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controller is presented. First, a current-and-voltage parallel-model stator-flux estimator is
established using measured phase currents and voltages of the induction motor. Then the
estimated rotor shaft position is obtained from the magnitude and position of the estimated
stator flux. The speed controller is developed by utilizing fuzzy logic control techniques.
The control algorithms are realized by a DSP 6713 and, using a DSP F2812 to generate
PWM signals to the power stage, drive the motor to experimentally validate the proposed
approach.
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1. Introduction

Induction motors (IMs) have a number of advantages in general industrial applications, including robustness, better
reliability, fewer maintenance requirements, smaller volume, and cost. Because of these, induction motors are more widely
used than DC motors. However, the mathematical model of an IM consists of a set of nonlinear time-varying high-order
differential equations, which makes the control of an IM drive much harder than that of a DC drive and requires complicated
control methods. Through suitable coordinate transformations, the field orientation control method enables an IM drive
to achieve comparable DC drive performance, thus resulting in extensive utilization in high performance industrial drive
applications [1]. Nevertheless, the implementation of field orientation control method needs a rotor-shaft angular-position
sensor, such as an encoder, to detect the rotor-shaft position. This sensor, however, reduces the drive reliability and is
unsuitable for hostile environment. Hence, the sensorless field orientation control methods, which adopt flux linkage and
speed estimation approaches, have been extensively used in replacing the traditional field orientation control IM drives [2,3].

The field orientation control approaches of IM drives can in general be classified into three modes of flux-based control:
rotor flux, stator flux, and air-gap flux [4]. In the rotor-flux mode approach, rotor flux and stator current are chosen as
control state variables; in the stator-flux mode, stator flux and stator current are the control state variables; while in the
air-gap-flux mode, air-gap flux and stator current are the control state variables. Furthermore, the field orientation control
of IM drives can also be classified into indirect or direct vector control categories. In the indirect vector control approach, the
flux position can be calculated from the rotor-shaft angular position and the estimated slip angle, while in the direct vector
control approach, the magnitude and angle of the flux can be directly estimated based on the measured motor currents and
voltages [1,5].

In this paper, a sensorless direct vector control method is presented for high performance IM drives. A parallel current-
and-voltage model-based stator-flux estimator is proposed, where the stator flux is estimated based on measured phase
currents and voltages of IM. The rotor-shaft position is then deduced from the estimated stator flux. The speed-loop
controller is further refined using fuzzy logic control techniques [6], which are derived from fuzzy set theory [7]. The
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proposed fuzzy speed controller is developed by utilizing the imprecise linguistic knowledge of human experts. It does
not require precise mathematical modeling and avoids the stability issue.

The proposed control algorithms are implemented on a DSP 6713. The control signals are channeled through the DSP
F2812 which generates PWM signals to actuate the inverter power modules and to drive the motor. Experimental results
confirm the validity of the proposed approach.

2. Sensorless stator field orientation controlled IM drive
2.1. The mathematical model of IM

The two-axis stator and rotor voltage state equations of IM in the arbitrarily reference coordinate frame is [1]

a
Ry + pLs —wl, Pl —wly la Vds
wLg Rs + pLs wLy, me lqs _ Ugs (_1)
Pl —(w — o)Ly R; + pL; —(0 — o)Ly igr o 0
(@ — o)l PLn (0 — o)Ly Ry + pL, i 0

qr
where vgs and vy, are the d-axis and g-axis stator voltage, igs and ig are the d-axis and g-axis stator current, ig- and ig, are the
d-axis and g-axis rotor current, R is the stator resistance, R; is the rotor resistance, w is the speed of the arbitrarily reference
coordinate frame, w;, is the electric speed of the rotor, p = d/dt is the differential operator, and L, L,, and L, are the stator,
mutual and rotor inductance, respectively.
The generated electromagnetic torque of IM can be obtained by

3 . .
T. = ZPLm (igsiar — ldsiqr) (2)
where P is the pole number of the motor. The mechanical equation of the motor is
JnPp@mn + Bnwm =T — Ty (3)

where J,, is the inertia of the motor, By, is the viscous friction coefficient, T; is the load torque, and w,, is the mechanical
speed of the motor shaft. The speed of the motor shaft can also be expressed by
2
W = Ea)r. (4)
Defining the stator leakage inductance L, = LiL, — L3, then the two-axis voltage state equation of IM is acquired by
rewriting Eq. (1) as
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The simulation model of IM can be established by utilizing Eqs. (2)-(5).
2.2. Current-and-voltage parallel model stator-flux estimator
The stator-flux estimator of IM for direct field orientation control (DFOC) of IM drive can be designed based on either

voltage-model or current-model [8]. The stator and rotor voltage equations of IM at stationary reference coordinate frame
(w = 0) can be expressed as

(Rs + Lip) + Lpi’ = ¥ (6)

(Ry — jorLr + Lip)E + (—jwr Ly + Lpp)is = 0. (7)
The stator and rotor fluxes are given by

2= L + Ll (8)

2 =Lyl + L. 9)

From Eq. (8), the rotor current can be expressed as a function of stator current and stator flux, that is

1 - N
= L—(Aﬁ — Li). (10)
m
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Fig. 1. Voltage-model stator-flux estimator.

NP
L

Fig. 2. Current-model stator-flux estimator.

Substituting Eq. (10) into Eq. (6), the stator voltage equation can be rewritten as

PAS + RifS = TS, (1)
According to Eq. (11), the voltage-model stator-flux estimator is developed as
38 -
Aoy = /(ﬁj — Ri})dt (12)
where “A” stands for the estimated value. The block diagram of the voltage-model stator-flux estimator is shown in
Fig. 1. [4].

Then from Eq. (9), the rotor current can also be expressed as a function of stator current and rotor flux. That is
- 1 - -
i = L—(Ai — Lini3). (13)
T

Defining the leakage inductance coefficiento = 1 — (L,Zn /LsL;) and substituting Eq. (13) into Eq. (8), the stator flux can
also be written as

Goo Imzs 1—i L= o (14)
ST T LL ) L " o
Furthermore, the current-model stator-flux estimator can be derived as [4]
2% 1 a8 Ly
p)‘ri =—|1l-w )‘ri + i (15)
7 7

where t, = L. /R, is the rotor time constant and

<l ks

Defining £2,, = (1/7:)] — w,J, Eq. (15) can be rewritten as

38 35 L
Phyj = =Sy + ;. (16)
r
According to Eq. (14), the current-model stator-flux estimator is expressed as
£y Ly 2% 2
b = 7+ oLy, (17)

.
The block diagram of the current-model stator-flux estimator is shown in Fig. 2 [4], which is composed of
Eqgs. (16) and (17).
In this paper, the current-and-voltage parallel-model stator-flux estimator is expressed as Eq. (18), where the
corresponding block diagram is shown in Fig. 3. [4]
is _ s AS we s
S+ w.

>

Sv

S_s—}—a) si (18)
c

in which w, is an adjusting parameter. The performance of the estimator will depend on w.
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Fig. 3. Current-and-voltage parallel-model stator-flux estimator.

The synchronous angular speed w, is necessary for coordinate transformation between the synchronous reference
coordinate frame and the stationary reference coordinate frame, which can be acquired from the current-and-voltage
parallel-model stator-flux estimator shown in Fig. 3.

2.3. Speed estimator

The estimated synchronous angular speed @, is derived from the current-and-voltage parallel-model stator-flux
estimator, and the estimated rotor speed @, can be obtained by subtracting slip speed @ from d@,.
The stator and rotor voltage vector equations of IM in the synchronous reference coordinate (w = w,) frame is [1]

(Rs + jweLs + LsP)_iE + (welm + meﬁ? = 5:‘ (19)
((we — wr)Lim + me)_{s + Ry + j(we — )Ly + Lrp)?i = 6 (20)

where ¥¢ = vg + jug is the stator voltage,?‘j = g + Jjig, Is the stator current, and ;ﬁ = i, + Jig, is the rotor current.
Defining the slip speed as wy = w, — wy, then Eq. (19) can be rewritten as

Lr [ 1 . Te Ls . e "
— | — + (og +p) As_i[Rr'i'GLr(lwsl'i'p)]lg =0. (21)
Ly [T Ly

The real part and imaginary part of Eq. (21) are expressed as Egs. (22) and (23), respectively
Lr i 1 e e LS e e
T = +p ) A5 —warls | — = [Re + 0 Lp) i — 0 Logif, ] =0 (22)
Lm [\ 7 Ly
L,— i 1 e e LS -e e
| = +p) A —warf | — — [(Re + 0 Lip) il — 0 Liwgif ] = 0. (23)
Lm [\ 7 L

Under the field orientation condition [9], setting )Lf]s = 0in Eq. (23), then the estimated slip speed can be derived as

(140 TrS)LsiZs
T (MG — 0 Lii%)

Ws| =

(24)

As 13 and )45 €an be acquired from the current-and-voltage parallel-model stator-flux estimator, the stator flux angle is
estimated as

. by
0, = tan~! (Aqs) . (25)

)\’S

ds

Differentiating Eq. (25) with respect to the time variable, the estimated synchronous angular speed is derived as

. )‘fisp)‘fp - )”fysp)“zsis

We 252 4 352
S
)‘ds + )‘qs
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Fig. 5. Design procedure for a fuzzy logic controller.
From Eqgs. (24) and (26), the estimated rotor speed is
d)r = é)e - C"\)sl- (27)

3. Fuzzy control design

The design of the fuzzy logic controller is proceeded by applying the linguistic imprecise knowledge of human experts
and the behavioral nature of the plant. Comparing to the design of conventional PI controllers, no precise mathematical
modeling information of the plant is required [7,10,11]. The principle of fuzzy logic control, according to the linguistic rule,
utilizes fuzzy inference to transform definite quantification input signals into fuzzy output signals. These signals are then
converted to definite quantity to govern the plant [12-15]. The fuzzy logic controller is composed of fuzzification, fuzzy
knowledge base, fuzzy inference, and defuzzification. The fuzzy knowledge base includes rule base and fuzzy set, which are
shown in Fig. 4. In the proposed fuzzy speed controller, the speed error e,, and its derivative é,, are input variables, the desired
electromagnetic torque T, is the output variable, and K, K, and K3 are the scaling factor, which are also shown in Fig. 4.

According to Fig. 4, the design of the fuzzy logic controller can be divided into defining the definite input (or output)
variables, fuzzification and membership function, control rules and fuzzy inference, and defuzzification. These are shown
in Fig. 5.

3.1. Fuzzification

Fuzzification, according to fuzzy set theory, converts crisp input values into corresponding fuzzy values. The numbers of
fuzzy sets determine the computation speed of the fuzzy logic controller. In this paper, the fuzzy set is defined as Negative
Large (NL), Negative Small (NS), Zero Error (ZE), Positive Small (PS), and Positive Large (PL), which is shown in Table 1.

The membership functions for the speed error (e, ), the derivative of speed error (é,), and the desired electromagnetic
torque (T,°) are shown in Figs. 6 and 7.

3.2. Fuzzy inference

The output feature is decided by the fuzzy rule but the output measure is dependent on the fuzzy inference. The
Min-Min-Max method is applied to dominate the fuzzy inference. The first Min term is regarded as fuzzification step, which
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Table 1
The meaning of fuzzy set.
NL Negative large
NS Negative small
ZE Zero error
PS Positive small
PL Positive large
NL NS ZE PS PL
-1 -2/3 -1/3 0 1/3 2/3 1 «e,
-1 -2/3  -1/3 0 1/3 2/3 1 <é,

Fig. 6. The membership functions for e,, and é,,.

Tl T2 T3 T4 T5

-3 -1 0 1 3

Fig. 7. The membership functions for T;".

Table 2
Fuzzy rule table.
ey o
NL NS ZE PS PL
NL Ti1; T1, T2 4 T2 4 T35
NS Tig T2, T2 T34 T4 10
ZE T2 T2 1 T3 13 T4 14 T4 15

PS T2 16 T3 17 T4 18 T4 19 T5 20
PL T3y T4y  Tdy TS, T5

uses minimum trigger as the membership grade. The second Min term is regarded as output membership grade for each
fuzzy inference rule, i.e. taking the minimum value between two input membership grades according to the fuzzy inference
rules. The third Max term is regarded as integrating the same output membership functions into individually rule, i.e. taking
the maximum value.

3.3. Fuzzy rule

The fuzzy rule is composed of the linguistic term if-then, for which the output membership function requiring to be
trigged is decided by the fuzzy rule, i.e., it defines the relation between the output and the input. For example, the relations
between the input variables, e,, and é,, and the output variable T are defined as

Rule 1: IFe, is “NL” and é,, is “NL” THEN T,  is “T1".
Rule 2 : IFe, is “NS” and é,, is “NL” THEN T," is “T1".
Rule 13 : IF e, is “ZE” and é,, is “ZE” THEN T," is “T3".
Rule 24 : [F e, is “PS” and é,, is “PL” THEN T is “T5".
Rule 25 : IF e, is “PL” and é,, is “PL” THEN T: is “T5”.

The total 25 rules are shown in Table 2.
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Fig. 9. Simulated responses of fuzzy speed control sensorless SFOC IM drive at steady speed command 1800 rpm with loading 2 N-m. (a) actual shaft
speed, (b) estimated shaft speed, (c) electromagnetic torque, (d) stator flux linkage locus.

3.4. Defuzzification

Defuzzification converts the inferred fuzzy output value into the crisp output value and then utilizes the crisp output
value to govern the plant. At this stage, the center of sum defuzzification is used, which defined as

m

> pih(B)
V= 1:’:1 (28)
:Z h(B))
-1

where h(B)) is the height of each B, and p; is the most center value of y before the top of B, is cut off.
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Fig. 10. Measured responses of fuzzy speed control sensorless SFOC IM drive at steady speed command 1800 rpm with loading 2 N-m. (a) actual shaft
speed, (b) estimated shaft speed, (c) electromagnetic torque, (d) stator flux linkage locus.

Table 3
PI Controller parameters and its bandwidth.

K, K; B.W (rad./s)

g-axis stator current controller 4534 13175 584.98
d-axis stator current controller 6.108 1616 604.16
Flux controller 4367 6849 51.6476

4. Simulation and experimental testing

The block diagram of the proposed sensorless stator field oriented control (SFOC) IM drive with a fuzzy logic speed
controller is shown in Fig. 8, which includes fuzzy speed controller, flux controller, d-axis and g-axis stator-current
controllers, flux estimator, speed estimator, and coordinate transformation. In the proposed system, the current-and-voltage
parallel-model stator-flux estimator is used to estimate the rotor shaft position on-line. The proportion-integral (PI) type
controllers for the flux control loop, d-axis and g-axis stator-current control loops are designed by the root-locus method.
The speed-loop controller is a fuzzy logic type possessing imprecise linguistic knowledge of human experts. The proportion
gain (K}), integral gain (K;), and bandwidth (B.W) for the three PI type controllers are shown in Table 3.

To confirm the effectiveness of the proposed fuzzy logic speed control sensorless SFOC IM drive based on the current-
and-voltage parallel-model stator-flux estimator, a 3-phase, 220V, 0.75 kW, A-connected, standard squirrel-cage IM is used,
which serves as the controlled plant for experimentation. In a running cycle, the speed command is designed as follows:
forward direction acceleration fromt = O to t = 1 s; forward direction steady-state operation during 1 < t < 2 s; forward
direction braking operation to reach zero speed in the interval 2 < t < 3 s; reverse direction acceleration fromt = 3 to
t = 4 s; reverse direction steady-state operation during 4 < t < 5 s; reverse direction braking operation to reach zero
speed in the interval 5 < t < 6 s. The simulated and measured responses are shown in Figs. 9-14. Each figure contains
four responses: the actual shaft speed, the estimated shaft speed, the electromagnetic torque, and the stator flux linkage
locus. The simulated and measured responses with 2 N-m load for reversible speed commands 1800 rpm, 900 rpm and
4300 rpm are shown in Figs. 9-10, 11-12, 13-14, respectively.

Based on the simulated and experimental results for different operational speeds as shown in Figs. 9-14, the proposed
fuzzy logic speed sensorless control strategy has shown that desired performance can be acquired.

5. Conclusions

A fuzzy logic speed sensorless control strategy based on the current-and-voltage parallel-model stator-flux estimator has
been proposed to control an IM drive. The proposed estimator can estimate the rotor shaft speed on-line for different speed
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Fig. 11. Simulated responses of fuzzy speed control sensorless SFOC IM drive at steady speed command 900 rpm with loading 2 N-m. (a) actual shaft
speed, (b) estimated shaft speed, (c) electromagnetic torque, (d) stator flux linkage locus.
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Fig. 12. Measured responses of fuzzy speed control sensorless SFOC IM drive at steady speed command 900 rpm with loading 2 N-m. (a) actual shaft
speed, (b) estimated shaft speed, (c) electromagnetic torque, (d) stator flux linkage locus.

regulation commands and both simulation and experimental results have confirmed that the fuzzy logic control scheme can
acquire superior speed control responses under loading conditions. All control algorithms are executed on a DSP 6713 and
drive the motor, using a DSP F2812 to generate PWM signals to the power-module stage of an inverter. The simulated and
experimental responses at three speed different reversible speed commands (1800, 900, and =300 rpm) confirm the
effectiveness of the proposed approach.
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Fig. 13. Simulated responses of fuzzy speed control sensorless SFOC IM drive at steady speed command 300 rpm with loading 2 N-m. (a) actual shaft
speed, (b) estimated shaft speed, (c) electromagnetic torque, (d) stator flux linkage locus.
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Fig. 14. Measured responses of fuzzy speed control sensorless SFOC IM drive at steady speed command 300 rpm with loading 2 N-m. (a) actual shaft
speed, (b) estimated shaft speed, (c) electromagnetic torque, (d) stator flux linkage locus.
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Appendix. Induction motor parameters

Poles 4

R, 2.85Q

R, 2.3433 Q

L 0.1967 H

L 0.1967 H

L 0.1886 H

Jm 0.009 N s?/m
B 0.00825 N s?/m?
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