IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 18, NO. 4, AUGUST 2013

1357

Speed-Sensorless Vector Control of a Bearingless
Induction Motor With Artificial Neural Network
Inverse Speed Observer

Xiaodong Sun, Long Chen, Zebin Yang, and Huangqiu Zhu

Abstract—To effectively reject the influence of speed detection
on system stability and precision for a bearingless induction motor,
this paper proposes a novel speed observation scheme using artifi-
cial neural network (ANN) inverse method. The inherent subsys-
tem consisting of speed and torque winding currents is modeled,
and then its inversion is implemented by the ANN. The speed is
successfully observed via cascading the original subsystem with
its inversion. The observed speed is fed back in the speed control
loop, and thus, the speed-sensorless vector drive is realized. The
effectiveness of this proposed strategy has been demonstrated by
experimental results.

Index Terms—Artificial neural network (ANN) inverse, bearing-
less induction motor (BIM), speed-sensorless, vector control.

I. INTRODUCTION

N recent years, there is an increasing interest in bearingless

motors around the world [1]-[3]. Due to the similarity of
structure between electric motors [4], [5] and magnetic bear-
ings [6], a bearingless motor combine the functions of a motor
and a magnetic bearing together within the same stator frame.
They can simultaneously produce the radial suspension force
and torque on the rotor so that there is no mechanical contact
between the stator and rotor. On the one hand, the magnetic
suspension offers the advantages of no friction, no abrasion, no
lubrication, high rotational speed, and high precision, in com-
parison to mechanical contact [7], [8]. On the other hand, a
bearingless motor has incomparable advantages of small size,
light weight, low cost as compared to a conventional tandem
structure consisting of magnetic bearings and a motor. There-
fore, bearingless motors are becoming more and more suitable
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for widespread applications, such as high-speed turbo machiner-
ies, machine tool spindles, vacuum pumps, blood pumps, com-
puter disk drives, energy storage flywheels, etc [9]-[11]. Up to
now, various types of bearingless motors have been proposed,
such as bearingless reluctance motors, bearingless induction
motors (BIMs), bearingless switched reluctance motors, bear-
ingless permanent magnet synchronous motors, etc [12]-[16].
In these types of bearingless motors, the BIM has been paid
much attention since its advent because its rotor construction is
relatively simple and robust, and the torque ripples and cogging
torque are less [12].

Since the BIM is a multivariable, nonlinear, and coupled sys-
tem, the vector control is a reasonable choice to control its speed
independently from the radial suspension forces. However, for
all high-performance vector-controlled BIMs, it is necessary to
gain the accurate rotational speed information. Normally, this
information is achieved by using mechanical sensors such as
incremental encoders, which are the most common position-
ing transducers used today in industrial applications. Nonethe-
less, using mechanical sensors will cause several disadvantages,
such as increasing size, cost, maintenance, hardware complexity,
electrical susceptibility, and reducing reliability and robustness
of the drive system [17]-[20]. Especially, mechanical sensors
are unsuitable for the inherent high-speed performance of BIMs
due to the unavoidable mechanical contact. Therefore, the con-
siderable speed-sensorless control strategies are badly needed
for solving the problems, and the investigation of the speed-
sensorless operation is essential for the further development of
BIMs.

For the conventional induction motors, various techniques
have been proposed to estimate speed for sensorless drives,
such as the direct computing method [21], Luenberger observers
method [22], [23], extended Kalman filter (EKF) method [24],
[25], and model reference adaptive system (MRAS) method
[26], [27]. The direct computing method is a simplest method
based on the angular velocity of rotor flux vector and slip calcu-
lation using the induction motor model, but the estimated speed
accuracy is not very satisfactory due to the great sensitivity to
parameters variations and noise in the drive. The Luenberger
observers method is a deterministic estimator which assumes
a linearized time-invariant motor model. The EKF method can
make the online estimation of states while identifying the mo-
tor parameters simultaneously in a relatively short time interval.
The Luenberger observers and EKF methods are robust to motor
parameters variations or identification errors, but they require
a great number of real-time computations and are much more

1083-4435/$31.00 © 2012 IEEE



1358

complicated in practical realization. In the MRAS method, an
error vector is made up from the two models’ outputs which
are both dependent on different motor parameters. By adjust-
ing the parameter that influences one of the models, the error is
driven to zero. Compared with the Luenberger observers or EKF
method, the MRAS method has the advantage in the simplicity
of used models. But it is unstable in low speed or around zero
speed running because the model-based estimation technique is
dependent on rotor-induced voltages which is very small and
even vanish at zero stator frequency.

In this paper, a novel method of speed-sensorless vector con-
trol for a BIM based on artificial neural network (ANN) inverse
method is proposed. The basic principle of the method is to
obtain the inverse model of the speed subsystem which consists
of a static ANN and some differentiators, and then to establish
the speed observer by cascading the original subsystem with the
ANN inverse model. Based on this speed estimation method,
the speed-sensorless vector control system of the BIM is set up.
Finally, the proposed control strategy is confirmed on a dSPACE
DS1104 DSP-based data acquisition and control (DAC) system.

This paper is organized as follows. In Section II, we describe
the principle of radial suspension force generation in BIMs.
Then, we analyze the inherent subsystem, gain its inverse model,
and obtain the speed observer using the inverse system method
in Section III. In Section IV, an ANN inverse speed observer is
constructed. In Section V, the speed-sensorless vector control
system of the BIM is set up. In Section VI, experiments are
carried out, and the performance of the BIM drive system is
analyzed and discussed. Finally, some conclusions are given in
Section VII.

II. PRINCIPLE OF RADIAL SUSPENSION FORCE GENERATION

Suppose the pole-pair number of torque windings is p;, and
that of suspension force windings is po. When the rotating mag-
netic field produced by the two sets of windings satisfy the
following three conditions: 1) po = p; %1, 2) the two magnetic
fields have the same rotation direction, and 3) the currents in
two sets of windings have the same frequency, then the interac-
tive magnetic fields will produce radial suspension forces in the
constant direction.

According to the electromagnetic field theory, there are two
kinds of magnetic force, namely, Lorentz force and Maxwell
force in the BIM. Besides the electromagnetic torque produced
by Lorentz force just as it works in an induction motor, it also
can generate radial suspension force. Compared with Lorentz
force, Maxwell force, also named magnetic resistance force, is
the main source of the radial suspension force in the BIM. Fig. 1
shows the principle of radial suspension force generation. The
four-pole flux ¢4 and two-pole flux o are generated by the
torque winding currents i; and suspension force winding cur-
rents is in the Ny and N, turns of stator windings, respectively.
Under no-load balanced conditions, if a positive radial suspen-
sion force along the x-axis is needed, the torque winding current
i1 and suspension force winding currents i, are electrified as
shown in Fig. 1. The flux density in the airgap 1 is increased,
because both fluxes v, and - are in the same direction. On the
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Fig. 1. Principle of radial suspension force generation.

other hand, the flux density in the airgap 2 is decreased because
fluxes 14 and v, are in the opposite direction. Therefore, a posi-
tive suspension force F,, is produced in the x-axis direction only.
If the direction of suspension force winding currents is reversed,
the radial suspension force in negative x-axis direction will be
generated. Suspension force F), in the y-axis direction can be
produced using electrically perpendicular two-pole suspension
force winding currents distribution. So, the rotor can be sus-
pended steadily in the central equilibrium position by adjusting
the magnitude and direction of the suspension force winding
currents.

III. DESIGN OF THE SPEED OBSERVER
A. Left Inverse System

From the viewpoint of functional analysis, the dynamic model
of a general system can be described as an operator mapping
the inputs into the outputs. We consider a continuous system »
(linear or nonlinear) with a p-dimensional input vector u(f) =
[u1, us, ..., u,l, a g-dimensional output vector y(t) = [y1, y2,

.., ¥¢l, and an initial state vector x(#y) = x. Let 0 : u — y be
the operator describing the aforementioned mapping relation,
i.e., [28]

y = Ou. (1)

A system which can realize an inverse mapping from the
output y to the input # can be defined as an inverse system or an
inversion equivalently. In general, according to the difference of
the function or purpose, the inverse systems can be divided into
two classes, e.g., right inverse systems and left inverse systems.
A right inverse system often serves as an output controller to
make the output y of the original system to follow a given
output, while the left inverse system serves as an input observer.
Since what we are considered in this paper is studying effective
observer approaches, all inverse systems refer to the left inverse
systems hereafter if no special statement is given.

Definition 1: Consider a system »  expressed by (1). Assume
IT to be another system with y(#) as input and u(¢) as output, and
it can be described by an operator @ : y — . If the operator 6
satisfies

y(e) = 0|z, u(e)] or

2

the system II is called the inverse system or inversion of the
original system » _, and the original system > is invertible [29].

00u = Oy = u
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Fig. 2. Compounded identity system.

As shown in Fig. 2, by cascading the original system with
such an inverse system, the compounded system would become
an identity one, which means that the input of the original system
can be gained from the output signal of such an inverse system.
Since the inversion can completely reproduce the inputs of the
original system, it can be treated as a soft sensor (or observer)
to estimate some immeasurable variables.

B. Speed Observer Using Inverse System Method

The BIM is essentially an induction motor. For the motor sys-
tem controlled inverter, under the assumptions of ignoring the
nonlinear and time delay of the inverter, and magnetic circuit
saturation and iron loss of the motor, a three-phase induction
motor model according to the usual d-axis and g-axis compo-
nents in a synchronous rotating frame with rotor flux orientation
can be expressed by [30]

2 2
é Ly 1/) (RSlL'rl + R"lel)i
sld = 1d — sld
’ oL LT, ' O'L»Slel o
. Us1d
Fwits1q +
O'le
2 2
é Ly w ’L/) (RSlLrl + erLml)i
slg = ———WrYPr1d — slq
CTleLrl 0L51L72~1
. Us1q
—Wils1d +
ULSl
: 1 Ly, .
%-1(1 = _ﬁwrld + Tr 1s1d
2
. p1Lm1 . P1
Wy = r1dtsig — 1L
r JLTl ’(/}r dlslq 7

3)
where V14, Vri1g, is1ds Isig> Us1d> Us1q are, TEspectively, the
dg-axis components of the rotor flux linkage, stator current,
and stator voltage of torque windings, w; and w, are the syn-
chronous and rotor electrical angular speed, respectively, Ly,
L.y, and L,,, are the stator, rotor, and mutual inductances of
torque windings, respectively, Rs; and R, ; are the stator and
rotor resistances of torque windings, respectively, p; is the num-
ber of pole pairs of torque windings, J is the moment of inertia,
TT = Lrl/er’ ando =1 — L?nl/(LSlLTl)'

State variables are chosen as
x = [x1, 29,73, 4] = [is14,%51. r1d,wr]" - 4

Input variables are chosen as

u = [Ul,UQ]T = [Usld,uslq]T- )
Output variables are chosen as
y= [y, =z = [Yagw]” (6)

where the state variables x; and x, can be measured directly, and
x4 18 the to-be-observed variable. In order to observe the rotor
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Fig. 3. Speed observation principle based on inverse system method.

speed x4, we may assume that, for the motor system (3), in its
interior, there exists an inherent subsystem whose input is just
the to-be-observed variable x,, while outputs are the measurable
state variables x; and x,. As aforementioned, if the inherent
subsystem is invertible, a compounded identity system would
be obtained by cascading the subsystem with its inversion (i.e.,
inherent subsystem inversion), as shown in Fig. 3. Therefore, the
inversion output is completely capable of reproducing the input
of the inherent subsystem, i.e., the to-be-observed variable.

According to the aforementioned constructing method of the
subsystem model, the first and second equations of (3) are cho-
sen as subsystem mathematical model, as rewritten as

P Lml Ta — (RSlel +RT1L%11)
' 0LaLaT oLy L2
U1
+wi1xe +
7k ™
o Lu o (RuLh 4RI
: oL Ly s oLg L% 2
+ 2
—wi ) + ——.
Iy

That is, we can structure the inherent subsystem by selecting
the state variables x; and x» and their derivatives &1 and &o.
Thus, the reversibility of the inherent subsystem is needed to be
proved.
Calculate the Jacobin matrix
[ 0% 0y
8x3 8x4
0%y Ot
(9373 6.234
I Lm 1 0
oL LT,
- Loz Loz - ®
N m1L4 . ml1L3
L UleLrlTr O'leLrlT;’

A(z,u) =

So,

L 3”1

_702L31L%1ﬂ, 3. (9)
Apparently, when x5 # 0, and Det(A(x,u)) # 0, A(x,u)

is nonsingular. According to the inverse function theory [31],

under the condition Det(A(x,u)) # 0, the system expressed

in (7) is invertible, and based on implicit function theorem, its

inversion can be expressed as

Det(A(z,u)) =

xy = @(x1, 22,41, L2, wr,U). (10)

Fig. 4 shows the schematic diagram of rotor speed observation
based on the inverse system method. From Fig. 4, it can be seen
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Fig. 4. Schematic diagram of speed observer using inverse system method.

that the speed observer consists of a nonlinear function () and
two differentiators.

IV. SPEED OBSERVER BASED ON ANN INVERSE

Obviously, the key to constructing the speed observer is by
realizing the function @(e). The real analytical inversion, i.e.,
the expression of the function ((e) can precisely be obtained
if the BIM system’s mathematical model described in (3) is
completely known. However, in practical engineering appli-
cation, the BIM system usually has different working modes
with respect to different running states, resulting the nonlinear
characteristics of motor system very complex. The motor pa-
rameters such as the flux linkage, resistances, and inductances
change very prominently with the time-varying conditions, so
these parameters are not precisely known and are usually gained
by parameter identification. In a word, it is difficult to get the
accurate mathematical model of (3), and accordingly, the pre-
cise inversion model (o) cannot be easily obtained. Hence,
direct realization of the imprecise inversion will inevitably lead
to incorrect speed observation result.

Since the ANN has the ability of expressing arbitrary non-
linear mapping, learning, and self-adapting, we can make use
of an ANN to approximate the nonlinear function ¢(e) to break
through the bottleneck in implementing the inverse system. Be-
cause (e) is a static nonlinear function, any kind of static ANN,
such as back propagation, radial basis function, and its relevant
learning algorithm, can be used to approximate the nonlinear
function. Without loss of generality, we adopt a very common
static ANN such as feedforward multilayer ANN in this paper.
Taking the Kolmogorov theory [32] and the calculating ability
of the computer into account, a feedforward multilayer ANN
of Ng,w_l is selected, where 3 represents layers of the ANN, 6
represents the number of the input layer neuron, 13 represents
the number of the hidden layer neuron, and 1 represents the
number of the output neuron. The activation functions for hid-
den neurons are tangent sigmoid functions, and the functions
on the output layer nodes are linear. The Levenberg—Marquardt
algorithm [33] is used in ANN training. After the feedforward
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multilayer ANN is trained with the training sample sets, it can
be used together with the differentiators as the ANN inverse
speed observer, where the differentiators represent the system
dynamics to approximate (e).

The static ANN and the differentiators in the ANN inverse
speed observer make up a specific type of dynamic ANN which
is different from the ordinary dynamic ANN, for instance, the
well-known Hopfield neural network consisting of dynamic
neurons [33]. In this paper, the dynamic characteristic of the
ANN inverse speed observer is accomplished by the differen-
tiators. When approximating the nonlinear function ¢(e), the
static ANN and the differentiators play their individual roles
in a relatively independent manner; therefore, the ANN inverse
can achieve the speed observer with a correspondingly compact
structure and legible mathematical meaning.

According to the procedures of ANN inverse control [34], the
training samples of the static ANN are needed to be obtained
first, and then, the ANN can be trained by the Levenberg—
Marquardt algorithm. The training sample is made up of
{usld,uslq,i,ﬂd,isld,iglq,i,ﬂq} and {w, }, which are the in-
puts and output of the static ANN, respectively.

V. SPEED-SENSORLESS VECTOR CONTROL

As for the control of radial suspension forces in the BIM, it
can be realized by detecting the rotor’s radial displacement first,
and then controlling the suspension force winding current in the
displacement adjustor to achieve accurate control of the radial
suspension forces. The x-axis and y-axis components of the
radial suspension forces F,, and F,, in the synchronous rotating
dg-axis frame can be expressed as

{Fz = (Km + Kp)(is2a%1a + is24%14) (11)

Fy = (K + K1) (is2g%1a — 1s24%14)

where K,,, = % and K; = % are, respectively, the
Maxwell forces constant and Lorentz forces constant. )1, and
Y14 are, respectively, the dg-axis components of air-gap flux
linkage of torque windings, i;04 and isy, are, respectively,
the dg-axis components of stator current of suspension force
windings, L,,o is the mutual inductance of suspension force
windings, p, is the number of pole pairs of suspension force
windings, W; and Ws are, respectively, the number of turns of
torque windings and suspension force windings, r is the radius
of the stator inner surface, / is the length of rotor iron core, and
1o 1s the vacuum permeability.

To achieve steady suspension and operation of the BIM, it
is the basic requirement to realize nonlinear decoupling control
between electromagnetic torque and radial suspension forces.
The vector control is just one of the effective methods. For
vector control (in this paper, the vector control refer to the rotor-
flux-oriented control if no special statement is given), the rotor
flux vector of torque windings is aligned with d-axis and setting
the rotor flux to be constant equal to the rated flux, which means
Yr1g = ¥p1 and 1,14 = 0. Then, the torque winding currents
is1q and i1, the slip angular speed wy, and the electromagnetic
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torque can be expressed as

Z‘sld = (Trpl + ]-)wrl/Lml

Z‘slq == TeLrl /(pl Lmlwrl)

Wg = W1 —Wpr = L?rzli.slq/(ﬂ‘1¢7'1)

Te =D Lmlislqwrl /Lrl .
From (11), it can be seen that the radial suspension forces are
related to the air-gap flux of the torque windings; therefore, it can
be used to calculate the radial suspension forces only after the
air-gap flux is obtained. According to the relationship between
air-gap flux and rotor flux, the rotor flux and stator currents of
torque windings are utilized to identify the air-gap flux, and the
calculating formula can be expressed as follows:

{ Y1a = L1 (¥r1d + Lrvidsia) /Lo
Y1g = LmlLrllislq/Lrl

where L, 1; is the rotor leakage inductance of the torque wind-
ings. After the airgap is obtained, the suspension force winding
currents can be determined in accordance with (11). By solving

(11), we obtain

isga | _ 1 |cosp —sinp| | F,

is2g | M |sinp cosp || F,
where M = (K,, + K;)\/¢1, + 17, and p = arctan (¢, /
Y1a)-

Fig. 5 shows the block diagram of speed-sensorless vector
control for the BIM based on ANN inverse speed observer. In
the radial position controller, radial positions x and y are detected
by displacement sensors, and then these displacements are com-
pared with the reference values z* and y*. The errors are ampli-
fied by proportional-integral—derivative controllers to generate
the radial suspension force commands £’ and £} In the modu-
lation block described by (14) in Fig. 5, based on radial suspen-
sion force commands and sinusoidal and cosinusoidal functions,
suspension force winding current commands i3, , and ig,, are
generated so that the actual radial suspension forces follow the
radial force suspension commands. These commands i},,; and
i3, are transformed to instantaneous suspension force winding
current commands 45 4, 5, and 5. through the inverse Park
transformation and inverse Clark transformation. Then, suspen-
sion force winding currents is 4, o3, and iy are regulated by a
current-regulated pulsewidth modulation (CRPWM)-based in-
verter using the current commands 45 4, %53, and i5 .. Based on
the suspension force winding currents, radial suspension force
is generated in BIM.

In the motor controller, the rotor speed is observed by the
speed observer and the speed error is calculated. The error is
amplified in a proportional—integral controller and the electro-
magnetic torque command 7} is generated. By the value ab-
soluting and flux-linkage generator, the rotor speed is trans-
formed to rotor flux-linkage command ;' . In the modulation
block described by (12), the slip angular speed command w;
and torque winding current commands 73, ; and iy, are gener-
ated. These current commands are transformed to instantaneous
torque winding current commands ] , , 4] , and ¢} through the
inverse Park transformation and inverse Clark transformation.

12)

13)

(14)

1361

]
L . . . . e
l X PID Fx. Loa Loy = by I
+ ¥y = & y
' . F 3 23
|

observer a—
Differentiators

(14) VR s |28 plcrew| Bs Signal
3 o N Lag Lags e | ¥ |5 detection
PID =
V| v 2
e e, e e, S N —— ]
r————- P S
Motor Control a13) 6 6, @,
| S ] |
g
l @, 2 v, g s ‘u ; iy |
l a7 1 =7 2 s |CRPW hg |
- T k 3P i e be
| Pl £ |
£+
e S
| Speed L |

Value

absoluting
VR : Inverse Park Transformation

Flux linkage
E_ generator Integrator

2/3 : Inverse Clark Transformation

Fig. 5. Block diagram of speed-sensorless vector control for the BIM.
TABLE I
PARAMETERS OF BIM
Parameter Value Parameter Value
Ly 16.778x10H J 0.00769kg * m*
Ly 16.458x10°H Di 2
Lo 15.856x10°H )2 1
Ra 11.48Q m 2.85kg
R 11.63Q

The rotational angular position 6, and command 6} are, respec-
tively, integrals of w, and w. 07 is a sum of 0} and 0,., and 6; is
asum of 0] and p*. Then, 0] and 63 are used in the inverse Park
transformation. Likewise, torque winding currents i1 4, i1 3, and
i1 are regulated by a CRPWM-based inverter using the current
commands 7 4, %] 5, and i} .

VI. EXPERIMENTS AND ANALYSES

The experimental system consists of a dSPACE DS1104 DSP-
based DAC system, a PC, two driving circuit boards with two
intelligent power modules, a BIM, an incremental pulse encoder
position sensor, and an oscilloscope. The incremental pulse en-
coder position sensor delivering 2048 pulses per revolution is
mounted on the rotor shaft only for comparison of the estimated
and real speed of the BIM. The BIM parameters are given in
Table I.

Based on the preceding experimental system, we carried out
the experiments of speed-sensorless vector control for the BIM
system. As is known, it can be used to approximate the nonlin-
ear function ¢(e) only after the ANN is trained by the training
sample. The training data {us14, Us1g, is1d, Is14, Wy } Were col-
lected under the condition of the BIM vector control, as shown
in Fig. 6. With respect to the differentiators appearing in the
ANN inversion, it can be realized by using a five-point numeri-
cal differential algorithm to guarantee high computing accuracy.
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Fig. 7. Training error.

The algorithm’s expression can be expressed as

_ 3yn74 - 16%—3 + 363/7172 - 483/7171 + 25yn
B 126 '
The basic principle of the five-point numerical differential al-
gorithm is to approach five discrete points with a biquadratic
parabola and then calculate its differential. It is more accurate
than the conventional two-point numerical algorithm

Yn

5)

y-n — Yn 6?/7171 ) (16)

After the derivatives {i’sld, islq} were gained by the five-
point numerical differential algorithm, the training sample sets
{us1d, Usiq, ts1d, ts1ds ¥s1q, 2514 and {w,} were finally ob-
tained. In order to solve the problem of slow convergence, the
training data were normalized into —1 ~ +-1. Based on the train-
ing sample set, the weight and threshold of the static ANN can
be adjusted using the Levenberg—Marquardt algorithm. After
training the static ANN about 653 epochs, the training error was
reduced to 9.9916 x 10~%, and was less than the goal 0.001,
which can be seen in Fig. 7.

The trained ANN can then be used to implement the ANN
inversion, and accordingly by cascading the original BIM sys-
tem with the ANN inversion, the desired speed observer can be
set up for experiments.

In order to verify the performance of the proposed control al-
gorithm of speed-sensorless vector for the BIM system, several
experiment cases were carried out on the various operating con-
ditions. Nonetheless, only the salient results were given notice
to in this paper. For comparison, we also gave the correspond-
ing experimental results under the BIM vector control with the
incremental pulse encoder position sensor. The experimental
results are shown in Figs. 8—11

The results shown in Figs. 8—10 were carried out on the con-
dition of no load. Fig. 8 shows the curves of the estimated speed,
actual speed, and the dg-axis components of torque winding cur-
rent in the low-speed operation (50 r/min). From Fig. 8, it can be
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seen that the BIM system has good speed estimation and high-
performance vector control characteristics at low-speed opera-
tion by adopting the ANN inverse speed observer. Fig. 9 shows
the curves of the estimated speed, actual speed, and currents at
1000 r/min reference speed. As in the low-speed region, the BIM
system also show high performance at the speed of 1000 r/min.
Fig. 10 shows the results of variable-speed control performance
from 600 to —600 r/min reference speed. From Fig. 10, we can
see that good static and dynamic performance of the variable-
speed control can be obtained. In Figs. 8-10, it is seen that
the g-axis component of torque winding current i1, is almost
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Fig. 9. Experimental results (1000 r/min). (a) Estimated speed. (b) Actual
speed. () is 1q- (d)is1q-

zero when the system is at steady operating state because there
is no load. In order to further study the control performance,
we apply the load to the BIM system at 300 r/min speed, and
the results are shown in Fig. 11. From Fig. 11, it can be seen
that the estimated speed is also in accordance with the actual
one exactly with load. The comparison between the estimated
speed and actual one is shown in Table II. From the compara-
tive results, we can see that the BIM system has good control
performance from low speed to the speed range of 1000 r/min
by using the proposed speed-sensorless control algorithm.
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TABLE 11
COMPARISON BETWEEN THE ESTIMATED SPEED AND THE ACTUAL ONE

Reference speed Measured speed Actual speed

(rpm) (rpm) (rpm)
5 5.03 5.04
50 99.07 100.06
600 597.88 601.32
1000 995.42 1000.86

Experimental results (—600-600 r/min). (a) Estimated speed.
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VII. CONCLUSION

In this paper, a novel speed-sensorless vector control of a BIM
drive with the ANN inverse speed observer has been developed
and described, and the drive system has also been implemented
by using a dSPACE DS1104 DSP-based DAC system. Experi-
mental results have shown that the proposed algorithm is able
to estimate the speed exactly for a wide speed range. Particu-
larly, good robust and speed estimation performances have been
obtained at load variation or variable-speed operation. Mean-
while, all experimental results have confirmed good dynamic
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performance and stability of the BIM drive system, and shown
the validity and feasibility of the proposed speed-sensorless
vector control algorithm. Moreover, the ANN inverse speed ob-
server realized in software will not increase total system cost,
which makes the drive system suitable to be used in practical
engineering.
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