Fuzzy robust speed controller for detuned
field-oriented induction motor drive
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Abstract: The speed control performance improvement of a detuned indirect field-oriented (IFO)
induction motor drive is studied. First, the dynamic behaviour of a detuned IFO induction motor
drive is observed, and its transfer function model is established. Then a proportional plus integral-
derivative (PI-D) two-degree-of-freedom controller (2DOFC) is designed for an ideal IFO induction
motor drive for a nominal case with the desired dynamic response. As the variation of motor
parameters occurs, the detuning of field-orientation accompanying the load parameter changes may
significantly worsen the speed dynamic response. In this case, a compensation signal is yielded by a
proposed fuzzy robust controller (FRC) in order to preserve the prescribed response. Since the
compensation signal is adaptively tuned by a model following the error driven fuzzy weighting
controller, and moreover, the compromise between control effort and performance is considered, the
robust model following speed response is obtained. Effectiveness of the proposed controller is verified

by simulation and by measured results.

1 Introduction

It is known that an indirect field-oriented (IFO) induction

- motor drive will behave like a separately excited DC motor
if the rotor time constant used in its field-orientation
scheme can be adapted online to its actual value [1, 2].
However, this is very difficult to achieve perfectly. It fol-
lows that there have been many pieces of research [2-6]
emphasising in the tuning of field-orientation to pursue the
ideal decoupling control, but success is still limited. For a
detuned TFO induction motor drive, both its steady-state
and its dynamic torque generating characteristics are
degraded. This, accompanied by the variations of other sys-
tem and load parameters, may result in bad outer-loop
speed and position control performances. So, in the past
few decades, there has also been a lot of research devoted
to the application of advanced control techniques [2, 7-12]
to allow the field-oriented induction motor drive to possess
good and parameter-insensitive dynamic performance
under wide operating ranges (e.g. the variable structure sys-
tem control [7], the adaptive control [8], the fuzzy control
[9], the neural networks control [10] and the robust control
[11, 12]). Among these, the simple but practical robust con-
trol methods presented in [11, 12] are very effective in
reducing the effects of parameter variations. However, since
the weighting factor for determining the extent of distur-
bance compensation is fixed, the control robustness and
adaptability against parameter variations are limited, in
particular for a system with some nonlinearities. Thus to
improve this, it is necessary to have a suitable means for
online adaptively tuning the weighting factor of robust con-
troller.
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In this paper, a fuzzy robust controller is proposed for
improving the speed response of a detuned IFO induction
motor drive. First, the PI-D 2DOF controller is quantita-
tively designed at nominal operating conditions to possess
the prescribed speed tracking and regulation responses, and
the closed-loop tracking transfer function, which will be
used as the reference model, is derived. Then a fuzzy robust
controller taking the effect of transport lag into account is
developed to preserve the desired control performance in
the presence of parameter variations and external distur-
bances. The key feature of the proposed FRC is that the
weighting factor, which significantly affects the stability and
control performance of the resulted system, is adaptively set
by a fuzzy weighting controller. In addition the compro-
mise between control effort and response is also considered
through tuning the weighting factor automatically. Since
the reference model following error is used as the input of
the fuzzy controller, and the linguistic algorithms for tuning
the weighting factor are properly set, more robust and bet-
ter speed control performance than those of the conven-
tional RC [11, 12] is obtained by the proposed controller.

2 Dynamic modelling of a detuned IFO induction
motor drive

2.1 Ideal case

The state equations of a squirrel-cage induction motor
drive in a synchronously rotating frame can be expressed as
follows [1]:
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(2)
where p £ d/dt, 6 2 L, L,Y/L,, J = total mechanical iner-
tia, B = total damping coefficient and the meanings of
other variables and parameters are clear from the literature
(1].

Basically, the indirect field-orientation for an induction
motor drive can be regarded as one kind of predictive con-
trol. It is found that the ideal decoupling can be achieved if
the following slip angular speed command is used for mak-
ing field-orientation:

(qu)\dr - st/\qr) =

= e & e (3)
° L Tl;s T: Z:;s

where T," (&8 L/R,) denotes the actual rotor time constant,
i and iy are the d- and g-axes stator current commands
set by the field and speed controllers. In this case, it can
lead to the following three phenomena (i) A, = 0and dA,/
dt = 0 (i.e. the rotor flux A, = A, — jAy is onented to ahgn
with the d- ams) (ii) the rotor ﬂux can be set as A, = Ay =
L izl + T,'s) = L, iy, since normally, T, << (J/B);
and (iii) the motor developcd' torque is directly related to
i;s by:

3, Ly, 3 L2\ . g
Te (4PL /\d'r> qs — (pr:lds> kt gs
(4)

Accordingly, the torque generating capability of an ideal
IFO induction motor is excellent.
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Fig.1 Configuration of IFO induction motor drive

The schematic of an IFO induction motor drive with the
proposed speed controller is drawn in Fig. 1. It mainly
consists of a current-controlled pulse width modulated volt-
age source inverter (PWM VSI), an indirect field-orienta-
tion mechanism, the proposed speed controller, and an
induction motor set with its rotor mechanically coupled to
a DC generator. The switched load resistor R; of the DC
generator is used to change the dynamic load of induction
motor. To change the inertia of the motor drive, a cylinder
is mechanically attached to the motor shaft.

2.2 Detuned case

Unfortunately, the tracking of the rotor parameters
employed in the indirect field-orientation mechanism
according to their actual values is very difficult. This may
lead to the nonideal decoupling control, and thus the
torque response becomes oscillatory and sluggish. In this
paper, the speed response improvement will be accom-
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plished through applying the proposed fuzzy robust control
technique. For facilitating the analysis and design of the
proposed controller, a suitable model representing the
dynamic behaviour of a detuned IFO induction motor
drive is first built up. Since the detuning of indirect field-
orientation is mainly due to the variations of rotor parame-
ters, it is assumed that: (i) the flux current command i, =
iy, = constant; and (ii) the varied motor parameter to be
considered is 7, and the vanatlon from its actual value is
defined to be AT, £ T, - T,".

From eqns. 1 and 2 one can get the following small-
signal differential equations using perturbation and lineari-
sation techniques [2]:

POy = — (1/T)ANgr — WipAar
+ [(Ln/Tr) = Aaro/ (T Tuso)) Ay (5)
DA = wiipAlgr — (1/T7) AN,
+ [Agro/ (T Luso)] Aig, (6)
AT, = (3P/4)(Lm/L,)
“(Lgs0ANar — LasoAXgr + AaroAigy)  (7)

where (4,9, Ago, Iqso, 140, yp) describe the chosen steady-
state operating point, and it can be found by solving the
system equation listed in eqn. 1, with all time derivatives
being set equal to zero.

A transfer function between the torque response and the
torque command current changes can be obtained [2] from
eqns. 5-7 to be:
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Eqgns. 8-10 show that the dynamic behaviour of a detuned
IFO induction motor drive, due to the variation of 7, can
be modelled by an additive uncertainty model shown in
Fig. 2.
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Fig.2  Control spstem block diagram of motor drive and proposed controller

In addition to the uncertainty due to nonideal field-
oriented characteristics, the mechanical parameters may
also change significantly during operation, particularly the
mechanical moment inertia. To consider this, the mechani-
cal dynamic model is represented as:

Gp(s) = 1/(Js + B) £ Gp(s) + AG,(s)

where:

(11)

Go(s) Eb/(s+a)=1/(Ts+B)  (12)

is the nominal mechanical model, J£ J + AJ, B2 B + AB,
and AG,(s) denotes the uncertainty mechanical model. The
control system block diagram of the detuned and uncertain
IFO induction motor drive accompanying with the pro-
posed controller is shown in Fig. 2, in which, k,, denotes
the speed sensing factor and e is the transport delay.

The motor used here is a three-phase Y-connected 2-pole
800W 2000 rpm 120V/5.4A motor, which has the following
parameters obtained from conventional no-load and
locked-rotor tests:

R,=11Q R, =130
L,=0.144H L,=0144H L, =0.136H
(13)

The stator flux current command for rated rotor flux can
be estimated as follows [13]. At steady-state operation (all
derivative terms are zero), supposing that the g-axis of the
synchronous rotating frame is coincident with the as-axis at
1= 0, then v, = V2V and vy, = 0, where ¥ is the RMS sta-
tor voltage m abc-domain, and the g-axis voltage eqn. 1
can be simplified to be:

V2V, = Ryigs + weLsias (14)

The ratings of an induction servo motor generally given by
the vender include: rated line-to-line voltage (V) yq), rated
rotor speed (Npueq, Tpm), number of poles (P), rated cur-
rent and rated output power. Using these data and the
measured no-load data, the d-axis current for rated flux can
be found from eqn. 14 as:

= * \/ﬁ(w,rated/\/g) - Z‘q:s,NLfcs

lds = tds = Low
s¥We
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~ ﬁ(w,rated/\/g)
- LS(PW/60)(Nrated/(1 - Srated))

where i vy R, is neglected, owing to its small value at no
load, Si,.q is the rated slip, which can be known from the
given ratings of an induction motor. Using the parameters
listed in eqn. 13 and the nameplate data, the rated stator -
axis flux component current command of the induction

- motor is estimated from eqn. 15 to be i}, = 3.3A. Tt can be
found from eqns. 4 and 13 that 7,” = 0.11077s and k; =
0.6358. As to the nominal mechanical dynamic model, it is
rather difficult to obtain, since the mechanical parameters
J and B are not available generally. Thus at the chosen
nominal operating condition (w,, = 1000rpm, R, = 77.6Q),
the nominal plant parameters are found using the estima-
tion technique [14] to be a = 0.567, b = 70.68 and
t; = 0.02s. The speed sensing factor is set as k, =
0.00955V - s/rad here. It follows from eqn. 12 and Fig. 2
that J = 0.014148N-m-s? and B = 0.008022N-m- s/rad, or
J = 14815N-m-s-rad/V and B = 0.84N-m/V. At the
chosen nominal case (w, = 1000rpm, R,y = 77.6Q, iy =
3.3A), the torque current command is measured to be i;s =
1.1A. Based on these values, all the quantities at operating
point are found t0 be Ay Adros Igso = s = Laso = iss Wuty)
= (0 web, 0.4488 web, 1.1A, 3.3A, 3.01rad/s).

(15)

With a step torque current command change from 0 to
L A, the simulated rotor speeds and developed torques for
several values of 7,/T," and J/J are shown in Figs. 3 and 4.
The results indicate that the speed and torque responses are
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significantly affected by the variations of rotor and
mechanical parameters.
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3 Proposed controller

In the proposed control system shown in Fig. 2, the
2DOFC is designed for the ideal field-oriented induction
motor drive at the chosen nominal operating point accord-
ing to the prescribed tracking and regulating drive specifi-
cations and the fuzzy robust controller is used to
compensate for the effects of detuning of field-orientation
and the variations of mechanical parameters on the speed
dynamic response.

3.1 Design of the PI-D 2DOF speed controller

The PI-D 2DOFC shown in Fig. 2 consists of a PI-D con-
troller and a command feedforward controller. In its design
stage, neglecting the dead time element and the uncertainty

models A(s) and AG,(s), the following speed control specifi-

cations are specified.

3.1.1 Step command tracking response (Aw, =
100 rom):

(i) response time ¢,, = 0.2s, which is defined as the time for
the response to rise from zero to 90% of its final value;

(ii) overshoot = 0;

(iii) steady-state error = 0;

(iv) maximum value of control force Ai;sm = 3.5A.

3.1.2 Step load regulation response (AT, = 1 (N -
m):

(1) maximum dip Awg,, = 15rpm;

(i) steady-state error = 0.

The governed equations concerning the controller parame-
ters and the given specifications have been derived in [15],
according to which the parameters of the PI-D 2DOFC

can be found quantitatively and systematically. The
designed results are listed as follows:

Kp=1758266 K;=352.07145 Kp =1.8961

co = 83.3072 ¢ =17.9419

dp = 83.3072 dy = 9.2822

(16)

The simulated rotor speed and torque current responses of
the designed PI-D 2DOFC at various cases due to step
speed command and load torque changes are shown in
Figs. 5 and 6 and Figs. 7 and 8, respectively. The results
indicate that the prescribed control specifications given pre-
viously are completely satisfied for the ideal IFO induction

motor drive in the nominal case (ie. 7, = 7,", J = J and B
= B). However, as the variations of rotor and mechanical

30

parameters occur, the responses will deviate significantly
from the desired ones. This will be improved using the pro-
posed FRC introduced later. In that, a reference model
G,(s) generating the desired speed response Aw,,, is neces-
sary. This can be found from Fig. 2 without adding the
FRC at nominal case (i.e. neglect the uncertainty models
Afs) and AG,(s) and the dead-time element) and using
eqn. 16:

Gonls) 2 Aw,  9.2822s + 83.3072
TN Awr T 82 +9.128s + 83.3072

(17)

In real applications, a step speed command with very large
magnitude is usually impossible. In this case, the ramp
command with suitable changing rate can be employed as
an alternative. The derivation about this issue can be
referred to [15].
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4 Proposed fuzzy robust controller

The robust technique, based on direct cancellation of
uncertainties presented in [11], is easy to apply and effective
in reducing the effects of system parameter variations.
However, since the weighting factor set to determine the
extent of disturbance compensation is fixed, it lacks control
adaptability. This will lead to the performance degradation
and even the stability problem over a wide operation range,
especially for the system having some nonlinearities. Before
introducing the proposed FRC, the conventional robust
control is briefly described.

4.1 Robust controller with fixed weighting
factor

The motor drive controlled by the PI-D 2DOFC and the
RC with fixed weighting factor w is shown in Fig. 9. For
an ideal IFO induction motor drive (A(s) = 0) at the
nominal case (/ = J and B = B), the compensation control
signal 51',; = 0. Now, suppose that the uncertainties due to
nonideal field-orientation and variations of mechanical
parameters occur to allow:

ke 2k +A(s) JET+AJ BEB+AB (18)
The dynamic behaviour of the perturbed motor drive com-
pensation by the RC is first observed. The transfer func-

tions of the compensated motor drive model shown in
Fig. 9 can be derived to be:

A Aw,(s)
Hyi(s) £ ==
)= 556
ki +(1—w)As(s)/(1+w(Ae(s) /k7))
Ts+B+((1—w)AJs-+(1—w)AB)/(1+w(A(s)/k}))

(19)

and

A Aw,.(s
Hdd(s) = ATL((S))
. —(1—w)/(1+w(A¢(s)/k]))
Ts+B+H((1—w)AJs+(1—w)AB)/(1+w(A(s)/k}))
(20)

the parameter w in eqns. 19 and 20 denotes a weighting
factor. An equivalent motor drive control system block dia-
gram corresponding to eqns. 19 and 20 is shown in Fig. 10.
The disturbance AT and the uncertainties listed in eqn. 18
have been reduced by a factor of (1 — w), 0 < w = 1. For the
ideal case (w = 1), one can find from eqns. 19 and 20 that:

N
Aiz, Js+B ATy,

=0 (21

That is, all the disturbances and uncertainties have been
eliminated completely by the compensation control signal
61'4*5. However, this ideal case is practically unrealisable [12].

As to the performance of the compensated motor drive
controlled by the designed PI-D 2DOFC and RC, the
closed-loop transfer functions between Ai " to command
Aw,', and Aw, to command Aw,” can be derived from
Fig. 10 as:

a Ay (s)
a9 = 5
Gsc(S)Glc (s)
(1—w)+wG1(s)Gp(s)+G2c(s)Gp (§)Ict +G1:(5)Gp(s)ky

(22)

compensated motor drive model

compensated motor drive mode!

A *
Ao*, g
. —+ Gg(s)

1
(1-w)AJs+(1-w)AB

Js+B+

Fig.10  Equivalent system of Fig. 9
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A Awr(s)
Hi(s) = ———=<
= R
_ G3c(5)G1c(5)Gp(s)ks
(1—w)+wG(s)Gp(s) ki +G2c(s)Gp(8) ke +G10(s)Gp(s)ky

(23)
The simulated responses from eqns. 22 and 23 are plotted
in Figs. 11 and 12. The results show that, as the value of w
approaches 1, the control performance becomes better but
subject to the increase of the control effort. So, generally, a
compromise should be made in choosing the value of w.
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4.2 Proposed fuzzy robust controller

It has been observed from the previous analysis that the
control performance of the RC is much affected by the
chosen value of weighting factor. In addition to this. the

control effort requirement and closed-loop stability are also
highly dependent on the weighting factor, particularly for
the system with nonlinear elements. In an inverter-fed
induction motor drive, there always exists some transport
lag, or so~called dead time. It is yielded mainly due to the
inverter blanking time, inaccurate inverter current switching
control, coupling of rotor shaft and the speed sampling
instants being not synchronised with the encoder pulses.

W3

Fig.15  Configuration of control force compromising scheme
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Fig.16  Operation principle of control force compromising scheme

To overcome the problems mentioned above, a fuzzy
robust controller is proposed in Fig. 13. The fuzzy weight-
ing controller (Figs. 14-16) adaptively tunes the weighting
factor of the RC according to the model following error
and control effort (Aiy), such that the desired control per-
formance is obtained. In addition, for enhancing the
closed-loop control stability, the drive system dead-time
element Nfs) and the corresponding simple dead-time

fuzzy robust controller

_________ Aorm

e A0
) reference :" Ao, fuzzy

' model 1 -= -~ weighting |-

Ao* | |dys+dg K
—12%% 1
Cstcg | 2 Kot s
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Fig.13  Block diagram of proposed FRC
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Fig.14  Configuration of proposed fuzzy weighting controller
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compensator (DTC) Ns) [11, 12] are included in Fig. 13.
The effectiveness of N(s) is first observed. By supposing
the fixed value of w, the closed-loop command tracking
transfer function without and with N/s) can be derived
from Fig. 13 to be:

Without N (s):

_ GSc(S)GIC(S)Gp(SVC'/
(1—w)e™d* +wG(s)Gp(8) ke +G2c ()G, (8) ke +Gre ()G (s) ke

é N]_(S)
- Dl(s)
(24)
With N,(s):
& Aw,(s)
Hdrc(s) = m
G3c(8)G1c(8)Gp(8)ky

eTd*—welTd =T +wG(s)Gp(s)kr+G20 ()G (8)k,
+G1.(s)Gp(s) ks

Nz (S)
D2 (8)

ne

(25)

By approximating the dead-time element ¢™®(t = 1, or 1)
with:

Ly 1—1Ts8/2

T 1+7s/2

the numerators and denominators in eqns. 24 and 25 can
be expressed as:

Nl(S) = k;‘(dls-i—do)(kps-{- k])(k? +At)(1 -—Tds/2)
(27)

e (26)

D (s
|
w(Js + B)(kf + A (1 — 745/2)(c1s + co)s]
(kps® +kps + ki) (kf + Ay)(1 = 145/2)
~(eys + co)ki]}

)
{[(1 —w)(Js + B)(1 + 745/2)(c15 + co)k; s]
+
+[

(28)

No(s) = ki(dis+ do)(kps + k1) (k] + A¢)
(1 —74s/2)(1 — 14s5/2 + 1c5/2)  (29)

Dy(s)

= {[(1 + 7as/2)(Js + B)(1 — 745/2 + 7c5/2)k; 5]
— [w(l —7145/2)(1 + Tas/2 — Tc5/2)
- (Js+ B)(e15 + co)k}'s] + [w(JTs + B)
Sk +A) —748/2)(1 — 148/2 + 7.8/2)
(c1s +ca)s] + [(kps? + kps + kr)(k; + Ay)

(1= 748/2)(1 = 7as/2 + 7c5/2)(c1s + co)k; ]}
(30)
Generally, the dead-time 7, can be estimated experimen-
tally, and, accordingly, 7, can be determined. Now, under
the assumption of 7, = 7; = 0.02s, the inertia constant J is
varied from J toward 5J and T, = T,, 0.5T,", 27,", the
parameter plane (w against J) representing the stability
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limits of the closed-loop system shown in Fig. 13 without
and with the DTC is plotted in Fig. 17. The stability analy-
ses made in Fig. 17 indicate that, by adding the DTC, the
weighting factor w can be chosen larger (up to 1 here) to
yield better control performance.
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a*, b*, c* <,

1.0

0.8

w 0.6

0.4

0.2

0 L L L L N I L '
1.0 1.5 2.0 2.5 3.0 35 4.0 45 5.0

k (J=kJ)

A7 Closed-loop stability limits of motor drive controlled by RC with and
WII out DTC

*

a’, with DTC, T =107 a, without DTC, 7, = 1.0 7,
b with DTC, 7, =0.5 7, b, without DTC, T =057,
¢, with DTC, 7, =20 T, ¢, without DTC, 7, =20 7,

Fuzzy weighting controller: Detailed configuration of the
proposed fuzzy weighting controller is shown in Fig. 14, in
which a fuzzy error tuning scheme N,(-) and a control force
compromising scheme N/(-) are used to handle the model
following control and control effort compromise tasks,
respectively.

Fuzzy error tuning scheme: To allow the RC possess adap-
tive capability, it is proposed that the weighting factor of
the RC is adaptively tuned by the fuzzy error tuning
scheme, which is driven by a model following error, and its
change defined as e(k) 2 Aw,, (k) - Aw, (k) and Ae(k) £ (1 —
Be(k) = e(k) — e(k — 1) with Aw,,,(k) and Aw/(k) being the
responses of the reference model and the rotor speed at kth
sampling interval, respectively. The major purpose of the
proposed controller is to allow the resulting motor speed
tracking response to closely follow those of the reference
model. Thus the general model following the error trajec-
tory can be predicted and plotted in Fig. 18, in which,
some indices are defined for the convenience of makin
dynamic signal analysis: ¢; = reference crossover point, m; =
reference extreme point and A; £ reference range. The
membership functions used here are sketched in Fig. 19,
where the fuzzy numbers are PB, PM, PS, ZE, NS, NM,
NB. Incorporating these fuzzy numbers, the numbers of
quantisation levels of the input variables e(k) and Ae(k) are
chosen to be 13 and are listed in Table 1 (The scaling is set
as 1V to 1000rpm). To increase the sensitivities, e(k) and
Ae(k) are properly scaled by factors G, and Gde, respec-
tively. G, and G, are chosen to be 20 and 0.1 here, respec-
tively.

tracking error
e=(A0-Aw)

reference model

m, plantresponse

c, G

| time

ranges| A,

e
polarities | +
Ae | + i

Fig.18  General model reference tracking error dynamic behaviour
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]
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Fig.19  Chosen membership functions

2

Table 1: Quantised error and error change

Based on the experience about the motor drive to be
controlled and the properties of dynamic signal analyses
made in [9], the linguistic rules of the fuzzy error tuning
scheme are decided and listed in Table 2. By using the cen-
tre-of-gravity (COG) method, a decision lookup table is
then constructed in Table 3. To let the value of weighting
factor be located in the range 0~1, and to enhance the error
driven adaptive capability, the output (w;) from lookup
table is processed according to:

w; + 6
wsz = Gowg = G() (%—)
where the model following error dependent gain function is
defined as:

(31)

- 0 for le| < ero
error change quantized Gy = T 32
error e (V) Ae (V) level ki(le| — er0) for |e| > eno (32)
es-16 Aes-1.6 -6 with e, = 0.002V and k; = 50 being set.
-1.6<es-08 -1.6<Ae<-08 -5 Control force compromising scheme: Having generated the
_08<es-0.4 08<Ae=-0.4 -4 weighting factor w; from the fuzzy error tuning scheme,
04d<e<—02 04<Ae<-0.2 3 zv}ﬁich.is designed e1}111phasised 31 obtah}ir;g a good model
02<e<-01 02<Ae<-0.1 > following response the proposed control force compromis-
ing scheme is further used to make the compromise
01<es-005 -01<4es-005 -1 between performance and control effort. Detailed configu-
-0.05<e<005 -005<Aes005 O rations and operating principles of the proposed control
0.05<e=<0.1 0.05<Aes0.1 1 force compromising scheme are shown in Figs. 15 and 16.
01<e=02 0.1<Ae=<02 2 From Figs. 15 and 16 it can be seen that the weighting fac-
02<e<04 0.2<Ae<0.4 3 tor will b*e fprced towards a smaller value, asTEhe con(r,‘ol
04 08 04 <Ae<08 4 effort (Ai,)is larger than the preset value Ai, (= Aig,
G<est G<fes=0 which is set in the design of PI-D 2DOFC). The parameter
08<e=<16 08<Ae<18 5 k; in Fig. 15 is used to adjust the extent of control force
16<e 1.6<Ae 6 compromise. In this paper, k; = 5 is set.
Table 2: Linguistic rules of fuzzy error tuning scheme S 1150
e NB NM NS ZE PS PM PB £ 1100
[
[}
Ae wy @ 1050
NB NB NB NB NB ~NM NS ZE :8_ 1000 . ) . ) . ) )
NM NB NB NB NM NS ZE PS 0 05 10 15 20 25 30 35 40 45 50
time, s
NS NB NB NM NS ZE PS PM . I .
Fig.20 Simulated responses at J = 57, T, = 0.5T,", 75 = 7, = 0.02s without
ZE NB NM NS ZE PS PM PB current limitation
h
PS NM 7S NS PS PM PB PB z?e?;riﬁd nrleoscllse(inses due to command change
b, RC with DTC and fixed w = 1.0
PM NS ZE PS PM PB PB PB  roposed FRC
PB ZE. PS PM PB PB PB PB
< 15
Table 3: Tracking decision lookup table « 310 ¢ b
z
e 6 5 -4 -3-2-10 12 3 4 5 6 £ s
o
Ae wy g0 LV
-6 6 6 6 6 6 6 6 5 4 -3-2-1 0 2 5% 05 10 15 20 25 30 35 40 45 50
-5 6 6 6 6 6 6 5 -4 -3-2-1 0 1 time, s
4 6 6 6 6 6 5 -4 3 -2 -1 0 1 2 Fig.21  Sinudated responses at J = 57, T, = 0.5T,", ;= 7, = 0.02s without
current limitation
-3 -6 6 6 6 5 4 3 -2 -1 0 1 2 3 Torque current responses due to command change
a, reference model
-2 -6 6 6 5 -4 -3 -2 -1 0 1 2 3 4 b, RC with DTC and fixed w = 1.0
-1 6 6 -5 -4 3 2 -1 0 1 2 3 4 5 & proposed FRC
o 6f 543210123 456 4.3 Simulation and experimental results
1 5 43 -2-1 01 2 3 4 5 6 6 From the stability analysis made in Fig. 17 one can find
2 4 3 2 -1 0 1 2 3 4 5 6 6 6 that, if the DTC is added, the weighting factor w can be set
3 3 2 -1 0 1 2 3 4 5 6 6 6 6 up to 1 under the condition: J = 5J, T, = 0.57,", 7, = ;=
4 2 1 0 1 2 3 4 5 6 6 6 6 6 0.02s. The simulated rotor speed @, and torque current i;s
5 1 0 1 2 3 45 6 6 6 6 6 6 due to speed command changed from 1000rpm to
i 1100rpm by this RC without control force limitation are
6 0 1 2 3 4 5 6 6 6 6 6 6 6 shown in Figs. 20 and 21. For the same case, the simulated
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results of the proposed FRC accompanied by the desired
reference responses are also shown in Figs. 20 and 21. As
to the regulation characteristics, the simulated responses
due to the load torque change of IN'm in a nominal case
are compared in Figs. 22 and 23. The results in Figs. 20-23
indicate that the proposed FRC yields better tracking and
regulation control performances Now let A7, am 1_n the pro-
posed control force compromising scheme be Ai 4, = 6A,
the simulated response of the proposed FRC at the same
condition as those of Figs. 20-23 are shown in Figs. 24 and
25. For comparison, the simulated responses of RC with
fixed weighting factor w = 1 and hard current limit = 8A
are compared in Figs. 24 and 25. Better compromised
responses are also obtained by the proposed FRC.

10100

1005+ b

1000 o
995}
990} A
885

880 1 1 T It 1 1 1 1 I !
0 05 10 15 20 25 30 35 40 45 50
time, s
Fig.22  Simuduted responses at J = 57, T, = 0.5T.", 1, = 1, = 0.02s without
current limitation
Rotor speed responses due to load torque change of AT; = IN'm
a, reference model
b, RC with DTC and fixed w = 1.0
¢, proposed FRC

rotor speedw,, rpm

- N W &~ o,

torque current i*qs, A

o

L 1 . 1 L L '

20 25 30 35 40 45 50
time, s

Fig.23  Simulated responses at J = 5T, T, = 0.5T,

current limitation

Torque current responses due to load torque change of AT; = IN'm

a, reference model

b, RC with DTC and fixed w = 1.0

¢, proposed FRC
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o
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Flg 24 Slmulatgd responses due to step command change Aw,” = 100rpm at

=57, T,=05T,", vy = 1, = 0.02s with current limitation

Rotor speeds

a, reference model

b, RC with DTC and current limitation (w = 1.0)

¢, proposed FRC with current limitation

< 15~

0

?::‘Tw- b

[ =4

o 5fF
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= 0] 05 10 15 20 25 30 35 40 45 50

time, s
Fig.25 Simulated responses due to step command change Aw,” = 100rpm at
J=57,T,=05T,, ¢ Ty = 7, = 0.02s with current limitation
Torque currents
a, reference model
b, RC with DTC and current limitation (w = 1.0)
¢, proposed FRC with current limitation

The designed controller is transformed into digital con-
trol algorithms using C-language and executed on a PC
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486-based control computer with necessary interfacing
cards. Some experimental results are given for further dem-
onstrating the effectiveness of the proposed fuzzy robust
controller. The measured results (not shown here) at nomi-
nal case have confirmed that the given control specifica-
tions are fully satisfied. For verifying the robustness of the
proposed FRC under large drive parameter variations, the
flux current command and the rotor resistance set in the
IFO mechanism are changed from iy = 3.3A to 1.65A
and R, = 13Q to 1.58Q, and a mass of 3.78kg
(AJ = 1.04009N-m-s-rad/V) is added to the rotor shaft to
let J=J = 14815N'm-srad/V be changed to J =
2.52159N'm-s-rad/V(J = 1.7J). The measured rotor speeds
and torque currents of the motor drive controlled by the
PI-D 2DOFC due to command change from 1000rpm to
11001pm (R, = 77.6Q2) and load resistance change from R;
= 77.6Q to 27.4Q (w,, = 1000rpm) are plotted in Figs. 26

} ] T T
reference 11,00 pm
I model T~ 7v_ T
I, rotor speed
@r T »’ T
1000 rpm ﬂ 50 rpm
S
Ma
. asA | N | 58A 1A
i Y
0A
N
05s

Fig.26  Measured rotor speeds and torque currents of detuned IFO induction
motor drive with J = 1.7] controlled by PI-D 2DOFC
Due to step command change from 1000rpm to 1100rpm (R, = 77.6Q2)

1000 rpm reference model
o, P ped N +
| 50 rpm
\/ o
<
rotor speed
£k 12A
i .
as 4.8 A 4A
veret ¥ v
OA
-
05s

Fig.27  Measured rotor speeds and torque currents of detuned IFO induction
motor drive with J = 1.7] controlled by PI-D 2DOFC
Due to step load resistance change from R; = 77.6Q to 27.4Q (w, = 1000rpm)

T
1100 rpm
reference| T
@ model T/
r 1 N KN
1000 rpm rotor speed 50 rpm
4
i*qs i) 5.6 A +
4.8 Al N "
AT \‘N Yll U iy Nbﬂm G L) v{i J4_A
0A
N
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Fig.28 Measured rotor speeds and torque currents of detumed IFO induction
motor drive controlled by proposed FRC at the same conditions as Fig. 26
Tracking without control force compromising scheme
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and 27. At the same condition, the measured results of the
designed FRC without and with control force compromise
(Ai 49 = 6A) due to command changed from 1000rpm to
1100rpm are shown in Figs. 28 and 29. The measured
responses of the designed FRC due to the load resistance
changed from R;= 77.6Q to 27.4Q are shown in Fig. 30.
The results shown in Figs. 26-30 confirm that good track-
ing and regulation control responses are obtained by the
proposed FRC.

T T
reference 1100 rpm
— M ME v
l model
Or T T AN T
1000 rpm I rotor speed 50 rpm
4
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4.8 A 5.6 A
P ,J A ko A i i
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05s

Fig.29 Measured rotor speeds and torque currents of detuned IFO induction
motor drive controlled by proposed FRC at the same conditions as Fig. 26
Tracking with control force compromising scheme
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Fig.30  Measured rotor speeds and torque currents of detuned IFO induction
motor drive controlled by proposed FRC at the same condlitions as Fig. 26
Regulation

5 Conclusions

A fuzzy robust controller for improving the performance of
a detuned IFO induction motor drive has been presented.
For the convenience of controller analysis and design, the
transfer function model of a detuned TFO induction motor
drive is established. By neglecting the system dead-time and

36

uncertainties, a PI-D 2DOFC is designed at nominal case
to match the prescribed tracking and regulation speed
responses, and a reference model representing the desired
tracking response is determined. Then having analysed the
stability and robustness of the traditional robust controller,
a fuzzy robust controller is proposed. The major features of
the proposed FRC lie in: (i) since its weighting factor is
adaptively tuned using a fuzzy error tuning scheme, better
speed model following response is obtained; and (ii) the
compromise between the performance and control force is
automatically considered by the proposed control force
compromising scheme. The simulation and experimental
results have demonstrated that good control performances
both in command tracking and load regulation are
achieved by the proposed FRC, and moreover, the per-
formances are rather insensitive to the operating condition
changes.
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