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In this study, a speed estimation scheme using the fuzzy logic control (FLC) strategy
adaptive flux estimator is presented for a direct stator field-orientation-controlled (DSFOC)
induction motor (IM) drive. The current and flux of the stator were utilized to establish the
DSFOC IM drive, and the stator current was obtained from the IM by utilizing Hall effect
current sensors. The adaptive stator flux estimator was developed according to the voltage-
model and current-model stator flux estimators, and the estimated rotor speed was derived
from this flux estimator. The adaptation mechanism of the adaptive stator flux estimator
was designed using the FLC strategy. The synchronous position angle for the coordinate
transformation between the stationary and synchronous reference coordinate frames was
developed using the model reference adaptive system (MRAS) based on the reactive power of
an IM. The MATLAB\Simulink® toolbox was used to simulate this system, and all the control
algorithms were realized using a 32-bit RX62T microcontroller to validate this approach. Both
simulation and experimental results (including the estimated rotor speed, electromagnetic
torque, and stator flux locus) confirmed the effectiveness of the proposed system and validated
the proposed approach.

1. Introduction

Intelligent production is a trend in modern industry, while motors, in general, are essential
actuators for tool machines. Induction motors (IMs) are popularly adopted because of their
reliability, robustness, low cost, and low maintenance. However, the mathematical model of an
IM is nonlinear, time-variant, and coupled, making the control of an IM drive more difficult
than that of a DC motor drive. According to the field orientation controlled (FOC) theory of
the IM,(V by coordinate transformation, the three-phase alternating current signals of an IM can
be transformed into the torque- and flux-current components, both of which are orthogonal and
can be separately dominated. This condition is analogous to a separately excited DC motor, and
the maximum torque-to-current ratio is attained. The implementation of a conventional FOC
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IM drive requires a shaft position sensor, such as an encoder or a resolver, to detect the rotor-
shaft position. This position sensor, however, reduces the drive robustness and is not suitable
for such a hostile environment. Hence, the development of the speed estimation FOC IM drive
is necessary to replace the conventional one. According to the literature, some estimation
methods for the speed estimation FOC IM drive have been proposed: speed identification
derived from an adaptive control system,(2’4)

network or fuzzy logic control (FLC) approach,
©-

speed estimation in accordance with a neural

6% speed adjustment by a flux estimator or a

flux observer,”'? and speed determination from an extended Kalman filter.13-19)

The direct stator FOC (DSFOC) IM drive, by the application of the measured voltages and
currents of the motor, directly estimates the angle and magnitude of the stator flux position.
However, the indirect stator FOC (SFOC) IM drive uses the estimated slip angle and rotor
position to calculate the stator flux position. A comparison of the DSFOC type with the
indirect SFOC type shows that the DSFOC type is unaffected by the rotor time constant.!®
In this study, we utilized the model reference adaptive system (MRAS) to develop both the
adaptive stator flux estimator and the adaptive estimated synchronous position angle scheme.
The adaptive stator flux estimator was developed on the basis of the voltage-model and current-
model stator flux estimators, and the estimated rotor speed was derived from this adaptive stator
flux estimator. The adjustment mechanism of the adaptive stator flux estimator was designed
using the FLC strategy. Furthermore, the reactive power of an IM was utilized to establish an
adaptive estimated synchronous position angle scheme; this estimated synchronous position
angle guaranteed that the coordinate transformation between the stationary and synchronous
reference coordinate frames would be exact. Here, the stator current was acquired from an IM
by utilizing Hall effect current sensors. These approaches guaranteed the achievement of the
perfect speed estimation DSFOC IM drive.

This paper has five sections. In Sect. 1, research motivation, background, and a review
of the literature on speed estimation methods for FOC IM drives are presented. The
decoupled DSFOC IM drive system and linear controller design are covered in Sect. 2. The
MRAS synchronous position angle identification for the realization of the exact coordinate
transformation is described in Sect. 3. The adaptive speed estimation scheme using the FLC
strategy stator flux estimator is described in Sect. 4. The simulation and experiment are
discussed in Sect. 5.

2. DSFOC IM Drive

The state equations of an IM expressed as the current and flux of the stator at the
synchronous reference coordinate frame are given by

- R 1 - 1 (1 - 1
e 5 . e . e e
pi; =— —+—+]a)ljl +—(——]a) J}t +—,, (1)
S [Lo_ o'z'r Y S LO_ Tr r S LO_ S
pzse = _Rs;se - jwe}’se + ‘—)—Se ’ (2)
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where j is the imaginary part and R, and R, are the stator and rotor resistances, respectively. Ly,
L,, and L,, are the stator, rotor, and mutual inductances, respectively, o =1 —(Lfn / L.L.) is the

leakage inductance coefficient, L, = oL, is the stator leakage inductance, and 7, = L, /R, is the
rotor time constant. i =ig + jig,, Vy = Vg + jVgs, and A8 =25+ JAqs are the current, voltage,
and flux of the stator, respectively, w, is the speed of the synchronous reference coordinate
frame, w, is the electric speed of the rotor, wy = w, — w, is the slip speed, and p = d / dt is the
differential operator.

Under an SFOC condition, setting ﬂ;s =0 in Eq. (1), the estimated slip speed and d-axis

stator flux are respectively derived as

(1+o7,s)L,i
By =———— 3)
7 (ﬂ“ds - O-leds)
l+z.s & ) oT.dy |
- 55 = l(?s r—Sllgs s (4)

(I1+o7,s)L, 1+o7,s

where “A” implies an estimated value and s is the Laplace operator. The examination of Eq. (4)
shows that the second term on the right side is a coupling component in relation to the g-axis
stator current. This coupling component allows the definition of the d-axis stator current feed-
forward compensation as

) or,.@,; .
l; — r%sl le ) (5)
/s _comp 1+ or.s qs
r

This compensation ig; ., Will be placed on the output of the d-axis stator current control
loop. Hence, the linear control relationship between the estimated d-axis stator flux and the
d-axis stator current is given by

A (1+o7,s)L, .
A =——— 17554 .
ds I+7,s ds ©)

Under an SFOC condition, the developed electromagnetic torque of an IM can be derived as

3P -, .
Te:T 5sl;s’ (7)

where P is the number of motor poles. Both /if,s and i, are orthogonal and can be independently

controlled, as shown in Eq. (7), so that the maximum torque-to-current ratio of an IM is
achieved. The mechanical equation of the motor is expressed as
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Jmpwrm +Bma)rm +TL :Tea (8)

where J,, is the inertia of the motor, B,, is the viscous friction coefficient, 77, is the load torque,
and @, = (2/P)w,, is the mechanical speed of the motor shaft.

Under an SFOC condition, according to Eq. (2), the d-axis and g-axis stator voltage equations
are respectively given by

Rs igs + V4 igs = VZVS 2 (9)
Ryil, + @, A =5y (10)

The examination of Eq. (9) shows that the linear relationship of the d-axis stator current control
loop is inherent. The examination of Eq. (10) shows that the second term on the left side is
a coupling component in relation to the d-axis stator voltage. By definition, the g-axis stator
voltage feed-forward compensation is expressed as

Ve = 0,15, - (11)

qs _comp

Thus, the linear relationship of the g-axis stator current control loop is achieved. The voltage
commands of the d-axis and g-axis stator current control loops are respectively acquired as

* ’

Vi = Vg (12)
V;s = v;s + V;sicomp ’ (13)

where vss and VZ; are the outputs of the d-axis and g-axis stator current controllers, respectively.

The linear control block diagram of an IM based on the DSFOC condition is shown in Fig. 1.
Here, K4 and K4 are the proportional and integral gains of the d-axis stator current controller,
K, and K, are the proportional and integral gains of the g-axis stator current controller, K,rand
K;r are the proportional and integral gains of the flux controller, K5 and K, are the proportional
and integral gains of the speed controller, respectively.(16)

3. MRAS Synchronous Position Angle Identification Based on Reactive Power

A perfect DSFOC IM drive requires the exact synchronous position angle for the
implementation of the coordinate transformation between the synchronous and stationary
reference coordinate frames. In this system, the synchronous position angle was derived from
the developed MR AS based on the reactive power of an IM.



Sensors and Materials, Vol. 32, No. 1 (2020)

243

=

o, k|7 4 | ke )% . |
—+><A>—>KW+T—> e Koot > » B, 7
- speed b g-axis stator

controller current controller
ids_comp
N K, i5 K, Vi 1+7,s ig | (+or,9)L, /E*
> P > Ky+— " Kt = P R TR + Lystor s g Tiz.s »
- flux -| d-axis stator
flux command
. controller current controller
calculation

Fig. 1. Block diagram of linear control DSFOC IM drive.

According to Eq. (2), the d-axis and g-axis stator voltages respectively come from

e _ p e e e
Vds = Rslds + p/lds - a)eﬂ“qs >

e _ .e e e
Vgs = Rszqs + pxiqs + W, Ay -

The reactive power of an IM acquired from the power source is given by
_ e :e e .e
0= Vystds — Vdslys -

Under an SFOC condition, by substituting Egs. (14) and (15) into Eq. (16) and setting /Igs
the reactive power of an IM can also be expressed as

I_ Ao fe e Je
0 _a)eldsﬂds_lqspﬁds'

(14)

(15)

(16)

Il
()

a7

According to the MRAS theory,(”) Eq. (16) is selected as the reference model because it
does not include the estimated variable @,, and Eq. (17) contains @,, and is selected as the
adjustable model. The difference between the reference model and the adjustable model is
applied to an adaptation mechanism to tune the estimated synchronous speed @,. The estimated

synchronous position angle ée for the implementation of the coordinate transformation between

the synchronous and stationary reference coordinate frames is acquired by using @, via an
integrator 1/s. The proposed MRAS synchronous position angle identification scheme, based
on the reactive power, is shown in Fig. 2. Here, a proportional-integral (P—I)-type adaptation

mechanism was used to promote the response of the estimated synchronous position angle.
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Fig. 2. MRAS synchronous position angle identification scheme based on reactive power.
4. Speed Estimation Scheme of DSFOC IM Drive

The feedback speed is replaced by a speed estimation signal in the speed estimation DSFOC
IM drive, and this speed estimation signal is derived from the designed adaptive stator flux
estimator.

4.1 Adaptive speed estimation scheme based on stator flux estimator

The stator and rotor voltage equations of an IM at the stationary reference coordinate frame

(we = 0) can also be given by

Ry +pay = (18)
R — jw. A} + pAS =0, (19)
where 1’ =i, + Jigy and A5 =25 + J /g are the current and flux of the rotor, respectively. The

stator and rotor fluxes, are also respectively given by

& = Li) + L) (20)
A =Li" +L,i°. @21

According to Eq. (18), the voltage-model stator flux estimator is developed as
22)

A 1 _ -
ﬂ’ssv : (V; _Rslss .

S
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By utilizing Egs. (19) and (21), the rotor flux can be expressed as

_ L /z‘ _
AS — m r i N 2
Tos+ (7, - jo,) " @3
and by utilizing Egs. (20) and (21), the stator flux is given by
_ - L. -
Al =Lyil +— 4. (24)
L}"

By substituting Eq. (23) into Eq. (24), the current-model stator flux estimator is developed as

A

S L =S Lm . Lm/z-r fs (25)

St gs L S+1/Tr—j6?)r s -

”

The examination of the current-model stator flux estimator shows that it contains the estimated
rotor speed @,, while the examination of the voltage-model stator flux estimator shows that it
does not contain @,. According to the MRAS theory,!” Egs. (22) and (25) are selected as the
reference and adjustable models, respectively. The difference between the reference model and
the adjustable model is expressed in Eq. (26), and this difference is applied to an adaptation
mechanism to adjust the estimated rotor speed @,.1®)

&= /’”(isi ﬂ’qssv_ﬂ’;si ;L;ss : (26)
The proposed MRAS estimated rotor speed scheme based on the voltage-model and current-

model stator flux estimators is shown in Fig. 3. Here, the adaptation mechanism was designed
using the FLC strategy.

Reference Model
e )

ﬂ‘;v = _(17.; - RSiSS)

S
P

Adjustable Model _~ @, | T e

V! ’i\, =L, +L_MLT*AZ:‘
L s+l/r,—jo,

. Adaptation
,

' Mechanism
FLC strategy

Fig. 3.  MRAS estimated rotor speed based on stator flux estimator.
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4.2 FLC adaptation mechanism design

The FLC strategy was used to design the adaptation mechanism of the MRAS rotor speed
identification scheme for the speed estimation DSFOC IM drive because it is simple, easy to
implement, and requires no precise information about the mathematical model.'” The FLC
applies the linguistic, imprecise knowledge of human experts and the behavioral characteristics
of the plant. According to the linguistic rule, the definite quantification input signals including
the model difference and its derivative via fuzzy inference decide the fuzzy output signals; these
signals are then transformed to definite quantities for the estimation of the rotor speed. The
FLC adaptation mechanism includes fuzzification, a fuzzy knowledge base, fuzzy inference,
and defuzzification.?”) The fuzzy knowledge base also has a fuzzy set and a rule base, as
shown in Fig. 4. The model difference ¢ and its derivative £ are input variables, the estimated
rotor speed @, is the output variable, K| and K> are the input scaling factors, and K3 is the output
scaling factor.

The design flow chart of an FLC adaptation mechanism is shown in Fig. 5, including the
definition of the definite input and output variables, fuzzification and membership function,
control rules and fuzzy inference, and defuzzification.

Knowledge Base
Fuzzy| | Rule
Set Base

Fuzzification

. o
Defuzzification r
Y

Fuzzy
Inference

A4

Fig. 4. FLC adaptation mechanism.

H Define Definite Input Variables |

Step2 [Fuzzification and Membership Function|

Stepl  Step3 [ Control Rules and Fuzzy Inference

Step4 | Defuzzification |

4>| Define Definite Output Variables |

Fig. 5. Design flow chart of an FLC adaptation mechanism.
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4.2.1 Fuzzification

According to the fuzzy set theory, the fuzzification function converts crisp input values
into corresponding fuzzy values, and the number of fuzzy sets determines the output of the
adaptation mechanism. In this system, the fuzzy set is defined as shown in Table 1.
membership functions for the model difference (¢), the derivative of the model difference (&),

and the estimated rotor speed (@,) are shown in Figs. 68, respectively.

Table 1

Definitions of fuzzy set.

NL negative large
NS negative small
ZE ZEero error
PS positive small
PL positive large

u(e)
. NL NS 7E s PL
0
—0.15 -0.09 -0.045 0 0.045 0.09 0.15
&
Fig. 6.  Membership function of ¢.
u(é)
. NL NS 7E Ps PL
0
—0.012 —0.008  —0.005 o 0.005 0.008 0.012
&g
Fig. 7. Membership function of ¢.
u(o,)
| ,1 &2 @,3 &4 @,5
0
0] 300 500 700 . 1100 1500 3000

2]

r

Fig. 8.  Membership function of @,.
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4.2.2 Fuzzy inference

The output feature is decided by the fuzzy rule, and the output measure is dependent on
the fuzzy inference. The Min-Min-Max method is used to determine the fuzzy inference.
The first Min term is regarded as the fuzzification step and uses the minimum trigger as the
membership grade. The second Min term is regarded as the output membership grade of each
fuzzy inference rule, which selects the minimum value from the two input membership grades
according to the fuzzy inference rules. The Max term is regarded as taking the maximum
value, which integrates the same output membership functions into an individual rule.?)

4.2.3 Fuzzy rule

The fuzzy rule is used to determine the trigger of the output membership function. In this
system, the linguistic term “if-then” was selected as the fuzzy rule. The relationships between
the input variables ¢ and £ and the output variable @, are shown in Table 2.

4.2.4 Defuzzification

Defuzzification converts the inferred fuzzy output value into a crisp output value and uses
this crisp output value to determine the estimated rotor speed. In this system, the central value
of the defuzzification sum was used®" and defined as

> 4N (C))
121
D N(C))

=1

X 27)

where N(C7) is the height of each C; and g; is the most central value of x before the top of C; is
cut off.

The block diagram of the proposed speed estimation adaptive DSFOC IM drive using
the FLC strategy MRAS stator flux estimator is shown in Fig. 9. The system includes the
following: speed controller, flux controller, g-axis and d-axis stator current controllers, d-axis

Table 2

Fuzzy rule table.

&€ NL | NS | ZE | PS | PL
NL ol | &1 ] 02 | 02| @3
NS | @162 | a2 03 | a4,
ZE | 02 62 | &3 | 04 | 04 |
PS | 42 | 63 ] o4 o4 | o X
PL | 03 | 04 | 04 | &5 A,SL
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Fig. 9.  Speed estimation adaptive DSFOC IM drive using the FLC strategy MRAS stator flux estimator.

stator current feed-forward compensation, g-axis stator voltage feed-forward compensation,
flux command calculation, MRAS estimated synchronous position angle calculation, 2-axis
synchronous frame to 2-axis stationary frame coordinate transformation (2¢ = 2%), 2-axis
stationary frame to 2-axis synchronous frame coordinate transformation (2° « 2%), 2-axis
stationary frame to 3-phase system coordinate transformation (2° = 3), 3-phase system to
2-axis stationary frame coordinate transformation (2° <=3), and the MRAS estimated rotor
speed using the FLC strategy.

5. Simulation and Experiment

A standard 3-phase, 220 V, 0.75 kW, A-connected, squirrel-cage IM was used in the
experiments to confirm the effectiveness of the proposed speed estimation adaptive DSFOC
IM drive using the FLC strategy MRAS stator flux estimator. In a running cycle, the speed
command was as follows: forward direction acceleration from # =0 to = 1 s; forward direction
steady-state operation over 1 <¢ < 2 s; forward direction braking operation to reach zero speed
in the interval 2 < ¢ < 3 s; reverse direction acceleration from 7 = 3 to r = 4 s; reverse direction
steady-state operation over 4 < ¢ < 5 s; and reverse direction braking operation to reach zero
speed in the interval 5 < ¢ < 6 s. The simulated and measured responses, which include (a)
command (dotted line) and actual (solid line) shaft speed, (b) command (dotted line) and
estimated (solid line) shaft speed, (c) electromagnetic torque, and (d) stator flux linkage locus (g-axis
vs d-axis), are shown in Figs. 10—13. The simulated and measured responses for reversible
steady-state speed commands of £400 and £1800 r/min are shown in Figs. 10 and 11, and 12 and
13, respectively.
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Fig. 10. (Color online) Simulated responses of the proposed speed estimation adaptive DSFOC IM drive using the
FLC strategy MRAS stator flux estimator at the reversible steady-state speed command of +400 r/min: (a) actual
shaft speed, (b) estimated shaft speed, (c) electromagnetic torque, and (d) stator flux linkage locus.
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(Color online) Measured responses of the proposed speed estimation adaptive DSFOC IM drive using the
FLC strategy MRAS stator flux estimator at the reversible steady-state speed command of +400 r/min: (a) actual
shaft speed, (b) estimated shaft speed, (c) electromagnetic torque, and (d) stator flux linkage locus.
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Fig. 12. (Color online) Simulated responses of the proposed speed estimation adaptive DSFOC IM drive using the
FLC strategy MRAS stator flux estimator at the reversible steady-state speed command of 1800 r/min: (a) actual
shaft speed, (b) estimated shaft speed, (c) electromagnetic torque, and (d) stator flux linkage locus.
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Fig. 13. (Color online) Measured responses of the proposed speed estimation adaptive DSFOC IM drive using the
FLC strategy MRAS stator flux estimator at the reversible steady-state speed command of £1800 r/min: (a) actual
shaft speed, (b) estimated shaft speed, (c) electromagnetic torque, and (d) stator flux linkage locus.
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On the basis of the simulated and measured results for different operational speeds shown in
Figs. 10—13, the accurately estimated rotor-shaft speed was attained, the electromagnetic torque
achieved superior responses, and the estimated circular stator flux locus guaranteed that the
coordinate transformation between the synchronous and stationary reference coordinate frames
is exact. The proposed speed estimation adaptive DSFOC IM drive using the FLC strategy
MRAS stator flux estimator has shown that the desired performance can be attained.

6. Conclusion

The adaptive stator flux estimator and the synchronous position angle identification scheme
were developed to establish a speed estimation adaptive DSFOC IM drive. The MRAS stator
flux estimator, according to the FLC strategy adaptation mechanism, was used to acquire an
accurately estimated rotor-shaft speed. The MRAS synchronous position angle identification
scheme based on the reactive power was utilized to guarantee that the coordinate transformation
between the synchronous and stationary reference coordinate frames is exact. The stator
current signal measurement for implementing the DSFOC IM drive and the adaptive stator
flux estimator was provided by the Hall effect current sensors. The simulated and measured
responses (including the estimated rotor speed, electromagnetic torque, and stator flux locus)
at two different reversible steady-state speed commands (=400 and £1800 rpm) confirmed the
effectiveness of the proposed approach.
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