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An adaptive synchronous speed estimation scheme is proposed for the speed estimation of
a stator-flux-vector-controlled (SFVC) induction motor (IM) drive. An SFVC IM drive was
established according to the current and flux of the stator, and the stator current was obtained
from an IM by using Hall effect current sensors. A model reference adaptive system (MRAS)
was utilized to design the synchronous speed identification scheme based on the reactive power,
and the estimated rotor speed was obtained by subtracting the slip speed from the estimated
synchronous speed. The adaptation mechanism of the MRAS was designed using the particle
swarm optimization (PSO) algorithm. The available operation speed was extended to the
constant-power mode by applying the field-weakening technique. The MATLAB\Simulink®
toolbox was used to simulate this system, and all the control algorithms were realized using a
Texas Instruments 6713-and-F2812 DSP card to generate pulse-width modulation signals for
the power stage to actuate the IM. Both the simulation and experiment results (including the
estimated rotor speed, stator current, electromagnetic torque, and stator flux locus) confirm the
effectiveness of the proposed system and validate the proposed approach.

1. Introduction

Intelligent manufacturing technology requires numerous high-performance motors to actuate
machine tools. Induction motors (IMs) are commonly adopted because of their robustness,
few maintenance requirements, and suitability for use under hostile environmental conditions.
However, the nonlinear coupling and time-varying mathematical models of an IM drive make
its control more difficult than that of a DC motor drive. By applying the flux vector control
(FVC) theory of IMs, ) the complicated mathematical model of an IM can be converted into a
flux-current component and torque-current component. Both components are orthogonal and
can be separately controlled. This condition is analogous to a separately excited DC motor,
and the maximum torque-to-current ratio can be attained. The FVC methods of an IM drive
can be classified into rotor, stator, and air-gap types. In the rotor type, the stator current and
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rotor flux are selected as the state variables. In the stator type, the current and flux of the stator
are selected as the state variables. In the air-gap type, the stator current and air-gap flux are
selected as the state variables. The implementation of an FVC IM drive requires a rotor position
sensor, such as an encoder, to detect the shaft position. This sensor, however, reduces the
robustness of a motor and is unsuitable for hostile conditions. Hence, the development of speed
estimation FVC IM drives in place of conventional FVC IM drives (rotor position sensor types)
is required. In the literature, speed estimation methods for FVC IM drives have been presented:
speed identification by an adaptive control system,(2’4) speed estimation by the application of a
neural network or fuzzy logic control approach,>®) speed adjustment by flux estimation,’ ¥
and speed determination from an extended Kalman filter.!'™' However, an adaptive control
system easily traps a chattering effect with large control variables; a neural network or fuzzy
logic control approach requires trial-and-error training procedures, iterative computations, a
large amount of training data, network parameter assignment, and fuzzy rules; flux estimation
requires the construction of an accurate plant model; and an extended Kalman filter requires
a large amount of computation and memory. These requirements of the above methods will
increase the design cycle and cost.

Variable-speed IM drives contain a constant-torque mode and the constant-power mode.
In the constant-torque mode, the operation speed ranges from zero to the base speed, the flux
command is set at the base value, and the available output power is proportional to the motor
speed. In the constant-power mode, the operation speed ranges from the base speed to the
maximum speed (two times the base speed), the flux command decreases with increasing
motor speed, and the increase in the motor speed decreases the available torque. In this study,
a stator-flux-vector-controlled (SFVC) IM drive was established according to the current and
flux of the stator. A synchronous speed identification scheme was developed according to the
model reference adaptive system (MRAS) theory based on the reactive power of an IM, and
the adaptation mechanism of the MRAS was designed using the particle swarm optimization
(PSO) algorithm. The rotor speed was estimated by subtracting the estimated slip speed from
the estimated synchronous speed. The available operation speed range can be extended to the
constant-power mode by applying the field-weakening technique. Hall effect current sensors
were used to measure the IM stator current in the implementation of this speed estimation of
adaptive SFVC IM drive.

This paper has four sections. In Sect. 1, the research background, motivation, and a
literature review of speed estimation methods for FVC IM drives are presented. The decoupled
SFVC IM drive system used in this study is covered in Sect. 2. The MRAS synchronous speed
identification scheme based on the reactive power and the adaptation mechanism of the MRAS
designed using the PSO algorithm are described in Sect. 3. Simulations and experiments are
discussed in Sect. 4.

2. SFVC IM Drive

The stator and rotor voltage vector equations of an IM in the synchronous reference
coordinate frame from Ref. 14 are given as
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where j is the imaginary unit, V¢ =vg, + jvy, and i =ig + jig, are the stator voltage and current
vectors, A% = A5, + J /s 1s the stator flux vector, Rs and R, are the stator and rotor resistances, Ls
and L, are the stator and rotor inductances, L,, is the mutual inductance between the stator and
rotor, o =1— Lfn / (LsL,) 1s the leakage inductance coefficient, @, is the speed of the synchronous
reference coordinate frame, , is the electric speed of the rotor, o, = @, — w, is the slip speed,
and p = d/dt is the differential operator, respectively.

Under an SFVC condition, set /I;S =01in Eq. (2), and the slip speed and the d-axis stator flux

are respectively estimated as

(1+07,5)Lig
1= o> 3
’ [ (ﬂ“gs - O-legs)
I+ 7,5 re -e O 0,0 e
— A =i, ——5 4
(l4o o)L, “ % (1+ r.5) @

where * stands for the estimated value, 7, = L,/R, is the rotor time constant, and s is the Laplace
operator.

The second term on the right of Eq. (4) is the coupling component with relation to the g-axis
stator current. Using this term, the feedforward compensation can be defined as

-e O 0,0 e
i ge=——"—ie. 5
g (1+ 7,5) * ©)

Hence, the linear relationship between the estimated d-axis stator flux and the d-axis stator
current can be derived as

A 1+ L
g =Ty, ©)
+ 7.8

The generated electromagnetic torque of an IM under an SFVC condition is derived as

3P .,
Te = Tl;sigs’ (7)
where P denotes the number of motor poles. In Eq. (7), both the g-axis stator current and the
estimated d-axis stator flux are orthogonal. The generated electromagnetic torque of an IM
is dominated by the g-axis stator current, and the maximum torque-to-current ratio can be
achieved. The mechanical equation of an IM is given by
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Te = TL +Bmwrm +Jmpa)rm’ (8)

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

Furthermore, setting ﬂ;s =0 in Eq. (1), the d-axis and g-axis stator voltage equations under
an SFVC are respectively obtained as

VZS = RSi§S + pﬂ’js’ (9)
Ve, =Rt + W, A (10)

Equation (9) shows the inherently linear relationship of the d-axis stator current control
loop, and the second term on the right of Eq. (10) is the coupling component with relation to the
estimated d-axis stator flux. Therefore, the feedforward compensation can be defined as a)eﬂ:j?,
and the linear relationship of the g-axis stator current control loop can be realized.

The voltage commands of the d-axis and g-axis stator current control loops are respectively
derived as

* ’

e ¢
Vas = Vds» (1 1)
V;s = v;s + a)eﬂjs’ (12)

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

From Egs. (9) and (6), and with the decoupling of Eq. (10), the plants of the d-axis and g-axis
stator current control loops can be respectively obtained as

G, , ()= oS - (13)
- R, + (7R +Ly)s+ot,.Ls
1
Gp_iqs (s)= R_ (14)

N

Since the bandwidths of the inner stator current control loops are much higher than those of
the flux control loop and speed control loop, the closed-loop gain of the stator current control
loops can be regarded as a unit.'¥ According to Egs. (6) and (8), the plant of the flux control
loop and the plant of the speed control loop are respectively given by

(1+or,.s)L
G §)=——"r-5, 15
piﬂux( ) 1+ 7.8 ( )
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A block diagram of IM’s linear control under the SFVC condition is shown in Fig. 1. Here,
the paired parameters (K, Ki), (Kys Kip), (Kpa, Kia), and (Kpy, Kiy) are the proportional and
integral (PI) gains of the speed controller, flux controller, d-axis stator-current controller, and
g-axis stator-current controller, respectively.

3. Speed Estimation Scheme of SFVC IM Drive

In the speed estimation scheme of the SFVC IM drive, the feedback speed is replaced by a
signal of the estimated speed, which is derived from the designed MRAS synchronous speed
identification scheme based on the reactive power.

3.1 MRAS speed estimation scheme based on reactive power

In the proposed speed estimation SFVC IM drive, the estimated synchronous speed is
derived from an MRAS speed estimation scheme based on the reactive power of an IM, and the
estimated rotor speed is obtained by subtracting the slip speed from the estimated synchronous
speed. This approach is guaranteed to realize the best performance of SFVC IM for speed
estimation.

According to Eq. (1), the d-axis and g-axis stator voltages are, respectively,

Vds = Rslﬁ’s + pﬂ'ds a)e/lqs’ (17)
vf;s = Ryig, +pﬂ,e + @, A - (18)

The absorbed reactive power of an IM obtained from the power source can be expressed as

Q = v;s icei‘s - vcels i;v : (19)
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Fig. 1.  Block diagram of linear control SFVC IM drive.
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Substituting Egs. (17) and (18) into Eq. (19) and setting ﬂ,qes =0, under an SFVC condition,
the absorbed reactive power of an IM can also be expressed as

Q' = 0,5 A5 —its DA, (20)

According to MRAS theory,(ls) Eq. (19) can be used as the reference model because it does
not contain the estimated synchronous speed @,. Equation (20), which contains @,, can be
used as the adjustable model. The difference between the reference model and the adjustable
model is fed to an adaptation mechanism to identify the estimated synchronous speed @,, and
the adaptation mechanism of the MRAS was designed using the PSO algorithm. The proposed
MRAS synchronous speed identification scheme based on the reactive power is shown in Fig. 2.
Here, the current and voltage of the stator were obtained from an IM using isolation voltage
sensors and Hall effect current sensors.

Using the MRAS synchronous speed identification scheme with the PSO algorithm
adaptation mechanism and Eq. (3), the rotor speed of the proposed speed estimation adaptive
SFVC IM drive can be estimated as

Cbr = Cbe _(bsl . (21)

3.2 PSO algorithm adaptation mechanism design

The PSO algorithm was used to design the adaptation mechanism of the MRAS synchronous
speed identification scheme for the speed estimation SVFC IM drive because the algorithm is
suitable for irregular and time-varying conditions. The PSO algorithm is a random searching
algorithm based on swarm intelligence and imitates the foraging of a bird flock."®  The
original PSO algorithm has the convergence to local solutions, and some modified methods
have been developed, such as the spider monkey, dynamic system tracking, inertia weight, and
constriction factor algorithms.!”!® In this system, the inertia weight method was used, which
compared with other intelligent search methods,>2? has the advantages of few parameters,
rapid convergence, and suitability for various conditions.)
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Fig. 2. MRAS synchronous speed identification scheme based on the reactive power.
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The inertia weight PSO algorithm is a reiteration recurrent procedure. First, a group of
particles are randomly produced, and the current fitness value of each particle is computed to
determine whether it is better than the best fitness value of an individual particle. Then, the
velocity and position of each particle are updated, and the new fitness value of each particle is
also computed. The updated velocity and position formulas of the particle are

Vilk+1)=w-Vi(k)+ C, -rand - (B, — x;)+ C, -rand - (Gp,y, — X;), (22)
Xk + 1) = x,(k) + 7k + D, 23)

where Vi(k) and Vi(k+1) are the current and next velocity of the particle, x;(k) and x;(k+1) are the
current and next position of the particle, Py is the best position of the individual particle, Gpes;
is the best position of the particle swarm, w is the weighting factor, C; and C; are the learning
factors of the individual particle and swarm, and rand is a uniformly distributed random
variable over [0,1], respectively.

Figure 3 shows the two-dimensional relationship between the velocity and position search
spaces for a particle, and a flow chart of the proposed inertia weight PSO algorithm is shown in
Fig. 4.

A block diagram of the proposed speed estimation of adaptive SFVC IM drive based on the
inertia weight PSO algorithm is shown in Fig. 5. The system includes a speed controller, flux
controller, g-axis and d-axis stator current controllers, d-axis flux decoupling, g-axis voltage
decoupling, flux command calculation, d-axis flux estimation, slip speed estimation, coordinate
transformation, and MRAS synchronous speed identification based on the inertia weight PSO
algorithm. In this study, the root-locus method was used to design the PI-type controllers for
the speed control loop, flux control loop, and d-axis and g-axis stator current control loops.

The proportional gain (K}), integral gain (K;), and bandwidth (B.W) for the four Pl-type
controllers are shown in Table 1. The root locus and Bode plot of the designed flux control loop
are respectively shown in Figs. 6 and 7.

Yy
A x,(k+D)
G pest
Pbal 4 G, rand- (Ghm - x‘)
* Social
/ s
| \ )
\ / C\-raﬂd'(l')hesx_— i
Cogniilon
_______ » v
%K) WV
Inertia weighting

P x

Fig. 3. (Color online) Two-dimensional relationship between the velocity and position search spaces for a particle.
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Table 1
Controller parameters and their bandwidth.
K, K; B.W
Speed controller 0.035 0.105 6.11
Flux controller 14 16.8 17.2
d-axis stator current controller 5 6000 2610
g-axis stator current controller 12 10200 1100
Root Locus {Flux controller) - Bode Plot (Flux controller)
/“’—vvk\\'\. o R —
o System: untitied 1 \\\ = a \.
/ (::;: -‘7464 +8.08i \\ % S System: untitled1
// Damping: 0.687 X 2 Frequency (radis): 17.2
/ Overshoot (%): 5.13 \ &-of Moial it 3,07

:(U_: ‘;“/ Frequency (ad/s) 1.1 ‘,\"‘ = et \\
% 20
c ——
g System: untitied 1 \
- g:l’e" -‘7484 -8.08i g \

Damping: 0.687 @ 45 N

Overshoot (%): 5.13 2 Y

Frequency (rad/s). 11.1 = \\

2 -16 14 12 10 ¥ e =
10° 10! 102
Real Axis Frequency (rad/s)

Fig. 6. (Color online) Root locus of the flux Fig.7. (Color online) Bode plot of the flux
controller. controller.
Table 2
Parameters of the IM used in the experiment.
Base freq. (Hz) 60
Base speed (rpm) 1680
Poles 4
R, (Q) 2.85
R, (Q) 2.3433
Ls; (H) 0.1967
L, (H) 0.1967
Ly, (H) 0.1886
J (Nt-m-s/rad) 0.009
By (Nt-m-s?/rad) 0.00825

4. Simulation and Experiment

A standard three-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 of adaptive SFVC
IM drive based on the PSO algorithm. The IM parameters are listed in Table 2. In a running
cycle, the sequence of speed commands is as follows: forward-direction acceleration from

t=0stot=1s; forward-direction steady-state operation during 1 < ¢ <4 s; forward-direction

braking to reach zero speed in the interval 4 <7 <5 s; reverse-direction acceleration from =5 s

to ¢ = 6 s; reverse-direction steady-state operation during 6 < ¢ < 9 s; reverse-direction braking

to reach zero speed in the interval 9 <7< 10 s. The simulated and measured responses in the

first running cycle are shown in Figs. 8—13. Each figure contains six responses: the estimated
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Fig. 8. (Color online) Simulated responses of the
proposed speed estimation of adaptive SFVC IM drive
with 2 N-m load for steady-state speed command
+600 rpm. (a) Command speed (blue line) and
estimated rotor speed (red line), (b) command speed
(blue line) and actual rotor speed (red line), (c) stator
current, (d) electromagnetic torque, (e) estimated
synchronous angle position, (f) stator flux locus.
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Fig. 10. (Color online) Simulated responses of the
proposed speed estimation of adaptive SFVC IM drive
with 2 N-m load for steady-state speed command
+1200 rpm. (a) Command speed (blue line) and
estimated rotor speed (red line), (b) command speed
(blue line) and actual rotor speed (red line), (c) stator
current, (d) electromagnetic torque, (e) estimated
synchronous angle position, (f) stator flux locus.
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Fig. 9. (Color online) Measured responses of the
proposed speed estimation of adaptive SFVC IM drive
with 2 N-m load for steady-state speed command
+600 rpm. (a) Command speed (blue line) and
estimated rotor speed (red line), (b) command speed
(blue line) and actual rotor speed (red line), (c) stator
current, (d) electromagnetic torque, (e) estimated
synchronous angle position, (f) stator flux locus.
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Fig. 11. (Color online) Measured responses of the
proposed speed estimation of adaptive SFVC IM drive
with 2 N-m load for steady-state speed command
+1200 rpm. (a) Command speed (blue line) and
estimated rotor speed (red line), (b) command speed
(blue line) and actual rotor speed (red line), (c) stator
current, (d) electromagnetic torque, (e) estimated
synchronous angle position, (f) stator flux locus.
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Fig. 12. (Color online) Simulated responses of the
proposed speed estimation of adaptive SFVC IM drive

Fig. 13. (Color online) Measured responses of the
proposed speed estimation of adaptive SFVC IM drive

with 2 N-m load for steady-state speed command
+2200 rpm. (a) Command speed (blue line) and
estimated rotor speed (red line), (b) command speed
(blue line) and actual rotor speed (red line), (c) stator
current, (d) electromagnetic torque, (e) estimated
synchronous angle position, (f) stator flux locus.

with 2 N-m load for steady-state speed command
+2200 rpm. (a) Command speed (blue line) and
estimated rotor speed (red line), (b) command speed
(blue line) and actual rotor speed (red line), (c) stator
current, (d) electromagnetic torque, (¢) estimated
synchronous angle position, (f) stator flux locus.

rotor speed, actual rotor speed, stator current, electromagnetic torque, estimated synchronous
angle position, and stator flux locus. The simulated and measured responses with a 2 N-m
load for reversible steady-state speed commands £600 rpm, £1200 rpm (in the constant-torque
mode), and +2200 rpm (in the constant-power mode) are shown in Figs. 8 and 9, 10 and 11, and
12 and 13, respectively.

In this study, the MRAS synchronous speed identification scheme was also designed using
the conventional PI-type adaptation mechanism, and the simulated and measured responses with
2 N-m load for the steady-state speed command £1200 rpm are respectively shown in Figs. 14
and 15.

The percentage errors of the estimated rotor speed for the simulated and measured responses
using the proposed speed estimation of adaptive SFVC IM drive scheme are respectively shown
in Figs. 16 and 17.

From the simulated and measured results for different operation conditions shown in
Figs. 813, the rotor speed was accurately estimated. In addition, better responses of the
stator current and electromagnetic torque were attained, and the estimated synchronous angle
position and the circular shape of the estimated stator flux locus verified the exactness of the
coordinate transformation between synchronous and stationary frames. These results show
that the desired performance can be achieved using the proposed speed estimation of adaptive
SFVC IM drive based on the PSO algorithm. Comparing Figs. 10 and 11 with Figs. 14 and 15,
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(a) Command speed (blue line) and estimated rotor
speed (red line), (b) command speed (blue line) and
actual rotor speed (red line), (c) stator current, (d)
electromagnetic torque, (e) estimated synchronous
angle position, (f) stator flux locus.
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Fig. 17. (Color online) Measured responses of the

estimation percentage errors between actual and
estimation speed for the adaptive SFVC IM drive.

it can be concluded that the adaptation mechanism with the PSO algorithm is better than the
conventional one with Pl-type mechanism. According to Figs. 16 and 17, for the simulation
and measurement responses, the estimation percentage errors between the actual and estimated
speeds are approximately 0.4 and 0.8 %, respectively.



Sensors and Materials, Vol. 32, No. 5 (2020) 1863

5. Conclusions

In this study, an adaptive synchronous speed on-line estimation scheme based on the inertia
weight PSO algorithm was proposed for the speed estimation of an SFVC IM drive. The MRAS
synchronous speed estimation scheme was established on the basis of the reactive power of an
IM, and the estimated rotor speed was acquired by subtracting the estimated slip speed from
the estimated synchronous speed. The adaptation mechanism of MRAS was designed using the
inertia weight PSO algorithm. The stator current signal measurement carried out to implement
this adaptive speed estimation SFVC IM drive is provided by Hall effect current sensors.
The operation speed can be extended to the constant-power mode using the field-weakening
technique. Both the simulation and experiment results (including the estimated rotor speed,
stator current, electromagnetic torque, estimated synchronous angle position, and stator flux
locus) confirmed that superior performance was achieved in terms of acceleration, steady-state
operation, and braking operation at different reversal speeds.
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