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In this study, flux-observer-based speed estimation was used to achieve stator field
orientation control (SFOC) of an induction motor (IM) drive utilizing both stator current and
stator flux, and the stator current was obtained from an IM by utilizing Hall effect current
sensors. The speed estimation scheme was designed in accordance with the Lyapunov stability
theory, and the flux observer gain matrix was acquired by the application of a modified
particle swarm optimization (PSO) algorithm. The MATLAB/Simulink toolbox was used for
simulation, and all the control algorithms were realized using a 32-bit RX62T micro controller
to generate pulse width modulation (PWM) signals to the power stage, to drive the motor, and
to validate this approach. Both simulation and experimental results confirmed the effectiveness
of the proposed system.

1. Introduction

Induction motor (IM) drives utilizing the field orientation control (FOC) method can achieve
an excellent torque-to-current ratio. According to the FOC theory, by utilizing the appropriate
coordinate transformation, a time-variant, nonlinear coupled mathematical model of an IM,
in which flux and torque are both orthogonal and independent,(l) can be as efficient as a DC
motor. The FOC method employed in an IM drive may be classified as stator, rotor, or air-gap
types. In stator FOC, the stator current and stator flux are the state variables. In rotor FOC,
the stator current and rotor flux are the variables. In air-gap FOC, the stator current and air-gap
flux are the variables. The stator current for conventional FOC IM drives is obtained from an
IM by utilizing Hall effect current sensors. However, for the implementation of FOC IM drives,
a motor shaft position sensor such as an encoder is needed to detect rotor speed. This makes
the system less reliable and unsuitable for a hostile environment. Hence, the development of
a speed estimation method for an FOC IM drive to replace that used for a conventional FOC
is required. Several speed estimation methods for FOC IM drives have been established:
24 speed estimation by a model reference adaptive
@9 and the use of

speed determination by a flux estimator,

(-7

system, a speed adjustment approach using an extended Kalman filter,
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fuzzy logic or a neural network to determine rotor speed.1*~1?

In this study, the flux observer approach is proposed. This method has the advantage of
simple structure and easy implementation. An exact observer gain matrix is necessary for the
implementation of the speed estimation of stator field orientation control (SFOC) IM drive with
flux observer. Gain matrix parameter adjustment in conventional flux-observer-based speed
estimation for these drives is carried out by trial and error, or is based on past experiences, and
is a very tedious process. Use of the particle swarm optimization (PSO) algorithm is one way to
achieve optimum control. It allows rapid convergence, has low operational cost, and is suitable
for a range of different conditions.!?) Hence, the PSO algorithm was used to adjust the gain
matrix parameters of the proposed flux observer in this study.

This paper has four sections. In Sect. 1, research motivation, background, and a literature
review of speed estimation methods for FOC IM drives are introduced. The decoupled SFOC
IM drive system used in this study is covered in Sect. 2. The stator flux observer design based
on the Lyapunov stability theory and the use of the PSO algorithm to acquire the observer gain
matrix parameters are described in Sect. 3. The simulation and experiment are discussed in Sect. 4.

2. SFOC IM Drive

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

B, Ry 1 \u 1 {1  \o 1
pit = — (L_j- + g + ]wsl) i+ L_(r (T_r — ]a),) A+ L—Uf/f, (D
p/_l)i =V - Rsfi - jweii, @)

where j is the imaginary part, i = + jry, and = Iy, + jigs are the stator voltage and
current vectors, respectively, A = Ag + jAgs is the stator flux vector, Ry and R, are the stator
and rotor resistances, respectively, Ly and L, are the stator and rotor inductances, respectively,
L,, 1s the mutual inductance between stator and rotor, 7z, = L,/R, is the rotor time constant,
o=1- (L,Zn/LSL,) is the leakage inductance coefficient, L, = oL, is the stator leakage
inductance, w, is speed of the synchronous reference coordinate frame, w, is the electric
speed of the rotor, wg = w. — w, is the slip speed, and p = d/dt is the differential operator. The
developed electromagnetic torque of an IM is obtained as

3P . .
T, = T(l;x/lfis — igAgy)s 3

where P is the number of motor poles. The mechanical equation of the motor is
Jmpwpm + By =T, =T, @)

where J,, is the inertia of the motor, B,, is the viscous friction coefficient, 77, is the load torque,
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and w,, is the mechanical speed of the motor shaft. The speed of the motor shaft can also be
expressed as

%w,. G)

Wrm =

The adaptation of Egs. (1) and (2) allows a two-axis state matrix equation of an IM to be
acquired as

. R, 1 ) 1 1 . 1
e & L e L
ldS ( L, + g7y R Wsi ! Lir‘rr L(fla)r ldS L, ?
. 7 (R 1 g 1 v
fgs | = Wsi (L(, + m,) LY T, fgs | 4 0 Vds ©6)
P 2 2 1 0 ve |
ds —R; 0 0 We ds qs
e e
/lqs 0 —RS —We 0 /lqs 0 1

The simulation of an IM model was designed using Egs. (3)—(6).
With the SFOC condition set at g, = 0 in Eq. (1), the slip speed and the d-axis stator flux
are derived as

(1+ O'Trs)LSiZS

(25, - O'Lsifls)’

)

Wgl

e (+or5)Lg o OTrwy Ly p
ds (L+78) ¥ (475 9

®

where s is the Laplace operator.
Examination of Eq. (8) reveals that g-axis stator current coupling exists in the second term of
the right side, defining the feedforward compensation as

e 0T WL e

l = —-——71,. 9
dq (1 +T,s) qs ©)
The linear control between the d-axis stator flux and the d-axis stator current can then be
obtained as

(1 +o7,s)Ly .
¢ = —"1. 10
/lds (1 +TrS) Las ( )

The electromagnetic torque of an IM developed under an SFOC condition is acquired as

3P
T = —igslay (1D

Both the d-axis stator flux and the g-axis stator current are orthogonal in Eq. (11), and the
maximum toque-to-current ratio can be attained under an SFOC condition.
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Also, set Ag; = 0 in Eq. (2), and the d-axis and g-axis stator voltage equations under an SFOC
condition are given by
Rsifis + p/lzeis = vfis’ (1 2)

Rig, + wedys = v, (13)

Examination of Eq. (12) reveals a linear control of the d-axis stator current loop, and
examination of Eq. (13) shows that d-axis stator voltage coupling exists in the second term of
the left side. This permits the definition of feed-forward compensation as w,A5; the linear
control of the g-axis stator current loop can also be obtained.

The voltage command of the d-axis and g-axis stator current loops is acquired as

Vas = Vay (14)
Vs = Vs + wedg,, 1s)
where vfl; and vf}'s are the outputs of the d-axis and g-axis stator current controllers, respectively.

3. Stator Flux Observer Design

In the two-axis stationary reference coordinate frame (w. = 0), according to Egs. (1) and (2),
the stator flux observer can be defined as

}—:)S RY 1 T A (1 ~ ,_:)S l o
» L | _ _(E = .](Ur) I (T Jwr) Il 4| Lo ‘7§+G(?~S‘_?j), (16)
;is —R; 0 js 1
s £}

Cendd

where implies an estimated value, and G is the observer gain matrix.

The proposed flux-observer-based speed estimation of an SFOC IM drive is shown in Fig.
1, in which the speed error is obtained by subtracting the estimated rotor speed @, from the
rotor speed command wy, this speed error is applied to the SFOC IM drive through a coordinate
transformation of 2-axis synchronous to 3-phase stationary (2° = 3*), and to trigger the voltage

source inverter to run an IM. Furthermore, the current difference between the estimated stator

current 7§ and the measured stator current ?’Y is acquired and modulated by the observer gain
matrix G to determine the estimated rotor speed &, in which 7 is derived from the stator flux
estimator, and Z)j is obtained from the IM by using Hall effect current sensors and coordinate
transformation from 3-phase stationary to 2-axis stationary (2° < 3°).

3.1 Lyapunov stability theory observer gain matrix design
The gain matrix design of the proposed stator flux observer utilizes the Lyapuov stability

theory.(ls) According to Eq. (6), the state equations of an IM at the stationary reference
coordinate frame can be expressed as
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Fig. 1. Stator-flux-observer-based speed estimation of SFOC IM drive.

x=[A+ wA,]lx+ Bu, 17

y=Cx, (18)

_L]_aJ
o o [

]. Moreover,

s 1
where xz[ifls iys AYs A;S]T’ u= [V;}s VS ]T’ A= [_(f_o+a+n)l L[,T,I], Au

@ —R,I 0]

o O

B:[il I]T’y:[ijis its]s:IT,C:[I 0]>I=[(1) (1)],.]=[(1) (;1},311(10:[8

in accordance with Eq. (17), the estimation state matrix is derived as
F=[A+0AL)%+Bu+G@H-y). (19)
The estimation error is acquired by subtracting Eq. (19) from Eq. (17), giving
e=A+wA,—GCe—-Aw,ALX, (20)
where ¢ = x — & and Aw, = &, — w,. Selecting the Lyapunov function as

4 (AC‘)r)2

Yo

V(e,Aw,) = ¢'He , 1)

where H is a symmetric positive definite matrix, the time derivative of the selected Lyapunov
function can be derived as
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V=¢"[(A-GO)'H + HA - GC) + w(ATH + HA,)]e
2(Aw,) d(Aw,) (22)
Yo dt

—Aw,[R"ATHe + e"HA 3] +

where y,, > 0 is a constant.

Set Aw,[2TAT He + e"HA, %] = 2(Aw,)/y,, - d(Aw,)/dt in Eq. (22) and select G and H such
that the inequality Eq. (23) is valid, and then the time derivative of the selected Lyapunov
function is negative. According to the Lyapunov stability theory, Eq. (20) is asymptotically
stable, and the established stator flux observer is also asymptotically stable.

(A-—GCO)'H + H(A - GC) + w(ALH + HA,,) < 0 (23)
Select the adaptive law as

d@n _ e"HA,R. (24)

According to Eq. (24), the estimated rotor speed was derived as

K [eTHAw)%]

Or = Kpole"HALR] + (25)

where K, and Kj, are adaptation gains.
3.2 Observer gain matrix parameters with the PSO algorithm

The PSO algorithm was used to acquire the observer gain matrix parameters in this
study because it is very suitable for use in the presence of noise, time variance, and irregular
conditions.

The PSO algorithm was devised to simulate social behavior,'® in which an iterative
procedure is used to improve candidate solutions (called particles) to attain a prescribed degree
of quality. The original conventional PSO algorithm has the disadvantage of local solution
convergence, and modifications have been made such as in the constriction factors method, the
dynamic system tracking method, and inertia weight method.!” The inertia weight method
was used in this study because it promotes the search for an optimum solution in the initial
computation stage and improves convergence quality in the follow-up computation. The inertia
weight PSO algorithm applies the concept of progressive deceleration. In the inertia weight PSO
algorithm, the particle is configured with large-scale fast search velocity in the initial stage,
and when the iteration is gradually increased, the searching velocity is gradually decreased to
improve convergence. The iteration formulas of the position, Eq. (26), and the velocity, Eq. (27),
are
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Vitk+1)=w-Vi(k) + Cy - Rand - (Ppes; — Xx;i) + Co - Rand - (Gpess — X;i), (26)

xitk +1) = xj(k) + Vi(k + 1), 27)

where Vj(k) and x;(k) are the velocity and position of the particle, respectively, Ppess and Gpey, are
the optimum position solution of the individual particle and swarm particles, respectively, w is
the weighting factor, C; and C; are the learning factors, and Rand is the uniform distribution
random variable over {0,1}.

On the right side of Eq. (26), the first item stands for the improvement effect of convergence,
the second item stands for the cognition-only model of the particle, and the third item stands
for the social-only model of the particles. The displacement and velocity of each particle are
limited to the bounds between maximum and minimum. If the updated displacement and
velocity of a particle exceed the bounds, then the updated values become the maximum and
minimum. The two-dimensional search of velocity and position of the particles is shown in
Fig. 2. The computation procedures of the inertia weight method PSO algorithm are shown in
Fig. 3. These include allocating the initial position and velocity of the particle, the computation
adaptation value, updating the optimal values of the individual particle and the swarm particles,
and evaluation of the desired precision.

Initialize
position and

velocity of the
particle

Compute
adaptation value of <&
the particle

.

P Update Update
pest the best value of position and
individual velocity of the
particle P, particle
A
Update

the best value of

Vik+1 .. swarm
x, (k) _—— —'( —) — — i _ix(k+D) particles G

C, Rand-(G,,,~x,)
(Social Learning)

C,-Rand (B, —x;)

(Cognitive Learning)

best

W, (k)
(Inertia)

Attain the desired

Vi (k)

Fig.2. (Color online) Two-dimensional search of Fig. 3. (Color online) Computation flow of the
velocity and position of particles. inertia weight method PSO algorithm.
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4.

Simulation and Experiment
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A block diagram of the proposed speed estimation of SFOC IM drive based on the PSO
algorithm stator flux observer is shown in Fig. 4. It includes stator-flux-observer-type speed

estimation, slip speed calculation, flux controller, speed controller, g-axis and d-axis stator

current controllers, flux command calculation, g-axis stator current command calculation,

d-axis and g-axis stator voltage decoupling, and coordinate transformation. The stator current
is obtained from the IM by using Hall effect current sensors for the implementation of this
speed estimation of the SFOC IM drive.

In the proposed system, the proportion—integral (PI-type) controllers for the d-axis and
g-axis stator current control loops, flux control loop, and speed control loop were designed
by the root-locus method. The proportion gain (Kp), integral gain (K;), and bandwidth (BW)
for the four Pl-type controllers are shown in Table 1, and the root locus and Bode plot of the

designed flux controller are shown

in Figs. 5 and 6, respectively.

q° - axis voltage
decouple calculation

. : . - Lo+
D,y ; Speed T, iy g, q°-axis Vis /l\
+ Controller . Current >
ontro Calculation + ;\ Crotroller + ) . .
- VFS v[]S Vu.x
d° -axis current 2y >
Flux Command decouple calculation 2°=2° V:1‘ 25 =3 vl: » Inverter
1 igs -% d° -axis v;Y V:,& L,
—> || e Current —
74\> s + A + Crotroller
-e l.sY .ZIS N
Las * °
Iculation e s NEREA [}
Cal i6|2° <=2 las| 98 o= 3 1t e
i('.)'
CHall/'"m T
urrent
—> Slip Speed v v Sensors
| Caculation
7 Stator Flux Observer 1
(PSO Bascd) ( Induction)
2 | Mot/
P Estimator j«——
1 éx
Fig. 4. (Color online) PSO algorithm stator-flux-observer-based speed estimation of SFOC IM drive.
Table 1
PI controller parameters and bandwidth.
Kp K; BW (rad/s)
d-axis stator current controller  20.41 2040.5 1930
g-axis stator current controller 4.37 655.6 1760
Flux controller 52.17 778.6 189
Speed controller 0.98 54.02 158
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Root Locus (Flux Controller) Bode Diagram
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Fig.5. (Color online) Root locus of the flux Fig. 6.  (Color online) Bode plot of the flux controller.
controller.

A standard 3-phase, 220 V, 0.75 kW, A-connected, squirrel-cage IM (see Table 2 for motor
parameters) was simulated, and a physical motor was used in experiments, to confirm the
effectiveness of the proposed stator-flux-observer-based speed estimation of SFOC IM drive
that used a PSO algorithm observer gain matrix design. The simulation was established using
the MATLAB/Simulink toolbox, and all control algorithms were realized using the 32-bit
micro controller RX62T to generate pulse width modulation (PWM) signals to the power stage
and to run the motor in experimental validations. In a running cycle, the symmetrical speed
commands used were as follows: forward direction acceleration from ¢t = 0 to t = 1 s, forward
direction steady-state operation during 1 < ¢ < 2 s, forward direction braking operation to reach
zero speed in the interval 2 < ¢ < 3 s, reverse direction acceleration from ¢ = 3 to r = 4 s, reverse
direction steady-state operation during 4 < ¢ < 5 s, and reverse direction braking operation to
reach zero speed in the interval 5 <7< 6.

The simulated and measured responses of the first two running cycles are shown in Figs.
7-12. Each figure contains four responses: the estimated shaft speed and actual shaft speed,
the stator current, the electromagnetic torque, and the stator flux locus. The simulated and
measured responses with a 2 N-m load for reversible speed commands of £1800, +£900, and
+300 rpm are shown in Figs. 7 and 8, Figs. 9 and 10, and Figs. 11 and 12, respectively.

An accurate estimate of shaft speed was obtained under load conditions in the simulations
and experiments at different operational speeds as shown in Figs. 7-12. Excellent responses
of both stator current and electromagnetic torque were obtained and the proper coordinate
transformation was achieved and verified with the circular shape of the stator flux locus,
showing that the desired performance can be attained in the proposed system.
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Table 2
IM parameters.
Poles 4
Ry 2.85Q
R, 2.3433 Q
Ly 0.1967 H
L, 0.1967 H
Ly 0.1886 H
I 0.009 Nt-s*/m
B 0.00825 Nt—s/m
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Fig. 7. (Color online) Simulated responses of the PSO algorithm flux observer design speed estimation of SFOC

IM drive with a 2 N'm load at the reversible steady-state speed command of £1800 rpm. (a) Command (solid line)
and estimated (dotted line) rotor-shaft speed, (b) stator current, (c) estimated electromagnetic torque, and (d) stator
flux locus (g-axis vs d-axis).
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Fig. 8.  (Color online) Measured responses of the PSO algorithm flux observer design speed estimation of SFOC

IM drive with a 2 N'm load at the reversible steady-state speed command of £1800 rpm. (a) Command (solid line)
and estimated (dotted line) rotor-shaft speed, (b) stator current, (c) estimated electromagnetic torque, and (d) stator
flux locus (g-axis vs d-axis).
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Fig. 9. (Color online) Simulated responses of the PSO algorithm flux observer design speed estimation of SFOC

IM drive with a 2 N-m load at the reversible steady-state speed command of £900 rpm. (a) Command (solid line)
and estimated (dotted line) rotor-shaft speed, (b) stator current, (c) estimated electromagnetic torque, and (d) stator
flux locus (g-axis vs d-axis).
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Fig. 10. (Color online) Measured responses of the PSO algorithm flux observer design speed estimation of SFOC
IM drive with a 2 N'm load at the reversible steady-state speed command of £900 rpm. (a) Command (solid line)
and estimated (dotted line) rotor-shaft speed, (b) stator current, (c) estimated electromagnetic torque, and (d) stator
flux locus (g-axis vs d-axis).
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Fig. 11. (Color online) Simulated responses of the PSO algorithm flux observer design speed estimation of SFOC

IM drive with a 2 N'm load at the reversible steady-state speed command of £300 rpm. (a) Command (solid line)
and estimated (dotted line) rotor-shaft speed, (b) stator current, (¢) estimated electromagnetic torque, and (d) stator
flux locus (g-axis vs d-axis).
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Fig. 12. (Color online) Measured responses of the PSO algorithm flux observer design speed estimation of SFOC
IM drive with a 2 N'm load at the reversible steady-state speed command of +300 rpm. (a) Command (solid line)
and estimated (dotted line) rotor-shaft speed, (b) stator current, (c) estimated electromagnetic torque, and (d) stator
flux locus (g-axis vs d-axis).

5. Conclusion

A stator flux observer rotor-shaft speed on-line estimation by the PSO algorithm observer
gain matrix design strategy has been proposed to control an SFOC IM drive. The proposed
speed estimation scheme using the stator flux observer has the advantage of both simple
structure and implementation. The flux observer gain matrix uses a PSO algorithm, which
can rapidly acquire the exact gain parameters. The stator current measurement, isolation, and
protection are provided by the Hall effect current sensors for this speed estimation of SFOC
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IM drive. The simulation and experimental responses at different reversible steady-state speed
commands (£1800, £900, and + 300 rpm) confirm the effectiveness of the proposed approach.
The flux observer gain matrix design use of a fuzzy logic control strategy is the future research
direction.
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