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A variable-parameter speed controller was developed for an adaptive flux-vector-controlled
(FVC) permanent magnet synchronous motor (PMSM) drive. The decoupled FVC PMSM drive
was established using the stator voltage and current, and an adaptation mechanism of the model
reference adaptive system (MRAS) speed prediction scheme was designed using the firefly
algorithm (FA). A variable-parameter speed controller was designed using an improved particle
swarm optimization (PSO) algorithm, replacing the conventional fixed-parameter speed
controller to adapt to severe interference and sudden load changes. Hall-effect current sensors
were used as electromagnetic sensing elements to detect the stator current from the PMSM. A
MATLAB/Simulink® toolbox was used to establish the simulation scheme, and all control
algorithms were realized using a microcontroller card. Simulation and experimental results
under load changes confirmed the effectiveness of the proposed approach.

1. Introduction

The development of electric vehicles and high-precision machinery industries requires many
high-performance motors as actuators. Compared with other types of motors, permanent magnet
synchronous motors (PMSMs) have advantages of energy saving, small volume, and robustness,
and are widely selected as drive motors by the above-mentioned industries. According to the
PMSM flux vector control theory, the complicated PMSM mathematical model can be
distributed into flux-current and torque-current components by coordinate transformation
between a three-phase reference frame and a two-axis synchronous reference frame. Both
components are orthogonal and the torque-current component is controllable, resulting in the
attained maximum torque-to-current ratio. The realization of a conventional flux-vector-
controlled (FVC) PMSM drive requires an encoder to detect the position of the rotor shaft.
However, this sensor reduces drive robustness and is unsuitable in a hostile environment. The
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development of a speed prediction approach is necessary to replace the conventional FVC
PMSM drive. The speed controller of the conventional FVC PMSM drive is designed with fixed
parameters, and the performance will deteriorate owing to severe external interference and
considerable load changes. Several speed-controller design methods with variable parameters of
FVC PMSM drives, such as the variable-parameter identification via adaptive control system
scheme,!%) variable-parameter adjustment dependent on a neural network,0~7) variable-
parameter design by an optimal control theory,®? variable-parameter determination using a
robust control method,(1%-12) and variable-parameter estimation from a fuzzy logic control, have
been published.(!3-15) These methods are rarely used in the speed prediction FVC PMSM drive.
In this research, the speed controller of an adaptive speed prediction FVC PMSM drive was
designed with variable parameters to adapt to severe interference and sudden load changes. In
the proposed FVC PMSM drive, a model reference adaptive system (MRAS) was used to
develop a speed prediction scheme, and the adaptation mechanism of MRAS was designed using
the firefly algorithm (FA). A time-varying speed controller was designed using an improved
particle swarm optimization (PSO) algorithm to adapt to severe interference and sudden load
changes, which has advantages of less computational burden, no training database, and easy
design. The three-phase stator current measurement for the realization of the speed prediction
scheme was acquired from a PMSM using Hall-effect current sensors.

This paper comprises six sections. In Sect. 1, we present the research motivation, background,
and literature review on the variable-parameter speed controller of adaptive speed prediction
FVC PMSM drives. In Sect. 2, we describe the proposed decoupled FVC PMSM drive. In Sect.
3, we discuss the development of the MRAS speed prediction scheme with the FA adaptation
mechanism. The details of the design procedure of an improved PSO variable-parameter
controller are given in Sect. 4. Sections 5 and 6 cover the experimental setup, results, discussion,
and conclusion.

2. Decoupled FVC PMSM Drive

Suppose that the permanent magnets of a PMSM are surface-mounted on the rotor without
damper winding and that the magnetic axis of the permanent magnets is consistent with the
d-axis component of the rotor shaft. The two-axis stator dynamic equations of a PMSM in the
synchronous reference coordinate frame are given by(!©)

pi;s = _(weRs /Xs )i;s - a)eiss - (0)3 /Xs )ﬂ’Fr + (a)e /Xs )vf;s > (1)
piss = _(weRs /Xs )iSS + a)ei;s + (we /Xs )vaels > (2)

where p = d/d is a differential operator; i ; and ig are the g-axis and d-axis stator currents, vy,
and vy, are the g-axis and d-axis stator voltages, and X; and R, are the reactance and resistance of
the stator, respectively; A, is the equivalent rotor magnet flux linkage developed by the
permanent magnets of the rotor; and w, is the speed of the synchronous reference coordinate
frame.
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An examination of Eq. (1) reveals that the second and third terms on the right side are the
coupling components in relation to the d-axis stator current and equivalent rotor magnet flux
linkage, respectively. Also, an examination of Eq. (2) reveals that the second term on the right
side is a coupling component in relation to the g-axis stator current. On the basis of these
coupling components, the g-axis and d-axis stator voltage feedforward compensations can be
defined as

v;s_cp = a)eﬂ“Fr + Xsigs > (3)
e .e
Vds op = -X g )

Thus, the linear control of the g-axis and d-axis stator current loops can be acquired. The voltage
commands of the g-axis and d-axis stator current control loops are given by

qu: = (a)e/Xs)V;s + (a)e/Xs)vgs_cp’ (5)

Vs: = (we/Xs )Vlis + (we/Xs )vssicpr (6)

where v;IS and v/, are the outputs of the g-axis and d-axis stator current controllers, respectively.
The developed electromagnetic torque of a PMSM is derived as

T, =(P/2) A, ™)

where P is the number of motor poles. Equation (7) reveals that the equivalent rotor magnet flux
linkage A, and g-axis stator current i;s are orthogonal. The generated electromagnetic torque of
a PMSM is controlled by i;s, and the maximum torque-to-current ratio is attained. The
mechanical equation of a PMSM is acquired as

Te = Jmpa)rm +Bmwrm +TL= (8)

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

3. MRAS Speed Prediction Scheme

In this study, the speed prediction scheme was established in accordance with an MRAS
based on the reactive power of a PMSM, and the adaptation mechanism of the MRAS was
developed using the FA.
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According to the MRAS theory,(!”) the reference model and the adjustable model based on
the reactive power of a PMSM can be derived as Egs. (9) and (10), respectively.

Q = vgs i(?s - vss i:;S > (9)
0'=&,[ (X, /@05 + Ay + (X, J0, )i, . (10)

2

where “”” implies an identified value. The difference between the reference and adjustable
models is applied to an adaptation mechanism to identify ¢@,. Figure 1 shows the established
MRAS rotor speed prediction scheme. Here, the synchronous position angle for the coordinate
transformation between the two-axis synchronous coordinate frame and the three-phase system

(2° = 3 and 2° «=3) is given by

0,= —a,, 11)

where s is a Laplace operator.

The adaptation mechanism of the MRAS was developed using FA, which has the advantages
of easy understanding, relatively few setting parameters, and easy implementation. Figure 2
shows the flow chart of the proposed FA-design procedure, which includes the setting of
parameters, the initialization of the firefly position and brightness, updating the firefly position
and brightness, and the evaluation of the obtained new solution.(1®)

4. Variable-parameter Speed Controller Using an Improved PSO Algorithm
In dynamic situations, the conventional PSO algorithm with a fixed inertia weight will cause

particles to fall into the best solution at the previous time. A dynamic inertia-weighted PSO
algorithm with perception and response can update the best solution of particles at the present
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Fig. 1. MRAS rotor speed prediction scheme based on the reactive power.
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Fig. 2. Flow chart of the proposed adaptation mechanism design using FA.

time. The dynamic inertia-weighted PSO algorithm senses current external changes to update
the particles in response to the changes.(!%20 Particles with a large inertia weight have a strong
large-scale search as a global search, while particles with a small inertia weight have a strong
small-scale search as a local search. In the initial stage of the algorithm, the global search can
quickly obtain the global best solution area, and the local search can quickly obtain the best
solution of the problem by linearly reducing the inertia weighting in the final stage of the
algorithm. In this research, an improved PSO algorithm with a dynamic inertia weight was used
to predict proportional and integral gains (K, K;) for the variable-parameter speed controller.
In the dynamic inertia-weighted PSO algorithm, a reiterative computation procedure is applied
to update the velocity and position of each particle until the termination condition is satisfied for

the best solution. The updated velocity and position of the particle are given by

vi(n+ D) =w-vi(n)+ oy -rand - (Byg (n) = x;(n)) + 0t - rand - (Gygy (n) = x;(n)), (12)
) = (Qpay = Qmin) 1 My (13)

%y = (Xomay = Qamin) "1 My (14)

W=Woe — Woae = Winin) -1/ Moy s (15)

where v,(n) and v;(n + 1) are the present and next particle velocities, respectively. Moreover, x,(1)
is the present position of the particle, w is a weighting factor, and rand is a random: P, and
G5 are the best positions of the individual particle and swarm, a; and o, are the learning
factors of the individual particle and swarm, a,,,, and a,,,,, are the initial learning factors of
the individual particle and swarm, a,,;, and oa,,,;, are the terminal learning factors of the
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individual particle and swarm, w,,,, and w,,;, are the initial and terminal weighting factors, and
m and m,,;, are the present and maximum iteration numbers, respectively. Figure 3 shows the
flow chart of the proposed variable-parameter speed controller using the dynamic inertia
weighting PSO algorithm.

Figure 4 shows the block diagram of the proposed variable-parameter speed controller for the
adaptive FVC PMSM drive. The drive includes a variable-parameter speed controller, g-axis and
d-axis stator current controllers, g-axis and d-axis stator voltage decoupling, coordinate
transformation between synchronous and stationary reference frames (2° = 3, 2° < 3), MRAS
speed prediction using the FA adaptation mechanism, and an improved PSO algorithm speed
controller design scheme. In this research, the proportional-integral (P-I) controllers for g-axis
and d-axis stator current control loops were designed according to the root-locus and Bode plot.
The improved PSO algorithm speed controller was designed by dynamic inertia weighting.
Then, the three-phase currents (i, i, and i.,) were obtained from the PMSM using Hall-effect
current sensors that achieved the coordinate transformation from a three-phase reference frame
to a two-axis synchronous reference frame (2° < 3).

5. Experimental Setup and Results

A simulation scheme of the proposed system was established using the MATLAB/Simulink®
toolbox. The implementation program was executed using a TI DSP 6713-and-F2812 control
card and a voltage source inverter to actuate the PMSM. A standard three-phase, 220 V, 0.75 kW,
Y-connected PMSM was used to confirm the effectiveness of the proposed variable-parameter
speed controller for the adaptive FVC PMSM drive using the improved PSO algorithm. In a
running cycle, the sequence of speed commands was designed as follows: forward-direction
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Fig. 3. Flow chart of the proposed variable-parameter speed controller using the improved PSO algorithm.
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Fig. 4. Variable-parameter speed controller for the adaptive FVC PMSM drive using the improved PSO algorithm.

acceleration from =0sto =1 s, forward-direction steady-state running at the interval 1 <t<7s,
forward-direction braking to reach the zero speed during 7 < ¢ < 8 s, reverse-direction
acceleration from =8 s to =9 s, reverse-direction steady-state running at the interval 9 <7< 15,
and reverse-direction braking to reach zero speed during 15 < ¢ < 16 s. Furthermore, in the
running cycle, load changes were designed as follows: in the forward-direction steady-state
running at the interval 1 <¢<7 s, no load was added over 1 <7< 3 s, a3 N-m load was added
from =3 stotr=4s,noload was added over 4 <¢<5.5s,a 2.5 N-m load was added from 1= 5.5
s to t = 6.5 s, and no load was added over 6.5 < ¢ < 7 s; in the reverse-direction steady-state
running at the interval 9 <7< 15 s, no load was added over 9 <¢#<11 s, a 3 N-m load was added
from r=11 s to =12 s, no load was added over 12 <¢<13.5 s, a 2.5 N-m load was added from ¢
=13.5stot=14.5 s, and no load was added over 14.5 <t <15 s.

Figures 5 and 6 illustrate the simulation and experimental results with steady-state load
changes for a reversible steady-state speed command of 1800 rev/min, respectively. Each figure
includes eight responses: (a) variable proportional gain parameter, (b) variable integral gain
parameter, (c) command (dashed line) and predicted (solid line) rotor speed, (d) command
(dashed line) and actual (solid line) rotor speed, (e) synchronous position angle, (f) stator flux
locus (g-axis vs d-axis), (g) electromagnetic torque, and (h) stator current.

According to the simulation and experimental test results under reversible operations and
steady-state load change conditions, the developed MRAS with an FA adaptation mechanism
could accurately predict the rotor speed, and the designed variable-parameter speed controller
using an improved PSO algorithm could properly adapt steady-state load changes. Furthermore,
the promising responses of electromagnetic torque and stator current were achieved, and the
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Fig. 5. (Color online) Simulated responses of the proposed variable-parameter speed controller for the adaptive
FVC PMSM drive using an improved PSO algorithm with load changes for a reversible steady-state speed command
of 1800 rev/min: (a) variable proportional gain parameter, (b) variable integral gain parameter, (c) predicated rotor
speed, (d) actual rotor speed, (e) synchronous position angle, (f) stator flux locus, (g) electromagnetic torque, and (h)
stator current.

sawtooth synchronous position angle and circular steady-state stator flux locus confirmed the
correct coordinate transformation to be achieved.
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Fig. 6.  (Color online) Experimental responses of the proposed variable-parameter speed controller for the adaptive
FVC PMSM drive using an improved PSO algorithm with load changes for reversible steady-state speed command
of 1800 rev/min: (a) variable proportional gain parameter, (b) variable integral gain parameter, (c) predicated rotor
speed, (d) actual rotor speed, (e) synchronous position angle, (f) stator flux locus, (g) electromagnetic torque, and (h)
stator current.

6. Conclusions

A variable-parameter speed controller using an improved PSO was developed for an adaptive
FVC PMSM drive. The decoupled FVC PMSM drive was established according to the current
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and voltage of the stator. The dynamic inertia-weighted PSO algorithm was used to design the
speed controller with variable P-I gain parameters. The MRAS with an FA adaptation
mechanism was used to predict the rotor speed. Three-phase stator currents for implementing
the variable-parameter speed controller for adaptive FVC PMSM drives were provided by Hall-
effect current sensors. Simulation and experimental results for reversible steady-state speed
commands under steady-state load changes confirmed the promising performance of the
proposed variable-parameter speed controller for the adaptive FVC PMSM drive.
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