and experi-
mental results confirm the proposed approach.

Keywords: Speed estimation, Flux estimator, Adaptive control, Rotor flux vector con-
trol

1. Introduction. Induction motor (IM) compared with DC motor has possession of
lower weight and volume, more reliability, and fewer maintenance requirements, and these
enable IM drives to be adopted in precise automation applications [1-3]. Nevertheless,
the mathematical model of an IM is time-varying, nonlinear and coupling. Applying AC
motor flux vector controlled (FVC) theory [4], the complex mathematical model of an IM
is converted as a DC separately excited motor, the torque and flux can be controlled sepa-
rately, and this promotes FVC IM drives to be applied in superior performance industrial
servo apparatuses. The implementation of FVC methods requires encoder to detect the
rotor-shaft position. This sensor, however, reduces the drive reliability and is unsuitable
for hostile environment. Hence, the speed estimation FVC methods, which adopt flux
linkage and speed estimator, have been extensively used in replacing of the conventional
FVC IM drives [5]. The estimated rotor-shaft speed is obtained by subtracting the slip
speed from the synchronous speed for implementation of a speed estimation indirect rotor
flux vector controlled (RFVC) IM drive [6]. However, the rotor resistance parameter is re-
quired to calculate the slip speed, and this parameter is affected by resistance-temperature
variation. The fixed trace algorithm (FTA) is utilized to on-line identify the rotor resis-
tance parameter in this paper [7]. Model reference adaptive system (MRAS) is one of
popular estimation methods for speed estimation IM drive [8], which has a number of
advantages including simple structure, easy implementation and lower parameters sensi-
tivity. An MRAS synchronous speed estimation scheme based on the reactive power of an
IM is developed to attain exact estimation synchronous speed in this research, the pro-
posed estimated synchronous speed approach has the advantages of rapid response, and
need not resistance parameters and integrator, and the acquired estimation synchronous
speed is unaffected by temperature sensitivity. The content of this paper is organized as
follows. The mathematical model of an IM is discussed in Section 2. In Section 3, the
synchronous speed adaptation and rotor resistance parameter identification skills applied
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the adaptive control approaches to being analyzed and designed. Simulation and exper-
imental testing for the proposed scheme are presented in Section 4. Finally, Section 5
draws the conclusions of this study.

2. Mathematical Model of an IM. The stator and rotor voltage vector equations of
an IM in the arbitrarily reference coordinate frame are, respectively [9],

(Rs + Lgp + jwLy)i® + (Lipp + jwL,,)i® = 0 (1)

(L + jwsLn)i® + (Ry + Lyp + jwaL,)i® = 0 (2)

where “j” stands for the imaginary part, Rs and R, are the stator and rotor resistance,
respectively, Ly, L, and L,, are the stator, rotor, and mutual inductance, respectively,
@ =% + Jigs and @ =% + Jig are the stator, and rotor current vector, respectively,
Ug = vg,+Jvgs is the stator voltage vector, w is speed of the arbitrarily reference coordinate
frame, w, is the electric speed of the rotor, wg = w — w, is the slip speed, and p = d/dt is
the differential operator.

The two-axis voltage state matrix equation of an IM is obtained by rewriting (1) and

(2) as

ng _RSLT _(WLU + er%n) Rer —WTLmLT
igs _ i (WLO' + er?n) _RSLT w'I‘Ler Rer
N RyLy, Wy L L —R,L, —(wLy — wyLyLy)

igT‘ _WTLmLs RsLm (WL()' - erer) _RT‘LS

ng Lr O

ng i 0 L"’ Ugs

Zgr + LO’ —Lm 0 Ugs

( —L,,

qr

where L, = L, — Lfn /L, is the stator leakage inductance.
The developed electromagnetic torque of an IM is acquired by

3

To= ;PLn (4005, — ig.g.) (4)
where P is the pole number of the motor. The mechanical equation of the motor is
Jmpw'rm + Bmw'rm - Te - TL (5)

where T7, is the load torque, B,, is the viscous friction coefficient, J,, is the inertia of the
motor, and w,,, is the mechanical speed of the motor shaft. The speed of the motor shaft
is also obtained by

2
wrm = er (6)

The simulation model of an IM is established by using (3), (4), (5) and (6).

3. Speed Estimation Indirect RFVC IM Drive. In this paper, the speed estimation
indirect RFVC IM drive is established, which used the measured motor parameters such
as voltages and currents to estimate the rotor flux. The stator and rotor voltage vector
equations of an IM in the synchronous reference coordinate frame (w = w,) are expressed
as [9]

T = RJ° + jwehs + pA° (7)

0 = Ryi¢ + juwgA® + pA° (8)
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where X¢ = ANgs TJAGs and Xe = artJ A, are the stator and rotor flux vector, respectively,
and w, is speed of the synchronous reference coordinate frame. The stator and rotor flux
vectors are also expressed by

NS = Ly + Lynit 9)

X = L,i¢ + Lt (10)

Under RFVC condition, substituting (10) into (8) and setting A, = 0, the slip speed
and rotor flux are acquired, respectively, as

L, .
Wel = — ol (11)
TG,

; L e (12)
= —F—1
dr 1 +7’r8 ds

where 7. = L,/ R, is the rotor time constant and s is the Laplace operator. The developed
electromagnetic torque is obtained as

3P L, .,

T, = i (13)

TL_T dr'qs
According to (13), the developed electromagnetic torque is dominated independently
by the g-axis stator current iz, and the d-axis rotor flux A\j.. Owing to that both are
orthogonal, the maximum torque current ratio is acquired. Hence, the excellent speed
control approach that analogizes a DC separately excited motor drive is attained.
The two-axis voltage state equation of an IM in RFVC scheme is obtained by rewriting
Equation (3) as

T R, l1—0 1—0 T

i€, oL, oT, o7y L, i€, v,
oo Uogdee | e | L |
—We - - S S
P tas oL, oL, 1 oL, ¢
dr Lm 1 dr
0 -
L Tr Tr _

where 0 = L, /L is the leakage coefficient. Because (14) is a nonlinear-coupling differen-
tial equation, the linear control can be attained by applying feed-forward compensation
skill. The linear output of the g-axis stator current controller is acquired as

/ K .e* .
’UZS = (qu + %) (ZZS — 228)
where K, and K, are the proportional and integration gain constants of the g-axis

stator current controller, respectively, and ZZS is the g-axis stator current command. The
decoupling equation of the second row of (14) is

(15)

pigs = _O'_LSiZS + UZS (16>
Comparing (16) with the second row of (14), the decoupled g-axis stator current loop

is obtained by defining the feed-forward voltage compensation of the g-axis stator current

loop as
l1—0
—0Lg | wely, + ———WeAy,

where S\flr is the estimated d-axis rotor flux. Hence, the output of the decoupled ¢-axis
stator current loop is expressed as

-0 <,

—we -

oL, d

(17)

qs

e* e/ -e
Vgg = 0Ly (qu + Wely, +
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Similarly, the output of the decoupled d-axis stator current loop is also obtained as
* / ]_ — 0 ¢
Ugs = ULS (USS - weigs - T Zr) (18)
where v, is the linear output of the d-axis stator current controller.

3.1. Current-and-voltage serial model rotor-flux estimator. The fundamental rot-
or-flux estimator is classified into voltage model and current model, in which the current-
model rotor-flux estimator is adopted in low speed region, and the voltage-model rotor-flux
estimator is suitable for high speed application [9]. In this research, a serial current-
and-voltage model-based rotor-flux estimator is proposed, the estimated rotor flux is
obtained by using the measured phase voltages and currents of an IM, and then the
proper coordinate transformation is deduced from the estimated rotor flux.
Utilizing (9) and (10), the stator flux vector is derived as

. . L -
N = gLy + —m e (19)
L,
Substituting (19) into (7), the stator voltage vector equation is also rewritten as
U5 = (Rs + jweo Ly + oLp) i + 7= (jwe + P)A; (20)

Then, setting w, = 0 (stationary reference coordinate frame) in (20), the voltage-model
rotor-flux estimator is developed as

5 L, 1, -
PAY, = 7 [U? — (Rs + aLsp)Zi] (21)

where stands for the estimated value.
Then, substituting (10) into (8), the rotor voltage vector equation is rewritten as

[150h]

L /s - : N
0= — (X = Lit) + [i(we —w) + )Xo (22)
And also setting w, = 0 in (22), the current-model rotor-flux estimator is developed as
5 L, - 1 . 5
Pt = i (2= ) X 23
7-7' 7-7'

The current-and-voltage serial-model rotor-flux estimator is shown in Figure 1, the
difference between the output of the estimated current-model rotor-flux and estimated
voltage-model rotor-flux is regulated by a proportional-integration (PI) controller, and
then the output of this PI controller is the voltage compensation of the voltage-model
rotor-flux estimator.

Since A}, and A}, are acquired from the current-and-voltage serial-model rotor-flux
estimator, and then the proper rotor flux position angle for execution coordinate trans-

formation is estimated as
R A8
0. = tan™" <Aqr> (24)
)\S
dr

3.2. Adaptive estimated synchronous speed scheme. The reactive power of an IM
absorbed from the power source is expressed as

Q = ZZSUZS - icelsvgs (25)
Utilizing (25) and (7), the reactive power of an IM is resulted as
Q = we (iGNGs +iSA) F i9,5AG, — i0gSAG, (26)

qs’ gs
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FI1GURE 1. Current-and-voltage serial-model rotor-flux estimator
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FIGURE 2. Synchronous speed identification based on the reactive power
MRAS scheme

In accordance with (19) and (12), the steady state stator flux vector under RFVC condi-
tion is also derived as

N = NG, + GG, = LyiG, + jo L, (27)
Substituting (27) into (26), the reactive power of an IM is also rewritten as
Q' = we [Ly(i,)? + o Ly(il,)*] + o LsiG,si, — Lyitysiy, (28)

According to MRAS theory [10], the reference model does not contain the estimated
variable and the adjustable model requires the estimated variable. Hence, selecting (25)
and (28) as the reference and adjustable model, respectively, and then the difference be-
tween the output of the reference model and adjustable model is disposed by an adaptation
mechanism to identify the synchronous speed, the proposed MRAS identified synchronous
speed scheme on the basis of the reactive power of an IM is shown in Figure 2.

The proposed MRAS synchronous speed identification skill contains neither stator re-
sistance nor rotor resistance; hence the estimated synchronous speed is unaffected by
temperature variation.

3.3. FTA rotor resistance parameter identification scheme. The estimated syn-
chronous angular speed w, is derived from the reactive power based MRAS identification
scheme, and the estimator rotor speed w, can be obtained by subtracting the slip speed
wg from w.. However, the rotor resistance is necessary for the slip speed calculation, and
this resistance is affected by temperature variation. Hence, FTA is adopted to identify
the rotor resistance parameter in the proposed system.
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In the stationary reference coordinate frame, (8) is rewritten as
0= R, &> — jw, XS + sA® (29)
Utilizing the imaginary part of (29), the rotor speed is expressed as
sAgr + Reig,
A
Then, substituting (30) into the real part of (29), the identified rotor resistance parameter
can be expressed by the estimated rotor flux and rotor current, that is
o AgSAg AL,
15 Ay T U5AS

qr’qr

W, =

(30)

: (31)

FTA is originated from the recursive least square (RLS) approach, the forgetting factor
of FTA is updated in accordance with each identification result, and the forgetting factor
of RLS is a fixed value; hence, the divergence conditions are avoided during execution
identifications in FTA [10], and FTA rotor resistance parameter identification is derived
as

/YRT‘A[TL + 1] (Rr[n]a[n + 1] . 5[” + 1]>
1 +~R,[n+ 1]

where a[n+1] is — (i3, A3, + @5,A%,) that is the denominator of (31), Sn+1] is A3, sA5, +
A;r8As, which is the numerator of (31), and v > 0 is a gain factor.

The block diagram of FTA rotor resistance parameter identification scheme is shown
in Figure 3, in which the current and flux vectors of the rotor are disposed by iteration
process of FTA, and then the identified rotor resistance parameter is obtained. This
identified rotor resistance parameter is delivered to the speed estimator.

R,n+1] = R,[n] — (32)

er — P Pl
S, + lfp,sﬂ‘;r I
R[n+1] y
- :: ; - R+l - R,
R[n+1]=R [n]|-———F——=R [nla(n+1]- An+1D—
Unit 1+R [n+1]
-5 s -5 s a ;1+ elay ~ 7
Fe (i Ay +iA) i Rl R,[n] A

F1GURE 3. FTA rotor resistance parameter identification scheme

The block diagram of the proposed speed estimation adaptive indirect REVC IM drive
that applies MRAS synchronous speed estimation and FTA rotor resistance parameter
identification is shown in Figure 4, which includes speed controller, flux controller, d-axis
and g-axis stator-current controllers, voltage decoupling, flux estimator, speed estima-
tion, coordinate transformation, MRAS synchronous speed estimation, and FTA rotor
resistance parameter on-line identification.

4. Simulation and Experimental Testing. The simulated and experimental research-
es for the proposed rotor resistance parameter on-line identification scheme, which validly
improves motor resistance temperature-rising effect of the speed estimation adaptive in-
direct REFVC IM drive are shown in Figures 5 and 6, in which the rotor resistance is linear
increased 0.5€2 from ¢ = 11 sec to t = 12 sec to simulate resistance temperature-rising
effect, and the simulated and measured responses at first three running cycles are shown.
Each figure contains four responses: the actual shaft speed, the estimated shaft speed, the
rotor flux linkage locus, and the estimated rotor resistance. The simulated and measured
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FIGURE 4. Speed estimation adaptive indirect RFVC IM drive scheme
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FI1GURE 5. Simulated responses of the proposed system at reversible steady
speed command 900 rpm with loading 2 N-m and the rotor resistance is
increased 0.5€2 due to temperature-rising at ¢ = 11 sec: (a) actual shaft
speed, (b) estimated shaft speed, (c) rotor flux linkage locus, (d) estimated
rotor resistance.
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FI1GURE 6. Measured responses of the proposed system at reversible steady
speed command 900 rpm with loading 2 N-m and the rotor resistance is
increased 0.5 due to temperature-rising at ¢ = 11 sec: (a) actual shaft
speed, (b) estimated shaft speed, (c) rotor flux linkage locus, (d) estimated
rotor resistance.

responses with loading 2 N-m for reversible steady speed command £900 rpm are shown
in Figures 5 and 6, respectively.

Based on the simulated and experimental results shown in Figures 5 and 6, the ac-
curate estimation rotor-shaft speed is attained, the correct coordinate transformation is
validated by the circle shape rotor flux linkage locus, and the exact rotor resistance pa-
rameter adaptation for the resistance-temperature effect is verified, and these confirmed
the proposed control strategy has shown that desired performance can be acquired.

5. Conclusion. A speed estimation adaptive indirect RFVC IM drive is proposed. The
proper synchronous angle position for execution coordinate transformation is derived from
the established serial current-and-voltage model-based rotor-flux estimator. The exact
estimation synchronous speed is acquired by the designed reactive power based MRAS
identification scheme, and FTA skill is applied to effectively modulating rotor resistance-
temperature effect. The simulated and experimental responses confirmed the proposed
approach to acquire superior performance for speed estimation adaptive indirect RFVC
IM drive. Applying the field weakening skill to extending the available operation speed
above the rated speed is the future extension research of this system.
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