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A motor resistance parameter identification scheme was proposed for the speed prediction of
a direct-torque-controlled (DTC) induction motor (IM) drive. The DTC IM drive was established
on the basis of the stator’s current and flux, with the stator current acquired from an IM using
the Hall effect current sensor. Rotor speed prediction was achieved using the electromagnetic
torque and rotor flux. The stator resistance parameter identification scheme was developed using
the model reference adaptive system based on the motor’s active power, and the adaptation
mechanism was designed using the modified particle swarm optimization algorithm. The
MATLAB\Simulink® toolbox was utilized to simulate this system, and all the control algorithms
were realized using a TI DSP 6713 and F2812 micro-control card to validate this approach.
Simulation and experimental results confirmed the effectiveness of the proposed approach.

1. Introduction

The development of Industry 4.0 and electric vehicles necessitates high-performance
actuators. Induction motors (IMs), compared with DC motors, are advantageous owing to their
lack of commutators and carbon brushes, making them more suitable for high-power
applications. AC motor direct torque control (DTC) lacks decoupling calculation and does not
require coordinate transformation between synchronous and stationary reference frames.
Compared with the field-oriented control, DTC is more suitable for motor drives that require
rapid responses. The traditional DTC scheme is a switching table (ST) power switching pattern,
and the current and torque ripples are notable. In place of the ST pattern by a voltage space
vector pulse width modulation (VSVPWM) power switching pattern, the torque and current
ripples can be reduced.!) For the implementation of conventional closed-loop DTC IM drives, a
shaft position sensor such as an encoder or a resolver is required to detect rotor position.
However, this sensor deteriorates the drive robustness and is not suitable for hostile
environments. Several speed estimation methods for DTC IM drives have been published: speed
acquisition from a flux estimator,?> % speed estimation using an observer,®7) and speed
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determination from an extended Kalman filter.8-1 Furthermore, for the implementation of a
speed prediction DTC IM drive, the parameters of stator and rotor resistances are required to
estimate the stator flux, torque, and rotor speed. These parameters deviate from their actual
values owing to temperature variations, resulting in drive performance degradation. Several
motor resistance parameter identification approaches for IM drives have been presented in the
literature: resistance parameter estimation according to a neural network,1"13 resistance
parameter determination by adopting adaptive control theory,4-16) and resistance parameter
identification using fuzzy logic control.17-19 In this research, a DTC IM drive was established
using the current and flux of the stator, and the detected three-phase stator currents were
acquired from an IM through electromagnetic Hall effect current sensors. The predicted rotor
speed was obtained on the basis of electromagnetic torque and rotor flux. A stator resistance
parameter identification scheme was developed using a motor’s active power according to the
model reference adaptive system (MRAS), and the adaptation mechanism was designed using
the modified particle swarm optimization (PSO) algorithm. These approaches confirmed the
feasibility of implementing a promising speed prediction DTC IM drive using motor resistance
parameter identification.

This paper comprises six sections. In Sect. 1, we present the research background and
motivation, and review the literature on speed prediction methods for DTC IM drives using the
motor resistance parameter identification. In Sect. 2, the DTC IM drive system and speed
prediction method are described. The design details of the stator resistance parameter
identification scheme based on MRAS are given in Sect. 3. In Sect. 4, we explain in detail the
adaptation mechanism design using the modified PSO algorithm. Sections 5 and 6 cover the
simulation and experimental results, discussion, and conclusions.

2. Speed Prediction DTC IM Drive with VSVPWM

The stator and rotor voltage equations of an IM in the stationary reference coordinate frame
are given by(20)

RIS + pis =5 (M
R+ pA - jo, A} =0, @

where i’ =iy + jioo and i =ij, + ji;, are the stator and rotor currents, A5 =25 + JAqs and
A, = Ag, + jA,, are the stator and rotor fluxes, R, and R, are the stator and rotor resistances,
respectively, Vi = vy, + jv,, is the stator voltage, o, is the electric speed of the rotor, p = d/dt is
the differential operator, and j stands for the imaginary part.

Under a DTC condition, the d-axis and g-axis estimated stator flux can be expressed as
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where the symbol * denotes the estimated value, «,. is the time constant of the low-pass filter, s is
the Laplace operator, and A, and A, are the d-axis and g-axis components of the stator flux
reference, respectively.

On the basis of Egs. (3) and (4), the estimated synchronous position angle for implementing
the DTC IM drive is given by

A i
6, =tan™! { AZS J ®)
ﬁ'ds

The generated electromagnetic torque of an IM is derived as
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where P is the IM pole number. The mechanical equation of the motor is obtained as

Bmwrm +Jmpwrm +TL = Te’ (7)

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

2.1 ST pattern and VSVPWM pattern closed-loop DTC IM drives

The ST pattern and VSVPWM pattern closed-loop DTC IM drives are shown in Figs. 1 and
2, respectively. Upon comparing Figs.l and 2, it can be observed that the three-level torque
hysteresis, two-level flux hysteresis, and voltage vector ST are replaced by the torque controller,
flux controller, and VSVPWM, respectively.

The reversible transient and steady-state responses of the closed-loop DTC IM drive with a
load of 2 N-m are shown in Fig. 3, including (a) rotor speed (ST pattern), (b) rotor speed
(VSVPWM npattern), (c) torque (ST pattern), and (d) torque (VSVPWM pattern). Here, the speed
and torque ripples of the VSVPWM pattern are less pronounced than those of the ST pattern.

The total harmonic distortion (THD, %) of the closed-loop DTC IM drive is shown in Fig. 4.
The THD % for the ST pattern is 111.64%, whereas that for the VSVPWM pattern, is 41.05%. It
is evident that the THD % of the VSVPWM pattern in the closed-loop DTC IM drive is lower
than that of the ST pattern.
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Fig. 1. ST pattern closed-loop DTC IM drive.
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Fig. 2. VSVPWM pattern closed-loop DTC IM drive.

2.2 Rotor speed prediction using electromagnetic torque and rotor flux

The estimated rotor flux and the estimated synchronous speed can be respectively derived as
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Fig. 3. (Color online) Speed and torque responses of the closed-loop DTC IM drive with a load of 2 N-m. (a) rotor
speed (ST pattern), (b) rotor speed (VSVPWM pattern), (c) torque (ST pattern), and (d) torque (VSVPWM pattern).
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Fig. 4. (Color online) THD % of closed-loop DTC IM drive. (a) ST pattern and (b) VSVPWM pattern.
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where L,, L, and L, are the stator, rotor, and mutual inductances, respectively, and
c=1-1L,%/L,L, is a leakage inductance coefficient.

The T-I-type equivalent circuit of an IM is shown in Fig. 5; here, s, denotes the slip. On the
basis of the air-gap power of an IM, utilizing the voltage |V, | between terminals A and B, and
the current |i7,| entering between terminals C and D, the estimated slip speed can be derived as

. 4R T
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Fig. 5. T-I-type equivalent circuit of an IM.

The estimated rotor speed is obtained as

= W — Wy (11)

3. MRAS Stator Resistance Parameter Identification Based on Active Power

The implementation of the speed prediction DTC IM drive requires accurate motor resistance
parameters to estimate stator flux and synchronous speed. However, owing to temperature
changes, the actual resistances of the motor may deviate from the set values, leading to the
deterioration of the speed prediction DTC IM drive.

The active power of an IM absorbed from the power source is given by

_ s .S PRI
Ps =lggVas T lgsVgs (12)

By substituting Eq. (1) into Eq. (12), the active power can be derived as

D 82, 52 s A4S .S K
%7RS _Rs (lds +qu )+ldsSﬂ’ds +lqu/1qs’ (13)

where R, is the identified stator resistance.

On the basis of the MRAS theory,?) Eq. (12) without the identified parameter R, is selected
as the reference model, whereas Eq. (13) containing ﬁs is selected as the adjustable model. The
difference between the reference model and the adjustable model is tuned by an adaptation

mechanism. Assuming that the temperature coefficient of the rotor resistance is the same as that
of the stator resistance, the estimated rotor resistance parameter is given by

ﬁr = Rs (an /Rsn )’ (14)

where R,,, and R, are the nominal values of the rotor and stator resistances, respectively.

The MRAS stator resistance parameter identification scheme is shown in Fig. 6. Here, the
stator resistance is the only plant parameter to be tuned, whereas the remaining state variables
are either identifiable or measureable. The proposed identification scheme is robust with regard
to variations in other plant parameters.
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Fig. 6. MRAS stator resistance parameter identification scheme.

4. Adaptation Mechanism Design Using Modified PSO Algorithm

The modified PSO algorithm was employed to design the adaptation mechanism of the
MRAS stator resistance parameter identification scheme. This choice was made owing to the
advantages of having few setting parameters, fast convergence, and applicability to dynamic
conditions. The PSO algorithm draws inspiration from the collective behavior observed in flocks
of birds,?» whereby individuals communicate special messages to steer the group towards a
common goal. In PSO, each particle represents an individual within the group, equipped with
memory and learning capabilities. Initially, a particle swarm is created with a uniform random
distribution, with each particle serving as a candidate solution to the problem at hand. Through
interactions guided by the best experiences of both individuals and the group, the particle swarm
gradually approaches the optimal solution. However, the traditional PSO algorithm tends to
converge rapidly towards local solutions. The inertia weight and maximum velocity methods
improve the local solution convergence problem.?®) The process of updating particle positions
and velocities is described as follows:

Vit)y=w-Vi(t—=1)+C, - Rand - (P,,;, — X;) +C, - Rand -(Gp,y — X;)s (15)
x;(t) = x,(t =)+ V(1) (16)

NVaxs ;@O 27V,4,)
V;(t) - {Vmin’ 1f(Vz(t) < Vmin) (17)

where V(f) and x,(f) are the velocity and position of the particle, Py, , and G, denote the best
solution positions for individual and group particles, respectively, C; and C, are the learning
factors, w is a weighting, Rand is a random uniform distribution, V,,,,

velocity of the particle, and V,,,;, is the minimum velocity of the particle.

denotes the maximum
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Figure 7 shows the flow chart of the proposed modified PSO algorithm adaptation mechanism
design.

Figure 8 illustrates the block diagram of the proposed speed prediction DTC IM drive
incorporating motor resistance parameter identification. The system comprises a speed
controller, a torque controller, a flux controller, VSVPWM, speed prediction based on f"e and /if ,
if and @, calculation, ASS and ée calculation, torque calculation, three-phase to two-axis stationary
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Fig. 7. Flow chart of the proposed modified PSO algorithm adaptation mechanism design.
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Speed prediction DTC IM drive based on motor resistance parameter identification.
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reference frame coordinate transformation (2° <=3), and the PSO MRAS R, identification
scheme. In this system, the speed controller, torque controller, and flux controller were designed
using the pole placement. The adaptation mechanism design was used in the modified PSO
algorithm. Furthermore, the three-phase currents (i, i, and i, were obtained from the IM
using Hall effect current sensors that achieved the coordinate transformation from a three-phase
reference frame to a two-axis stationary reference frame (2° < 3).

5. Simulation Setup and Results

A three-phase, 220 V, 0.75 kW, A-connected standard squirrel cage IM was used to serve as
the controlled plant for experimentation to validate the effectiveness of the developed speed
prediction DTC IM drive based on the MRAS stator resistance parameter identification. In a
running cycle, the speed command is designed as follows: forward direction acceleration from
t=0tot=1s, forward direction steady state running over 1 <z <3 s, forward direction braking
to reach zero speed within the interval 3 < ¢ <4 s, reverse direction acceleration from ¢ = 4 to
t =5 s, reverse direction steady state running over 5 < ¢ < 7 s, and reverse direction braking to
reach zero speed within the interval 7 <7 < 8 s. The simulated and measured responses of the
first three running cycles are shown in Figs. 9 and 10, respectively. Here, the stator resistance
was increased by 1 Q at 9's.
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Fig. 9. (Color online) Simulated responses of the proposed speed prediction DTC IM drive based on the MRAS
stator resistance parameter identification with a load of 3 N-m for a reversible steady-state speed command of 1800
rev/min: (a) predicted rotor speed, (b) actual rotor speed, (c) stator current, (d) electromagnetic torque, (e) identified
stator resistance, and (f) stator flux position angle.
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Fig. 10. (Color online) Measured responses of the proposed speed prediction DTC IM drive based on the MRAS
stator resistance parameter identification with a load of 3 N-m for a reversible steady-state speed command of 1800
rev/min: (a) predicted rotor speed, (b) actual rotor speed, (c) stator current, (d) electromagnetic torque, (¢) identified
stator resistance, and (f) stator flux position angle.

Figures 9 and 10 present the simulated and measured responses with a load of 3 N-m for
reversible steady-state speed commands at 1800 rev/min, respectively. Each figure contains six
responses: (a) command (dashed line) and predicted (solid line) rotor speed, (b) command
(dashed line) and actual (solid) rotor speed, (c) stator current, (d) electromagnetic torque, (e)
identified stator resistance, and (f) estimated synchronous position angle.

According to the simulated and measured responses, the accurate determination of rotor
speed was achieved through the integration of the electromagnetic torque and the estimated rotor
flux. The MRAS stator resistance parameter identification scheme guarantees that speed
prediction remains unaffected by resistance—temperature variations. Additionally, the sawtooth
stator flux position angle ensurs the accurate determination of the synchronous speed. Promising
responses were observed for electromagnetic torque and stator current, including reversible
transient and steady states, indicating the effective realization of the desired performance.
Consequently, the developed speed prediction DTC IM drive based on the MRAS stator
resistance parameter identification scheme has shown that the desired performance can be
achieved.
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6. Conclusions

An MRAS stator resistance parameter identification scheme was developed for a speed
prediction DTC IM drive. The DTC IM drive integrated with VSVPWM was established using
the stator current and flux. The speed prediction was achieved through the utilization of
electromagnetic torque and rotor flux. The MRAS stator resistance parameter identification was
developed on the basis of the motor’s active power, and the adaptation mechanism design was
used in the modified PSO algorithm. The three-phase stator currents for implementing the speed
prediction DTC IM drive were provided using the Hall effect current sensors. Simulation and
experimental results under a load condition for reversible steady-state speed commands
confirmed the promising performance of the proposed speed prediction DTC IM drive based on
the MRAS stator resistance parameter identification scheme.
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