Speed sensorless control perfformance improvement of
induction motor drive using uncertainty cancellation
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Abstract: An improved speed cstimator using parameter uncertainty cancellation and its application
to an indirect field-oriented induction motor drive arc presented. First, the speed estimation errors of
a V-1 model-based adaptive speed observer duc to parameter variations are analysed. Then,
accordingly, a novel compensation scheme is developed to cancel the effects of parameter variations
on the estimated speed performance. A variable structure system controller, with the detected error
signal as its input, is employed to realise the proposed compensation scheme. Finally, the robust speed
control with quantitative control performance considering the effect of dead-time enlargement due to
the feedback of estimated speed is presented. Theoretic bases of the proposed speed cstimator and the
robust speed controller are derived in detail, and their validities are demonstrated by some simulation

and measured results.

1 Introduction

In recent decades, many speed cstimation and sensorless
control approaches for induction motor drives have been
proposed and surveyed in [1]. These approaches can be
roughly categorised into the rotor slot ripple method, high-
frequency current injection method, extended Kalman filter
technique and the application of model reference adaptive
control. The common limitation of the latter three groups
of approaches is that the resulting motor drive perform-
ances are not robust, as some of the motor parameters are
employed.

One of the sensorless control approaches most frequently
applied, in conjunction with indircct field-oriented (IFO)
control of the induction motor drive, is perhaps the model
reference adaptive control (MRAC) [2, 3]. In this method,
two crror functions, generated from flux estimation
schemes based on voltage and current models, arc used for
adaptively tuning the rotor speed. Hyperstability is
employed to handle the stability of the whole adaptive esti-
mation mechanism. This method will be referred to as the
V-1 model-based spced observer hereafler in this paper.
However, unfortunately, this method also uscs the motor
parameters, such as stator resistance, stator inductance and
rotor time constant, that vary highly during operation. The
variations are mainly due to temperature rise, magnetic sat-
uration and skin effect.

Some studies on the effects of parameter variations on
the speed estimation and sensorless control performances
of the V-I model estimation approach have been made in
[4-10]. In [4], only the effect of rotor resistance change on
the speed estimation and ficld-orientation characteristics
was studied. The impact and evaluation of all key parame-

© ICE, 2000

IET Proceedings online no. 200004035

DOL: 10.1049p-cpa: 20000405

Paper first received 19th October 1999 and in revised form 23rd February 2000
The authors arc with the Department of Electrical Engincering, National Tsing
Hua University, Hsinchu, Taiwan, Republic o China

LEE Proc.-Electr. Power Appl., Vol 147, No. 4, July 2000

ter variations on specd estimation in a sensorless field-
oriented induction motor drive have been studied in [5, 10].
Some valuable phenomena arc revealed via simulation
results. However, no transfer functions representing error
dynamics and measured results are provided. In the small
signal stability analysis made by Gimenez et al. [6], it has
been found that incorrect parameters can give rise to the
speed estimates corrupted by transient oscillations.

Comparative studies of the effects of speed estimator
parameter variations on model reference adaptive systems
and extended Kalman filter approachcs have been per-
formed in [7], wherein therc is still no crror dynamic model
derived. The study made in [8] emphasised the accuracy
and robustness limitations of the sensorless control, but no
analytical results of error dynamic behaviour are provided.
As lor [9], only the static speed crror caused by stator
resistance variation is studied.

Many studies related to the improvement of this control
approach have been made in [11-15]. A secondary resist-
ance identification method proposed in [11] can let the sec-
ondary resistance converge to its correct valuc, but the
convergence speed is low [15], so that a good dynamic
response is rather difficult to obtain. In addition, the esti-
mated speed is still sensitive to the variations in stator
resistance, leakage inductances and magnetising inductance.

An improved motor speed identification scheme for an
IFO induction motor drive has been proposed in [12]. In
this scheme, a mutual MRAC containing two interchange-
able models is proposed to implement the sensorless con-
trol of the motor. Purc integration and stator leakage
inductance arc not cmployed in the reference model, and
the stator resistance is on-line identified. However, the esti-
mated stator resistance is accurate only when the rotor
speed is constant over a bricf interval, and the estimated
speed performance is still affected by the rotor inductance
and magnetising inductance changes. Dynamic perform-
ance improvement via on-linc tuning [or the rotor time
constant and stator resistance has also been achieved in
[13]. In addition to these, research is still being carried out
[14, 15] into improving the sensorless control performance
of induction motors by estimating some motor parameters,
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but the parameter insensitive control perforrhance is still
difficult to achieve.

In this paper, an induction motor speed estimator that
uses a parameter uncertainty cancellation technique by
means of variable structure system (VSS) control is devel-
oped. First, the speed estimation errors of the so-called V-I
model-based estimator caused by the key motor parameter
variations are analysed in detail. The transfer function
models representing these error dynamics are derived.
Then, a VSS compensation controller is developed to
reduce the parameter uncertainty effects on the speed sen-
sorless control performance.

In addition to the improvement in speed estimation, the
speed control dynamic response improvement of the speed
sensorless IFO induction motor drive is also studied in this
paper. First, a dynamic model representing the dynamic
behaviour of the TFO induction motor drive under the pro-
posed speed sensorless control is established. Based on the
estimated linear model [16] at the chosen nominal operating
condition, a proportional plus integral-derivative (PI-D)
two-degree-of-freedom (2DOF) speed controller [17] is sys-
tematically designed to fulfil the prescribed control specifi-
cations. Then, to reduce the speed control performance
degradation due to the system parameter variations and the
effect of dead-time, a robust controller (RC) [18, 19] with a
dead-time compensator [19] is designed. Some simulation
and measured results are provided to show the perform-
ance of the motor drive using the proposed sensorless con-
trol approach.

2 V-l model-based MRAC speed estimator
The state equations of a squirrel-cage induction motor in

the stationary reference frame can be expressed as follows
[20]:

C I
Ugs Rs +p(§ 0 ?T: 0
Vas | 0 Ro+ps 0 Rl
0 L -
0 0 —LL,I,'R. W, IL?I +p
lgs
Z’ds
X Ay
/\d'r
1)
7, =3plm iashgr) = Tp + B J
e — Z L—(lqs dr — lds qr) =17 + Bw, + Jpwr

2
where p & didt; 6 2 L, — L,*/L,; J = total mechanical iner-
tia; B = total damping coefficient; and the meanings of the
other variables and parameters are clear from the literature
[20]. From eqn. 1, the following voltage model and current
model rotor flux equations can be derived [2]:

voltage model:
PAgro = (Ly/ L) (vgs — Rsigs — 6piys)
PAary = (Lr /L) (Vas — Rsias — 0pias)  (3)
current model:
PAgri = —(Ry[Le)Agri + wpAdri + (L Ry [ Ly )15
PAari = — (R /L) Adri — Wedgri + (LmRr/Lr)idZ :
4

The methodology of the conventional speed estimation
approach [2] is briefly described in the following. The volt-

[l
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age model is considered as the reference model, and the
current model, which involves the rotor speed information
w,, is regarded as the adjustable model. If all the parame-
ters and rotor speed employed in these two models are
equal to their actual values, the estimated rotor fluxes
based on eqns. 3 and 4 will coincide. In practice, a low-
pass filter is used instead of pure integration in the realisa-
tion of eqns. 3 and 4 to avoid the problems caused by the
initial condition offset and drift [3]. Excluding the influence
of parameter variations, an estimation error defined by & 2
ArsPagri = dyrei 18 derived when the speed used in the cur-
rent model is not identical to the actual one. A tuning sig-
nal for the current model is generated from the regulation
of this error through a PI controller. The adaptation mech-
anism is designed using Popov’s hyperstability theory to
derive the estimated speed:

br = (ky + kifs)e (5)

We can see from eqns. 3 and 4 that different motor param-
eters are employed in the V- and I- models in this estima-
tion mechanism. Thus the parameter uncertainties will lead
to the contribution to the error ¢ and result in speed esti-
mation error. Although some research [11-15] has been
performed to improve this by on-line estimation of some
key parameters, the success is still limited.

In this paper, a speed estimator with parameter uncer-
tainty cancellation is proposed. Configurations of the pro-
posed V-I model speed estimator scheme and the VSS
compensation control scheme are shown in Figs. la and b.
The control signal generated by the VSS controller is
applied for adaptively tuning the R, used in the speed esti-
mator to cancel the effects of parameter uncertainties.

l )

Vgs— voltage model
(reference model)
Vgs — egn. 3

qrv

hdry

/

igs —{ current model /
(adjustable model
igs —| eqn. 4/

i

" |VSS compensator
controller

o
. o — ARg

Fig.1  Configuration of proposed V-I model speed estimator and VSS com-
pensation control scheme

« Speed estimator

b Control scheme

3 Parameter sensitivity analysis of V-l model-based
MRAC speed estimator

To understand fully the speed estimation errors due to vari-
ous parameter variations, the parameter sensitivity analysis
of the V-I model-based estimator is first studied. The

IEE Proc.-Electr. Power Appl., Vol. 147, No. 4, July 2000

Authorized licensed use limited to: Chin-Yi University of Technology. Downloaded on November 3, 2008 at 02:37 from IEEE Xplore. Restrictions apply.



governing equations in eqns. 3 and 4 are transformed to
the synchronous rotating reference frame as:

voltage model:
p/\q'r'u = (Lr/an)(UqS - Rsiqvﬁ' - 6pills - CUC(S’L'({S)

— WeAdrw
PAare = (L /L) (04s — Rstas — Opias + webigs)
+ WeAgro
(6)
current model:
PAgri = — (Ry/Ly)Agri + (we — wr) Adri
+ (Ln By [ Ly )igs
PAari = — (By/Ly)Aari — (We — wr) Agri
+ (LR /Ly )ias (7)

where w, is the synchronous electrical angular speed.

In the following parameter sensitivity analysis for the V-1
model based speed estimation scheme, the perturbations of
the specific parameter and the rotor speed around a chosen
operating point are first made with other parameters and
variables being kept constant. Then, the transfer function
between the error of estimated speed and the parameter
change is derived. The coelficients of the numerators and
denominators of all transfer functions are listed in the
Appendix (Section 8).

3.1 Stator resistance

Initially, the estimated speed @, is equal to the real speed w,
at the operation point, as all parameters are correct. The
stcady-state values of the rotor flux components have the
features 7"(;1'0 = }\'(/rir) 2 7\'1/1'0 and kz/rvo = >\‘{/I‘il) = o Assum-
ing that the parameter uncertainty to be studied is stator
resistance, the small signals of stator resistance and the
resulting rotor flux components in eqns. 6 and 7 are
defined as follows:

ARH =R, — I,
AAQTU = )\qrvo - /\q'rm
A)\qri - )\qriu - /\qri»

A)\(ln"n = /\dm/o - /\drv
A/\dri - )\dmo - /\(lT-L
(8)

Linearising the estimated speed @, in eqn. 5, we can obtain
k;

S

ALDT = <kp + ) [/\(]1'U(A/\d7‘i - A)‘rlrv)

- )\d'I‘O(A/\([‘Ti - A/\l]""v)] (9)

A transfer function between the estimated speed and the
stator resistance changes can be obtained, from egns. 69,
to be

Aw, b154 + bQSB + 1)35‘2 + bys + by

AR;  a18% 4 axs* + azs® + as5? + ass + ag

10)

where the coefficients a; ~ ¢ and b, ~ b5 are defined in the
Appendix (Section 8). In the expressions of coefficients, the
steady-state values of @y, Wy, fys bgos Agro a0 Ay, at the
chosen operating point can be found by solving eqns. 2, 6
and 7, with all time derivatives being set equal 1o zero.

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

R,=11Q, R, =130
Ly=0.144H, L, =0.144H, L, =0.136 H (11)
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Using the parameters listed in eqn. 11 and the chosen oper-
ation point (v, Vs @ T1,), other steady-state variables

(w('w iq.ms i(/.s'oa )"{/r{» }"dm) can be found.
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i9.3  Measured estimated rotor speeds due 1o step changes
a R,= R} — |2 R al &, = 1000rpm
b Ry= R’ — 1.5 R al @, = 1000rpm
¢ Ry= RS = 1.2 R} al @, = 300rpm
dR,= R} — 1.5 R” al @, = 300rpm

With a step stator resistance change from R, = R, =
1.1Q to 1.2 R, and 1.5 R,’, the simulated estimated rotor
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speeds at the chosen cases (v, = 60V2V,v,, = OV, @,, =
1000rpm, 7}, = 1.7Nm, k, = 65000, k; = 50000) and (v,
= 60v2/3.33V, v, = OV, @, = 300rpm, 7, = 1.7Nm, k, =
65000, k&, = 50000) are shown in Figs. 2¢ and b, respec-
tively. The results indicate that the stator resistance uncer-
tainty will lead to an oscillatory estimated speed with a
small bias, the oscillation frequency is closcly related to the
excitation frequency w,,, and the amplitude of oscillation
depends on the magnitude of the stator resistance change.
Fig. 3 shows the measured cstimated speeds under the same
conditions as those of Fig. 2. The measured results show
that they are very closc to those obtained by simulation.

3.2 Rotor resistance
Let the only parameter change be AR, = R,,, — R,; following
the same procedure described above, a transfer function
between the estimated speed and the rotor resistance
changes can also be derived, from eqns. 6 9 to be
AW, d, s+ dys + ds (12)
AR, 183+ 282 +c35+cq
With a step rotor resistance change from R, = R, = 1.3Q
to 1.2 R and 1.5 R,”, the simulated estimated rotor speeds
at the samc two operating points as those in Fig. 2 are
shown in Fig. 4, respectively. The results indicate that the
change in R, only leads to the steady-state crror of speed
estimation. The measured results under the same condi-
tions, plotted in Figs. 5a to d, arc quite close to the simula-
tion results.

0 .
c g
& S
& O — ——
3 /1 .5R, [ SR S
3 20 - -
a
2 30F - e - e e S
Q
©
405 005 01 015 020 025 030 035 040
ts
a
g © -
e (L A—]
T - — S % —
< 1.5R,
g 20
(1]
&
2 -30|— - - -
o
©
4% 005 01 015 020 025 030 035 040
t,s
b

Fig.4  Simdated estimated rotor speeds due to siep changes of R, = R o
L2RY and 1.5 R”

a @y, = 1000rpm

b @,, = 300rpm

3.3 Stator and rotor leakage inductances
Let ALI/‘ = L/I't) - L/r and ALI,\' = L/.\‘() ’ L/.w where Llru = L/‘u
- L, and Ly, = L, — L, denote the nominal stator and
rotor leakage inductances. Following the same derivation
procedure, the transfer functions between the cstimated
speed error and the leakage inductance uncertainties can be
found to be

Aw, e18* + eas® 4+ e35? +eas + e

AL, a18°5 + asst + a353 + aqs? + ags + ag
(13)

AG, Fist 4 fos® 4 f3s? 4 fas + S5

ALy a18% +agst + azs® + aqs2 + ass + ag
(14)
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The simulated rotor speed variations due to the stator leak-
age inductance changes, from L, = L," to 1.2 L," and 1.5
L, and the rotor leakage inductance changes, from L, =
L, to12 L, and 1.5 L,", are shown in Figs. 6a to d. The
results indicate that the nature of the estimated speed errors
due to leakage inductance uncertainties is the same as that
of stator resistance change. Figs. 7« and b show the meas-
ured estimated speed variations when stator and rotor leak-
age inductances arc changed simultaneously from Ly, = L,
to 1.2 L, and L, = L, to 1.2 L, at @&, = 1000rpm and
300rpm, respectively.

3.4 Magnetising inductance

Similarly, the transfer function between the estimated speed
error and thc magnetising inductance change can be
derived, from cqns. 6-9, to be

AQT _ Ln‘w g1 '9/1 + 9233 + .(]352 + Gas + gs
AL, Ly, a1 4+ asst 4+ azsd® + ass? + ass + ag
(15)

#

With a step magnetising inductance change from Z,, = L,
to 1.2 L, and 1.5 L,,", the simulated and measured esti-
mated rotor speeds at the two chosen operating conditions
are shown in Figs. 8 and 9, respectively. The results show
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that the errors due to the variation in magnetising induct-
ance have the same dynamic behaviour as those of stator
resistance, but with smaller magnitudes.
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Fig.6  Simulated estimated rotor speeds due to siep changes
aly =1, to 1.2 L, and 1.5 1" at @, = 1000rpm

bhl,=1" 101275 and 1.5 L at @, = 300rpm
¢Ly=L*1012L,7and 1.5 L,* at &, = 1000rpm

d Ly =Ly 10 1.2 1" and 1.5 L;" at @, = 300rpm

3.5 Observations
Some key features of the V-I model-based speed estimator
can be deduced from the above error analyses:

(@) All the speed error transfer functions except those of
rotor resistance uncertainty have the same characteristic
equation. The simulation and measured results also show
that they have the same type of estimated speed error
dynamics. The rotor resistance uncertainty only leads to the
steady-state error in the estimated speed.

(b) The lower the speed, the more prominent the effects of
parameter variations. Fig. 10 summarises the normalised
errors of various parameter changes at rotor speed =
300rpm. It is obvious from the comparison that the domi-
nant parameter in this type of speed estimation approach is
the stator resistance. The possiblc parameter variation
ranges of an induction motor will be 1.0 = R/R," = 1.5, 1.0
< RJ/R" <15 08 < L,/L, = 1.2, and the variations in
leakage inductances are negligibly small. As the variations
in leakage inductances and magnetising inductance have
the same type of error dynamics as those of stator resist-
ance, but with much smaller values, their effects on speed
estimation can be compensated by tuning the stator resist-
ance through the proposed control approach.
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4 Proposed uncertainty cancellation approach

The parameter sensitivity analyses made in the preceding
Section indicate that both AC and/or DC speed estimation
error signals exist, owing to the parameter uncertainties.
The transient speed error will be reduced by the proposed
uncertainty cancellation approach. In the proposed
approach, the AC error signal is extracted and used as the
input of a VSS control scheme.
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4.1 VSS control law

In the VSS control scheme shown in Fig. 2, the transient
speed estimation error A@, is extracted from @, using a
band-pass filter, and it is used as the input of the VSS con-
troller. The sliding line equation is defined as

o= MG, + AD, (16)
and the compensation signal for tuning the stator resistance
is set to be
a) Awyo >0
08 Aw.o <0
To avoid undesirable high-frequency noisc amplification
due to a pure differentiator, a low-pass filter is used to
obtain the observed value of the speed derivative

HLI,’(S) =

AR, = { (17)

S

T

256

Although H,,{s) serves as a differentiator within the
dynamic frequency range, it will become a low-pass filter
for high-frequency noises.

4.2 Simulation and experimental results
The configuration of an IFO induction motor drive with
the proposed speed cstimator is shown in Fig. 11. The
switched load resistance R; of the DC generator is
employed to change the dynamic load of the induction
motor. The parameters of the proposed VSS compensation
scheme listed in cqns. 16-18 are set to be

A=1 a=06, f=-06 (19)

. S

Horl) = 5 oame 4035 41
where, considering the compromise betwecn the slowly
changing property of stator resistance and the high-
frequency noise rejection, the cutofl frequency of the low-
pass filter part of H, ,(s) is set to be 0.5Hz. For the nomi-
nal value of R," = 1.1Q and the chosen parameters a = 0.6
and B = 0.6, the tuning range of R, is 0.5Q ~ 1.7Q, which
covers its typical variation range (1.0 = R/R," < 1.5). As for
the parameter of A = 1, it is determined using a trial-and-
cerror approach. For the chosen parameters listed in eqns.
19 and 20, the successful VSS control operation can be
confirmed from the simulated and measured results.

The simulated rotor speed @, of the IFO induction
motor drive, before and after applying the proposed speed
estimator due to the changes in the stator resistance (R, =
1.0 R to 1.2 R,), the Icakage inductances (L;, = 1.0 L,
and L, = 1.0 L," to 1.2 1, and 1.2 £,,") and thc magnetis-
ing inductance (L, = 1.0 1, to 1.2 L,)) at (@,, = 300 rpm,
T;, = L.7Nm), are plotted in Figs. 12« to ¢. The results
clearly indicate that the oscillating speed ripples have been
greatly reduced by the proposed speed estimator.

The designed speed estimation algorithms are realised
using C-language on a PC 486-based control computer
with necessary interfacing cards. The measured rotor speed
, of the IFO induction motor drive, before and after
applying the proposed speed estimator due to the changes
in the stator resistance (R, = 1.0 R," to 1.2 R,), the lcakage
inductance (L, = 1.0 L and L, = 1.0 L,” to 1.2 L, and
1.2 £,") and the magnetising inductance (L,, = 1.0 L,," to
1.2 L) at (@, = 300rpm, 7;, =1.7Nm, R;, = 77.6Q) arc
plotted in Figs. 13« to ¢. The results are very close to those
obtained by simulation and further confirm the effective-
ness of the proposed speed estimation approach.

(20)

5 Robust speed control

5.1 Dynamic model

For the TFO induction motor drive using the proposed
speed estimate as feedback signal, three kinds of dynamic
model uncertainty exist, namely, non-ideal field orientation,
inaccurate speed cstimation and variations in motor and
mcechanical load parameters. To account for these effects,
the dynamic behaviour of the motor drive shown in Fig. 11
is reasonably represented by the transfer function block
diagram shown in Fig. 14, wherein the proposed controllers
arc also shown. The major constituent parts are briefly
described as follows:

5.1.1 Motor drive model:
k, & 2P(L, ML), torque generating constant of an ideal

IFO induction motor drive

Afs). the torque gencration unmodelled dynamic due to
non-ideal field orientation [21]

J: nominal total mechanical inertia
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Fig.14  Block diagram of proposed robust PEED 2DOI controller

where Ay(s) represents the dynamic and static errors of the
proposed speed estimator. k,,. and Ay(s) are not constant
and depend on the nature of the paramcter variations and
the compensation control characteristics of the proposced
method.

5.1.2 Controllers:

() P1-D 2DOFC: at a chosen nominal operating condition,
the PI-D 2DOFC is designed according to the estimated
linear motor drive model and the given command tracking
and load regulation control specifications.

(b) Robust controller: a model error g is extracted using the
nominal inverse linear plant model, and a compensation sig-
nal &i,," is generated to reduce the performance degradation
due to inaccurate speed estimation, non-ideal field-orienta-
tion and motor drive model parameter variations.

(¢) Dead-time compensator: it is known that the dead-time
element is a very difficult control non-linearity, particularly
for the speed sensorless motor drive, as the dead-time will
be much enlarged due to the feedback of estimated speed.
The dead-time compensator [19] is employed here to let the
dead-time be equivalently moved outside the closed-loop,
and, hence, the stability and dynamic control performance
are greatly enhanced.

The motor drive model is difficult to obtain accurately
through physical derivation. Thus, let the feedback control-
ler G,\(s) = K, (P-type) and other controllers be disabled,
and the IFO induction motor drive be opcrated using the
estimated specd as feedback signal. The motor drive model
parameters arc estimated at the chosen nominal operation
condition (@, = 1000 rpm, R,, = 77.6Q2) using the step
response approach [16] to be k, = 0.6358, T = 0.04s, & =
0.7937 and b = 117.65. Then, from the above definitions,
we can find that J = 0.0085001N-ms* and B =
0.0067466N-m-s/rad. According to scaling set in this cxperi-
mental drive (1V = 1000rpm = 104.7radss, ie. k, =
0.00955V-s/rad), J and B can also be represented as J =
0.89007 N-m-s-rad/V and B = 0.70645N-m/V, respectively.
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5.2 Controller design

5.2.1 PI-D 2DOF controller: At the design stage, let all
the uncertainty models and nonlinearities in Fig. 14 be
neglected. The speed control specifications are given below:
Step command tracking response (Aw,” = 100rpm):

(i) Response time £, = 0.2s, which is defined as the time
that the responsc riscs from zero to 90% of its final value.
(i1) Overshoot = 0.

(iiiy Steady-state error = 0.

(iv) Maximum value of control force Ai," = 3.5A.

Step load regulation response (AT; = IN-m):

(¢) Maximum dip Awy,, = 30rpm.

(h) Steady-state error = 0.

The governed equations concerning the controller parame-
ters and the given specifications have been derived in [17].
Using the nominal linear plant model, the PI-D 2DOF
controller designed to meet the given specifications is found
to be

I{p =139.562, K7 =292.6869, I{p = 0.3949
co = 291.2322, ¢; = 39.9181
do = 291.2322, d, = 17.0655 (21)

5.2.2 Robust controller: In real operation, the actual
plant parameters can deviate significantly from the nominal
ones used in the design of the speed estimator and control-
ler, and then the speed dynamic response will worsen. To
improve this, a simple RC is employed here. The inverse
model used to extract the model crror is

Gis) = 248 (22)

k Ck;wr

and the weighting factor w, 0 < w < 1, is chosen to make
the compromisc between the desired control performance,
control stability and control effort [19]. The closer w
approaches 1, the better the control performance achieved,

TEE Proc.-Electr. Power Appl., Vol. 147, No. 4, July 2000

Authorized licensed use limited to: Chin-Yi University of Technology. Downloaded on November 3, 2008 at 02:37 from IEEE Xplore. Restrictions apply.



but the the resulting closed-loop control system becomes
unstable more easily. The major factor to be considered is
the dead-time element. The analysis of performance
improvement by this type of robust control can be referred
to in [19].

5.3 Dead-time compensator

The major purpose of the dead-time compensator is to let
the dead-time element be cquivalently placed outside the
closed-loop, and thus its effect on stability can be much
reduced. The simple PI controller G, (s) is adopted here to
eliminate the model error ¢y as quickly as possible and thus
to improve the performance of the dead-time compensator.
The paramcters are chosen by trial-and-crror, with the help
of simulations, to be

[{pm = 5, Ix’im =10 (23)

5.4 Experimental results

To verify the effectiveness of the proposed speed estimator
and robust controller, a mass of 3.78kg (AJ = 1.04009
N'm-s-rad/V) is added to the rotor shaft to let J = J =
0.89007N-m-s-rad/V be changed to J = 1.93016N-m-s-rad/V
(J ~ 2.2 J), and the stator resistance used in the proposed
speed estimator is intentionally set as R, = 1.5 R" (R, =
1.1Q listed in eqn. 11). Let the motor drive shown in
Fig. 11 be operated at 300rpm (R;, = 77.6Q), with the
proposed robust PI-D 2DOF controller but without the
proposed sensorless VSS uncertainty compensation control-
ler. The measured rotor speeds and torque currents of the

400rpm )
& UWE¥ivaa (-avias it ot (riA e vy
J\[Y v } —FSOrpm
B
300rpm l
\y’)\\f"h "*W%AY/A\) ARG RARS -+

A O 1 e e s

0A 1 .

y 5 M At A A
T *'\[ IO S LA L A W—Eorpm

e

0.58
b

Fig.15  Measured rotor specds and torque curvents without the proposed
uncertuainty cancellation approach (with dead-time compensator and RC) at R,
=ISR and J=~22J

« Step command change from 300rpm to 400rpm (R, = 77.6Q)

b Step load resistance change rom Ry = 77.6Q 10 22Q (b, = 300rpm)
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motor drive due to the command change from 300rpm to
400rpm and load resistance change from R, = 77.6Q to
22Q (w,, = 300rpm) are plotted in Figs. 154 and b, respec-
tively. Under the same conditions, the measured results of
the motor drive with the designed RC (w = 0.8) and uncer-
tainty cancellation approach in the speed estimator are
shown in Figs. 16a and b. The results shown in Figs. 15
and 16 show that better tracking and regulation control
responses are obtained by the proposed approaches.

400rpm
b

Orpm

*
i 4 . s

* A A PR CTTY AT A e LT R IZA

0A
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Fig.16  Proposed uncertainty cancellation approuch
a Step command change from 300rpm to 400rpm (R, = 77.6Q)
b Step load resistance change from R, = 77.6Q to 22Q (&,, = 300rpm)

For further testing the effectiveness of the dead-time
compensator and RC, Fig. 17 shows the measured step
speed tracking responses at J = J and R, = 1.5 R,", without
and with the designed dead-time compensator (with uncer-
tainty cancellation and without RC). The results indicate
that, without adding the dcad-time compensator, the
responsc becomes oscillatory. Now let the uncertainty can-
cellation and dead-time compensation be added; the meas-
ured results at J ~ 2.2 J and R, = 1.5 R," without and with
RC are plotted in Figs. 18 and 19, respectively. Better
responses, both in tracking and regulation, yielded by add-
ing the RC can be seen from the results. Real operations
indicate that the LFO motor drive with the proposed speed
cstimator and robust speed controller can be stably oper-
ated down to about 100rpm. The measured rotor speeds
and torque currents of the motor drive due to command
change from 100rpm to [50rpm and load resistance change
from R, = 77.6Q to 22Q (@,, = 100rpm) arc plotted in
Figs. 20a and b, respectively. Stable operation below
100rpm is possible, provided that the circuit realisation is
improved.
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Fig. 17 Measured rotor speeds due to step command change from 1000 1pm
to TI00rpm (R, = 77.682) at Ry = L5 R and J = J with uncertuinty cancella-
tion- and without RC
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b With dead-time compensator
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Fig.18  Measured rotor speeds and torque currents without RC (with dead-
time compensator and vncertainty cancellation) at Re=1.5 R and J =~ 2.2 7

« Step command change from 1000rpm to 1100rpm (R = 77.6Q)

b Step load resistance change from R;, = 77.6Q to 52.3Q (@, = [000rpm)

6 Conclusions

Research into the performance improvements of a V-I
model-based speed estimator and its application to an IFO
motor drive has been presented. The speed estimation
errors of the V-1 model-based speed estimator due to vari-
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Fig.19  Measured rotor speeds and torque currents with RC (with dead-time
compensator and uncertainty cancellation) at Ry=15 R and J~ 2.2 J

« Step command change from 1000tpm to [100rpm (R, = 77.6Q)

b Step load resistance change from Ry, = 77.6Q to 52.3Q (@,, = 1000rpm)
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Fig.20  Measured rotor speeds and torque currents with the proposed uncer-

tainty cancellation approach (with dead-time compensator and RC) at Ry = 1.5
J

R'and J ~ 2.2
« Step command change from 100rpm to 150rpm (R, = 77.6Q)
4 Step load resistance change from R;, = 77.69 to 22Q (&), = 100rpm)
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ous motor parameter variations are first thoroughly ana-
lysed. Based on sensitivity-analysis results, a VSS-based
compensation scheme is devised to cancel the cffects of
paramieter uncertainties on the specd estimation perform-
ance.

The simulation and measured results have confirmed the
effectiveness of the sensitivity analysis and the proposed
compensation approaches. For an IFO induction motor
drive using the estimated speed as a feedback signal, the
decoupling characteristics can be further deteriorated, and
the equivalent system dead-time will be enlarged. This will
lead to difficulty in achieving a good speed dynamic
response.

In this paper, a robust PI-D 2DOF controller with dead-
time compensation is designed to let the drive system
achieve good dynamic responses, both in step command
tracking and load regulating characteristics. A PI-D 2DOF
controller is first designed to meet the given control specifi-
cations for a nominal case and the estimated linear motor
drive model. Then, a robust controller accompanied by a
dead-time compensator is added to reduce the effects of
parameter variations and system dead-time on the control
performance. The experimental results indicate that good
control performances in command tracking and load regu-
lation of the sensorless TFO induction motor drive are
achieved by the proposed controller when the parameter
variations occur.
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8 Appendix

The transfer functions, which are derived in Section 3, rep-
resenting the dynamic characteristics of estimated speed
errors for all parameter changes are listed as follows:

8.1 Stator resistance
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