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ABSTRACT. A sensorless direct torque control induction motor drive based on full-order
stator flux observer is presented. The identified rotor speed is acquired stably from the
proposed full order stator flur observer, and the speed feedback gain parameters of the
stator flux observer are designed by the particle swarm optimization (PSO) algorithm
to improve that the speed feedback gain parameters are determined by try and error.
The simulation and experiment of the proposed control scheme is established by toolbox
Matlab/Simulink® and PC_based platform and the results confirmed the correctness of
the proposed system.

Keywords: Induction motor drive, Direct torque control (DTC), Speed sensorless, Full-
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1. Introduction. The dynamic of induction motors is nonlinear and variant, so the con-
trol of the motors is more difficult. By comparison with the conventional induction motors
control, the sensorless DTC technology just has two control loops, flux loop and torque
loop, and is much simpler and can reduce the complexity of the control to a large applica-
tion [1,2]. Latest literature shows that the field speed and slip speed are often estimated
to calculate the rotor speed in DTC applications by the field oriented control (FOC) [3].
The full-order observer and the model reference adaptive system (MRAS) architecture
are also used to determine the stability of the rotor speed estimator [4-8]. To determine
feedback gains is always a key problem using MRAS architecture to identify rotor speed
and mismatch feedback gain parameters always cause the instability of sensorless direct
torque control induction motor drive. One of the latest relative research is designed feed-
back gain parameters with constant coefficient [6], so the speed estimator cannot correct
work in all speed range. Others are usually designed feedback gain parameters by try
and error [5], and it has not even been discussed [4,7,8]. However, the literature only
focuses on the estimated strategy of observer gain. The PSO algorithm was presented
by Kennedy and Eberhart in 1995, and is a Swarm Intelligence. It is suitable for dy-
namic parameter estimators with fast convergence and fewer setting parameters, and is
widely used in optimization problems [9-11]. The PSO algorithm is presented to improve
the correctness of rotor speed estimator and reduce the procedure of determining correct
feedback gain parameters in this paper.

2. Principle.

2.1. Mathematical dynamic equation of the induction motor. Let the stator flux
and the stator current be set as status variables x and then dynamic equations of the
induction motor reference to a dual-axis (d-¢) synchronous rotational coordinate system
are expressed by Equation (1) and Equation (2) is denoted as output function.
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x = Ax + Bu, x:[(:;e] (1)
it=[1 0x=0Cx (2)
(R L 1 1 (1 1
wherein A = (La ton ]w’”> Lo <Tr0 ]wr> , B = { Llc }, w, represents the

rotor electrical speed, R, represents the stator resistance, Ly and L, represent the stator
inductance and rotor inductance, L, = oLg represents the leakage inductance coefficient
and ¢ = L2 /LgL,. Furthermore, let i¢ = i, + Jigsy @5 = Pgs + J¢gs represents the
d-q components of status variables x in synchronous rotational coordinate; and after
substituting them into Equation (1), a differential expression using i§,, if,, ¢, ¢, as state
variables can be expressed by Equation (3).

. Rs 1 1 Wr . USS
e — | == —_ — =L e —as

st (Lg + O'Tr) we WT LoTr Lo st Lo

i¢ R 1 w1 () Ygs

S _ — — — | == —_ — = S
P ¢% = (W —wr) L, T om ) Lo Lomr (;e + | I, (3)

ds ds e
g —R, 0 0 We ¢ Ugs
s 0 — RS —We 0 as qu

Accordingly, the mechanical equation of the motor is expressed by Equation (4).
Te = Jmpwrm + Bmwrm + TL (4)

In the equation, J,, represents the motor inertia, B,, represents the viscous friction coef-
ficient, and T}, represents the load torque. The electromagnetic torque T, is expressed by
Equation (5), and P represents the polar pair.

3 ‘e e e
T. = ZP (¢§slqs - quds) (5)

2.2. The principle of rotor speed estimator with full-order flux observer. Ac-
cording to latest literature, the stator flux oriented vector control technique often uses an
open loop to estimate the rotor speed and flux. To obtain the better controlling quality,
this study uses a closed-loop full-order flux observer to solve the problems incurred by the
open loop architecture and submits a method of the estimators. The study chooses the
stator current and the stator flux as state variables to build the flux observer whereby the
rotor speed can be estimated, as shown in Equation (6) redeemed by Equation (3) plus
the full-order observer gain GG; ~ G4, thereby creating a closed loop architecture to tune
the stability of the rotor speed estimator [5].
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In the equation, represents the estimated values of the state variable, G = [G; G2 G
G4)T represents the observer gain matrix of the observer. Equation (6) is further expressed
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by a spatial vector expression as follows:
p&:AfH—Bu—I—G(ii—ii) (7)
Equation (7) is an estimation equation. If an output equation is defined as
i=[1 0%x=0Cx% (8)

If an error vector obtained is written with e = x — X, linearize Equations (1) and (7) to
obtain

pe:(A—GC)e+<A—A>)‘< 9)

wherein |@$| = ’éz‘ Based on the MRAS architecture, the rotor speed estimator is shown
in Figure 1, and the rotor speed estimator is defined as

Oy = — <K,, + Ki/dt> £ (10)

wherein .
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K, and K, represent the feedback gain parameters and are determined by try and error
in latest literature.

f
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F1GURE 1. The architecture of rotor speed estimator

2.3. Direct torque control. The control principle of DTC is to calculate the three-
phase voltage of the motor by the switching state of the inverter and the DC bus voltage
Vi firstly and the three-phase voltage of the motor is expressed by

%fﬂ?@&—&—&) (11)
Vi = %(—Sa +28, — S,) (12)
‘/cs = %(_Sa - Sb + Sc) (13>

wherein the power switch, Sx, the value is 1 or 0 that represents the power switch, power
on or cutoff state, when the switch is = a,b,c. The three-phase current of the motor
can be measured by a Hall-effect-based current sensor. After reference to a dual-axis (d-q)
static rotational coordinate system, use
. - ~ T,
@1 = b+ G = 1

S *s Te *
1 _|_p7_ (Vs - RSIS) + (ps (14>

14 pre

Estimating the stator flux, w. = % tan™! (AZS / ggfls represents the field electrical syn-

chronous speed and 7, represents the time constant. Compare these two values with the
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torque command and the stator flux command |®*| respectively to obtain the torque error
AT, =T — T, and the stator flux error Aps = | P — ‘@)3

controller of the inverter shown in Figure 2(a) and Figure 2(b) to decide the switching
state of the power transistor of the inverter.

and input them into a hysteresis

2.4. PSO algorithm. The PSO algorithm, the flow chart shown in Figure 3, has the mer-
its of quick convergence and fewer parameters and is adapted to dynamic environments,
so it is widely applied to optimization problems. This study uses the PSO algorithm to
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FiGURE 3. The flow chart of PSO
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tune or adjust the feedback gain parameters of rotor speed estimator, and the algorithm
of which is initially made by distributing particles randomly. Each of the particles firstly
calculates a present fitness value and decides according to the personal best fitness value
and the swarm’s best fitness value. Then, update the speed and locations to calculate the
particle fitness value, the algorithm of which is expressed by

Vi(k+1) =w x Vi(k) + C; X Rand X (Pyest — L;) + Cy X Rand X (Gpest — L;)  (15)

Li(k+1) = Li(k) + Vi(k + 1) (16)
wherein V(k) represents the present particle speed and V;(k + 1) is next particle speed,
L;(k) represents the particle position now and L;(k + 1) represents the next particle
position, P, represents the best location of the personal particle, Gy.s represents the
best location of the global particle, C} represents the learning factor of the personal
particle, Cs represents the learning factor of the global particle, and Rand is an evenly
distributed random constant between [0.0,1.0]. To improve the convergence to the local
solution efficiently, the study uses an inertia weight method [6] which is executed by
adding a weight factor w into the conventional PSO and it will be reduced to 90% after
iteration loop. The range of w setting this parameter is approximately set between [0, 1.5]
[7]. Otherwise, Ui = Up = |w, — &y, UPjpest represents the smallest value of Ui, U Pppest
represents the smallest value of Up, UG, pes; represents the smallest value of U Py, and
UG ppest represents the smallest value of U Pypes:. The learning factor in the PSO algorithm
is divided into two parts, wherein the range of setting both of the learning factor of the
personal particle C; and the learning factor of the global particle Cy are approximately
set between [0, 4.0] [8].

3. Results of Simulations and Experiments. To verify the feasibility of the full-
order flux observer, the PSO algorithm is used to tune the feedback gain parameters, and a
full-order sensorless direct torque module built by MATLAB/Simulink®. The architecture
shown in Figure 4 is used to simulate and analyze firstly. Then, the experiments platform,
the architecture shown in Figure 4, drives a squirrel-cage induction motor (IM) drive that
is 3-phase, 0.75kw, 220V and A-pin to different experiments with a PC-based adapter in
the inverter and K, = Gppest and K; = Gipest-

Finally, two speed commands are used, such as 300rpm and 1800rpm. Figures 5 and
6 show the responses of the study presented at 7, = 2N-m, N = 5, Period = 5, in
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FIGURE 4. Architecture of the Simulink direct torque induction motor control



2280 W.-C. PU, J.-J. YANG AND Y.-C. LUO

E 400 — — & — 12 —
g — Command g— i
— 10 —
gz _ﬂ & @@ Estimation I E i
@« = 8 —
[=% @ 4
w o —4 E o3 e
[ 0 -
2 o 4
= i i i
E % 2 ——
@ 0 w oy 0
L T | T | T | T | T | T | T | T | T | T | T | T | T |
0 3 6 9 12 0 3 6 s 12 0 5 10 15 20 25
Time(sec) Time{sec) number of times
(a) (b) (c)
4 — 8 — 04 —
30 —| = B = N
] 3 g
20 @ 0 S, 00—
8 g 3
10 — ,E 4 o 4
0 L N L e e -8 L B 04 T | T |
0 5 10 15 20 25 0 3 6 9 12 0.4 0.0 0.4
number of times Time(sec) Flux_dr{Wb)
(d) (e) ()

FIGURE 5. Simulation result at 7, = 2N-m, N = 5, Period = 5, w, =
300rpm: (a) rotor speed, (b) stator current, (c) K,, (d) K;, (e) estimated
torque, (f) estimated stator fiux
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FIGURE 6. Simulation result at 7, = 2N-m, w, = 1800rpm, N = 5,
Period = 5: (a) rotor speed, (b) stator current, (c) K, (d) K;, (e) esti-
mated torque, (f) estimated stator fiux

MATLAB/Simulink® and calculate K, = 10.5360 and K; = 34.3965 at 300rpm, K, =
8.1333 and K; = 37.6765 at 1800rpm, to the experiments. The experiments results are
shown in Figures 7 and 8. Both verify the method the study presents can estimate the
actual rotation speed in DTC and catch the commanded speed rapidly.
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FIGURE 7. Experimental result at 7, = 2N-m, w, = 300rpm, K, = 10.5360,
K; = 34.3965: (a) rotor speed command and estimation, (b) stator current,
(c) estimated torque, (d) estimated stator fiux
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FIGURE 8. Experimental result at 7, = 2N-m, w, = 1800rpm, K, = 8.1333,
K,; = 37.6765: (a) rotor speed command and estimation, (b) stator current,
(c) estimated torque, (d) estimated stator fiux

4. Conclusions. This study applies a full-order stator flux observer to a sensorless direct
torque control induction motor firstly. Then, the PSO algorithm is used to obtain proper
feedback gain parameters and the results of simulation and experiment are confirmed
that the PSO algorithm has feasibility, and can improve the performance of the system
efficiently. Otherwise, these results prove that the PSO algorithm is a simple method to
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determine the feedback gain parameters, K, and K, directly better than those by try and
error. It also obviates instability problem of the rotor speed estimator by setting incorrect
feedback gain parameters. Finally, the result of this study can be applied to estimating
parameters in nonlinear system, complex system, and further, to avoiding the problem
caused by parameters mismatch.
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