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In this study, an adaptive speed prediction scheme based on reactive power was established
for direct torque-controlled (DTC) permanent magnet synchronous motor (PMSM) drives. The
current and flux of a stator were used to establish a DTC PMSM drive. Hall effect current
sensors with a non-contact sensing technique were used to detect the stator current of the
PMSM. The voltage space vector pulse width modulation (VSVPWM) DTC scheme was used in
place of a traditional switching table (ST) DTC scheme to reduce current and torque ripples.
Model reference adaptive control (MRAC) was utilized to develop a speed prediction scheme,
and its adaptation mechanism was designed using the elephant herding optimization (EHO)
algorithm. The torque, flux, and speed controllers were designed using a proportional—integral
(P-I)-type controller. The MATLAB/Simulink® toolbox was used to establish the simulation
scheme, and all control algorithms were realized using a microprocessor control card. The
simulation and experimental results confirmed the effectiveness of the proposed approach.

1. Introduction

The development of the green energy automation industry requires many intelligent and
high-efficiency apparatuses. The permanent magnet synchronous motor (PMSM) uses high-
permeability permanent magnets as the rotor magnetic field, which makes PMSM drives suitable
for actuating energy-saving precision machines. Compared with the conventional field-
orientation-controlled based scheme, the direct torque-controlled (DTC) based scheme can
directly control the flux and torque independently, and also exhibits a simple structure, without
decoupling computation, and attains quick responses. In traditional switching table (ST) DTC
PMSM drives, the stator flux and torque are directly dominated by two-level and three-level
hystereses, respectively, and the suitable switching patterns of the voltage source inverter (VSI)
are selected to actuate the motor.() The band—band-type hysteresis obtains quick responses and
is easy to design. However, the torque and current ripples are notable, and the non-fixed

*Corresponding author: e-mail: luoyc@ncut.edu.tw
https://doi.org/10.18494/SAM3748

ISSN 0914-4935 © MYU K.K.
https:/myukk.org/


mailto:luoyc@ncut.edu.tw
https://doi.org/10.18494/SAM3748

1780 Sensors and Materials, Vol. 34, No. 5 (2022)

switching frequency causing the filter is difficult to design. In voltage space vector pulse width
modulation (VSVPWM) DTC drives, a VSVPWM VSI is used in place of ST VSI, and the flux
and torque hystereses of the ST DTC scheme are replaced by a proportional—integral (P-I)-type
controller. Conventional speed control DTC PMSM drives require a digital encoder to detect
shaft positions. However, this sensor diminishes the robustness of PMSM drives. Hence, the
development of speed prediction methods for DTC PMSM drives in place of the conventional
speed feedback scheme is imperative. Numerous speed prediction methods of DTC PMSM
drives have been proposed; examples of such prediction methods are speed identification
utilizing the back electromotive of PMSM,>?) speed determination derived from a flux observer
or estimator,*~% speed estimation using fuzzy logic control or chaos theory,’-? speed
identification using high-frequency signal injection,1°12 and speed adjustment dependent on
adaptive control approaches.13-15) In this research, a VSVPWM VSI scheme was established for
DTC PMSM drives in place of the traditional ST VSI scheme to reduce torque and current
ripples. The development of a speed prediction method for DTC PMSM drives used the model
reference adaptive control (MRAC) based on the reactive power, and the adaptation mechanism
of the MRAC was designed using the elephant herding optimization (EHO) algorithm. Hall
effect currents were used to measure the current for the implementation of the MRAC speed
prediction.(1®)

This paper is presented in six sections. Section 1 presents the research motivation,
background, and literature review on speed prediction methods for DTC PMSM drives. Section 2
describes the DTC PMSM drive based on the VSVPWM VSI scheme and compares it with the
ST VSI scheme. Section 3 develops the MRAC speed prediction method based on the reactive
power of the PMSM. Section 4 details the design of the adaptation mechanism of MRAC using
the EHO algorithm. Sections 5 and 6 cover the experimental setup and results, discussion, and
conclusions.

2. DTC PMSM Drives

In a surface-mounted-magnet rotor without damping winding, the permanent magnet’s axis
coincides with the d-axis component of the rotor shaft. The d-axis and g-axis stator voltage
equations of the PMSM in the synchronous reference coordinate frame are given by (17

(Rs + Lsp)iss - a)eLsi;s = Vss ’ (1)
(R, + Lsp)iqes +@,Lig + 0,y = v;s , )

where iy and i ¢ are the d-axis and g-axis stator currents; vy, and vy, are the d-axis and g-axis
stator voltages; R, and L, are the resistance and inductance of the stator, respectively; A is the
equivalent rotor flux linkage produced by the permanent magnets of the rotor; w, is the speed of
the synchronous reference coordinate frame; and p = d/dt is the differential operator.
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Under a DTC condition, the estimated d-axis and g-axis stator fluxes in the stationary reference
coordinate (w,= 0) frame are

A T 1

Ay =—— (5 — RIS +——A5 ", 3)
ds 1+s0(ds sds) 1+STC ds

B o Te (0 RSy

T 1457 Vs s'gs l+sz. © 7 @

c c

where the symbol * stands for the estimated value, s is the Laplace operator, 7, is the time
constant of the low-pass filter, and A" and /"L;S* are the d-axis and g-axis components of the
stator flux reference, respectively.

By utilizing Eqgs. (3) and (4), the estimated synchronous position angle for the implementation
of the traditional DTC strategy is obtained from

A

. A
6, =tan"' (-2). )
ﬂ'ds

The developed electromagnetic torque of the PMSM under a DTC condition is given by

3P s 25 52
Te = T(l;sﬂgs - l;S/lL;S) > (©6)
where P is the number of motor poles. The mechanical equation of the PMSM is acquired as

T; + B, @y, +J DOy =T, » (7

where 7 is the load torque; B,, and J,, are the viscous friction coefficient and inertia of the
motor, respectively; o,,, = (2/P)w, is the mechanical speed of the motor shaft; and w, is the
electric speed of the rotor.

2.1 ST DTC scheme

A block diagram of the traditional ST VSI closed-loop DTC PMSM drive is shown in Fig. 1,
which includes a speed controller, three-level torque hysteresis, two-level flux hysteresis, voltage
vector ST, sector detection, switching-state to stator-voltage calculation, torque calculation,
stator flux and flux position angle calculation, and three-phase stationary to two-axis stationary
coordinate transformation (3% => 2%).
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Fig. 1.  Traditional ST VSI closed-loop DTC PMSM drive.

2.2 VSVPWM DTC scheme

A block diagram of the conventional VSVPWM VSI closed-loop DTC PMSM drive is shown
in Fig. 2, which includes a speed controller, torque controller, flux controller, VSVPWM, torque
calculation, stator flux and flux position angle calculation, and three-phase stationary to two-
axis stationary coordinate transformation (3% => 2).

The total harmonic distortions (THDs, %) of the traditional ST VSI (19.44%) and conventional
VSVPWM VSI (9.09%) closed-loop DTC PMSM drives are shown in Figs. 3(a) and 3(b),
respectively. Here, the THD % of the conventional VSVPWM closed-loop DTC PMSM drive is
less than those of the traditional ST VSI ones.

3. MRAC Speed Prediction Based on Reactive Power of PMSM

In the proposed DTC PMSM drive, the rotor speed feedback signal was replaced with a
predicted rotor speed. This predicted rotor speed was derived from the developed MRAC speed
prediction scheme based on the reactive power.

The reactive power of a PMSM obtained from the power source in the synchronous reference
coordinate frame is given by

Q = v;s igs - V;S i;s . (8)

Under the DTC condition, by substituting Egs. (1) and (2) into Eq. (8), the reactive power of a
PMSM can also be expressed as
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Q’ = Cbe [Ls (iss )2 + Ls (igs )2 + ﬂ“Ficei‘s] . ©))

On the basis of the MRAC theory,!® Eq. (8) was selected as the reference model because it
does not involve the estimated synchronous speed @,, whereas Eq. (7) contains @,, which was
selected as the adjustable model. The difference between the reference model and the adjustable
model was determined through an adaptation mechanism to identify @,. The developed MRAC
predicted synchronous speed scheme is shown in Fig. 4. Here, the estimated synchronous
position angle ée for the implementation of a VSVPWM and the coordinate transformation from
the two-axis synchronous frame to the two-axis stationary frame (25 => 2¢) is given by

0. = [ @i (10)

4. Adaptation Mechanism Design Using EHO Algorithm

The EHO algorithm was used to design the adaptation mechanism of the MRAC rotor speed
prediction scheme based on the reactive power. It is a swarm intelligence optimization
algorithm,1%-21 derived from the animal husbandry behavior of elephants in nature, and is used
to solve global unconstrained optimization problems. The EHO algorithm is a heuristic
algorithm that can easily solve optimization problems. It has a simple structure and few control
parameters, and can easily be combined with other methods.

In nature, an elephant herd can be divided into several clans, and each clan has a female
elephant as its leader. In each generation, a certain number of male elephants will leave the clan.
The elephants of different clans all live under the leadership of the patriarch (the best elephant in
the clan). A fixed number of male elephants will leave their clan after they mature and then
perform a clan update to change the position of each elephant in the new clan. After the elephant
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Fig. 4. MRAC rotor speed prediction scheme based on reactive power.
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obtains the position of the new clan, a classification operation is performed to optimize the
elephant with a poor position in the clan.

In the basic EHO algorithm, the clan represents a local search, and the male elephants leaving
the clan perform a global search. First, the update operation is performed to determine the search
direction of the algorithm and the detailed local search level, and then the separation operation is
performed. The basic EHO consists of clan update and clan separation operations.

4.1 Clan update operation

Elephants from different herds will live together under the leadership of the patriarch. The
matriarch has the best fitness in the elephant clan. Each elephant will update its position
according to the corresponding position relationship with the matriarch and update the position
of the patriarch on the basis of the central position of the clan.

Here, we randomly initialized the elephant population and divided the elephant herd into »
clans. Accordingly, there are j individual elephants in each clan. In each iteration, the position j
of each individual elephant will move with the position of the patriarch in the ¢, clan (best fitness
value Xpest ¢, )- The clan update operation is

xnew,c,—,j :xcl-,j +a(xbest,cl- _xc,-,_j)7 5 (11)

where Xnew,c,, is the updated position, X, ; is the position of the previous generation, Xpest,c, 1s
the position with the best fitness in the ¢; clan, « €[0,1] is a ratio factor representing the degree
of influence of the best position of the matriarch X, .. on the position of elephant individuals
x,, ; in the clan, and 7 €[0,1] is a random number used to increase the diversity of the population
in the later stage of the algorithm. The position of the matriarch x,,, . in the ¢, clan is defined as

xbest,c,-,j = IB ' xcenter,c, 5 (12)

where g e[0,1] is the second algorithm parameter dominating the degree of influence on the
clan center X, . . The clan center is defined as

ne,
xcenter,ci,d :(Zxci,j,d) n"i , (13)
=

where 1 < d < D represents the dth dimension, D is the total number of dimensions in the search
space, and 7, is the number of elephants in the ¢; clan.
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4.2 Clan separation operation

The grown-up male elephants will leave their herd to increase the herd’s global search
capabilities and density. The elephant in the worst position (the elephant with the worst fitness)
will be deleted, and a random search will be performed in the search space to increase the search
performance.

In each ¢, clan, a certain number of elephants with the worst fitness function value will be
moved to a new position. Their position is defined as

xworst,cl- = Xpin T (xmax ~ Xmin T 1) ' nmda (14)

where x.;, and x,,
rand €[0,1].

« are the lower and upper limits of the search space, respectively;

The basic steps of the EHO algorithm are as follows:

Step 1: Initialize the population and set the maximum number of iterations.

Step 2: Calculate the individual fitness value of each elephant and use the fitness function to
obtain the current optimal individual position.

Step 3: Update the individual position of each elephant in the population according to Eq. (11)
and the current optimal individual position using Eq. (12).

Step 4: Calculate the individual fitness value of each elephant after the update and evaluate the
updated elephant population to obtain the best and worst individual positions in the
population.

Step 5: Update the current worst individual position to retain the best solution using Eq. (14).

Step 6: s the maximum number of iterations reached? If yes, then output the current optimal
individual position and the corresponding fitness value; otherwise, return to Step 2.

A block diagram of the proposed MRAC speed prediction DTC PMSM drive using the EHO
algorithm to design the adaptation mechanism is shown in Fig. 5, which includes a speed
controller, torque controller, flux controller, VSVPWM, torque calculation, stator flux
calculation, three-phase system to two-axis stationary frame coordinate transformation (2% <= 3),
two-axis stationary to two-axis synchronous frame coordinate transformation (2¢ <= 2%), and
EHO algorithm MRAC rotor speed prediction scheme based on the reactive power. In this
system, P—I-type controllers for the speed, torque, and flux control loops were designed with the
pole placement method. The proportional gain (K,), integral gain (K;), damping ratio ({), and
bandwidth (BW) for the three P—I-type controllers are shown in Table 1. The adaptation
mechanism of the MRAC rotor speed prediction scheme was designed using the EHO algorithm.
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Fig. 5.  MRAC speed prediction DTC PMSM drive using the EHO algorithm adaptation scheme.

Table 1

Controller parameters, damping ratio, and bandwidth.

Controller type K, K; ¢ BW
Speed 3 22.5 0.741 9.77
Torque 2.07 14.3 0.712 9.03
Flux 1 100 0.667 141

5. Experimental Setup and Results

A standard three-phase, 220 V, 0.75 kW, Y-connected PMSM was used to serve as the
controlled plant for the simulation and experiment to confirm the effectiveness of the proposed
MRAC speed prediction DTC PMSM drive using the EHO algorithm designed as the adaptation
mechanism. The simulation system was established using the toolbox MATLAB/Simulink®.
The control program was executed using a Texas Instruments DSP 6713-and-F2812 control card.
In a running cycle, the speed command was designed as follows: forward direction acceleration
from ¢ =0 to t = 1 s; forward direction steady-state running at interval 1 < ¢ < 4 s; forward
direction braking to reach zero speed during 4 < ¢ <5 s; reverse direction acceleration from ¢ =5
to t = 6 s; reverse direction steady-state running at interval 6 < ¢ < 9 s; and reverse direction
braking to reach zero speed during 9 << 10 s.
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The simulated and measured responses with 2 N-m load for a reversible steady-state speed
command of 1800 (rev/min) are shown in Figs. 6 and 7. Each figure contains six responses: (a)
command (dashed line) and prediction (solid line) rotor speed, (b) command (dashed line) and
actual (solid line) rotor speed, (c) electromagnetic torque, (d) stator current, () estimated
synchronous position angle, and (f) stator flux locus (g-axis vs d-axis).

From the simulated and measured responses in reversible transient and steady-state
operations under a load condition, the proposed MRAC speed prediction DTC PMSM drive can
accurately predict the rotor speed. The saw-tooth flux position angle determined the exact
coordinate transformation between the synchronous and stationary frames, and the reduction of
the electromagnetic torque and stator current ripples was achieved.
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Fig. 6. (Color online) Simulated responses of the MRAC speed prediction DTC PMSM dive using the EHO
algorithm designed as the adaptation mechanism with 2 N-m load for the reversible steady-state speed command of
1800 rev/min. (a) Predicted rotor speed, (b) actual rotor speed, (c) electromagnetic torque, (d) stator current, (¢)
estimated synchronous position angle, and (f) stator flux locus.
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Fig. 7. (Color online) Measured responses of the MRAC speed prediction DTC PMSM dive using the EHO
algorithm designed as the adaptation mechanism with 2 N-m load for the reversible steady-state speed command of
1800 rev/min. (a) Predicted rotor speed, (b) actual rotor speed, (c) electromagnetic torque, (d) stator current, (¢)
estimated synchronous position angle, and (f) stator flux locus.

6. Conclusions

An MRAC based on the reactive power using the EHO algorithm designed as the adaptation
mechanism was developed for the speed prediction of DTC PMSM drives. The proposed MRAC
is based on the reactive power that effectively adjusts the reversible operation speed in the
transient and steady states. The saw-tooth synchronous position angle determined the exact
coordinate transformation between the synchronous and stationary frames, and the reduction of
the electromagnetic torque and stator current ripples was achieved. The stator currents for
implementing the MRAC speed prediction of the DTC PMSM drive were provided by Hall
effect current sensors. The simulated and measured responses with the load condition for the
reversible transient-state and steady-state operations confirm the effectiveness of the proposed
approach.
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