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This paper proposes a modification to the direct torque control (DTC) strategy
for induction motors, focusing on improving flux performance at lower
speeds. The method employs a sector rotation strategy to address stator flux
droop, which occurs in conventional DTC due to the impact of stator
resistance at low speed becoming more significant. This constrains the ability
of the flux vector to be tangential to the voltage vector in the default sector.
Consequently, an improper flux locus leads to distortion of the phase currents
which disrupts precise control of torque. The proposed approach dynamically
adjusts the sector angle to mitigate flux droop while maintaining the simplicity
and original structure of DTC. The new sector rotation strategy is validated
through simulations in MATLAB/Simulink to demonstrate the effectiveness
of the proposed method in reducing stator flux droop. These findings have
potential applications in the industrial sector and electric vehicles, where
stable motor operation and smoother driving performance at low speeds are
crucial for precise control operation.
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1. INTRODUCTION

Three-phase induction motor plays a crucial role in diverse industrial applications, owing to its
robustness, reliability, and cost-effectiveness [1]. It is widely used in applications ranging from industrial
machinery to electric vehicles [2], [3]. With the growing demand for high-performance motor drives, various
advanced control strategies have been developed to enhance the operation of induction motors. Field-oriented
control and direct torque control are the two most widely used methods for controlling induction motor drives
among these advanced control strategies [4], [5].

In 1971, F. Blaschke's introduction of FOC revolutionized motor control by decoupling the control of
torque and flux [6]. However, FOC requires precise estimation of motor parameters, which can complicate its
implementation [7]. In contrast, DTC, developed by |. Takahashi in 1984, provides a simpler alternative by
directly regulating torque and flux without requiring current controllers or pulse-width modulation [8]-[12].
Unlike FOC, this control technique is implemented entirely in the stationary frame, using stator-fixed reference
coordinates [13]. DTC provides fast torque response and reduced dependency on motor parameters, making it
a preferred choice for high-dynamic applications [6], [14], [15]. However, traditional direct torque control
(DTC) approaches suffer from flux droop issues, particularly at low speeds [7], [16].

Journal homepage: http://ijpeds.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 465

To address the flux droop issue at low speeds, one promising solution is the optimization of the sector
rotation strategy within DTC. The sector rotation strategy governs the selection of voltage vectors, directly
influencing the torque and flux control of the motor. Research has demonstrated that optimizing the sector
rotation strategy can significantly improve low-speed performance by enhancing flux stability and reducing
torque ripple [17], [18].

This research aims to improve the low-speed performance of three-phase induction motors by refining
the sector rotation strategy within DTC to maintain stable flux and precise torque control at low speeds, while
preserving the simplicity and advantages of the original DTC structure. By addressing the flux droop issue,
this study seeks to optimize the performance of induction motors across a wide range of speeds, contributing
to more efficient and reliable operation in both industrial applications and electric vehicles [1], [19], [20].

2. FLUX DROOP AT LOW SPEEDS

At low speeds, DTC performance suffers from the stator flux droop phenomenon, where the motor's
flux weakens, leading to poor torque control [21]-[24]. This issue arises because conventional DTC typically
neglects the effect of stator resistance, R [25], which becomes more pronounced at low speeds. For example,
in Figure 1(a), the effect of stator resistance becomes significant, causing the flux vector direction to deviate
from the expected, denoted as error deviation, 6(x). As the motor operates at lower speeds, the time required
for the stator flux to reach its desired value increases, and the effects of stator resistance become more
pronounced substantially reduces the magnitude of the stator flux, leading to torque instability and poor
performance.

In traditional DTC approaches, the stator resistance is often neglected, as shown in (1)-(3) which leads
to errors in flux estimation, particularly at low speeds. The motor's flux vector trajectory unable to follow
exactly suitable voltage vector in order to increase or decrease the stator flux to produce the good torque
response in the DTC drive system. This issue is especially evident during low-speed operation, where stator
flux and voltage vector are more susceptible to deviation.

As the motor speed increases, the impact of stator resistance diminishes, allowing the flux direction
to more closely align with the voltage vector as shown in Figure 1(b). To mitigate flux droop, advanced control
strategies involving optimized sector rotation are required to maintain flux stability and improve torque control
at low speeds:
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Figure 1. Flux error at (a) low speed and (b) high speed

3. MATHEMATICAL MODEL FOR INDUCTION MOTOR
The mathematical modeling of induction motors is essential for understanding their dynamic behavior
and designing efficient control strategies. Induction motors are typically analyzed using a per-phase model
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under steady-state conditions. However, when considering variable speeds and dynamic responses, a more
comprehensive approach is required. For this, the d-g model is utilized, which simplifies the motor's analysis
by converting the three-phase system into a two-phase system [7], [16]. This transformation aids in eliminating
time-varying inductances, making the equations more manageable and easier to handle in dynamic
operation [6].

2.1. Transformation to d-q reference frame

The d-g model is based on transforming the rotor and stator variables into an arbitrary reference frame,
typically aligned with the rotor flux, to simplify the analysis of the machine’s dynamics. The approach utilizes
the Clarke and Park transformations to convert the three-phase quantities into two-phase components [26]. This
allows the complex three-phase system to be reduced to simpler equations that describe the system's behavior
in terms of the rotor flux.

-2 _ _ .
x =§(xa+axb +a%x.) = x4 + jxg 4)
2 _ _ 2 1 1
x4 = Re[x] = Re [5 (xq + ax, + azxc)] = g(xa +ox, + Ex”) (5)
Where, x,, x5, and x, are phase components of the quantity x (current, voltage, or flux linkage) and x4 and x,

represents for direct and quadrature axis components.

xq = Im[x] = Im E (xq + ax, + dzxc)] = 13 (xp — x.) (6)

L2TC
Where, @ = e’ is the cube root of unity used to transform into real and imaginary components.

2.2. Voltage equations in the d-q reference frame

The dynamic behavior of the induction motor in the d-gq frame can be described by the voltage
equations for the stator and rotor. These equations account for the voltage drop due to resistance, the
inductance, and the rotating magnetic field generated by the stator and rotor.
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Where, v, and v, are the rotor and stator voltage vectors, R, and R,. is stator and rotor resistance, i, and i,. are
stator and rotor current, ¢g and ¢,. are stator and rotor flux, wg and w, are stator and rotor angular velocity.

2.3. Electromagnetic torque calculation

The electromagnetic torque, T, in an induction motor is generated due to the interaction between the
stator and rotor magnetic fields, where, P is a number of poles in the motor. In the d-q model, the torque can
be expressed as (9).
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4, SECTOR ROTATION STRATEGY

The sector rotation strategy adjusts the sector boundaries to align the selection of voltage vectors in
the DTC algorithm. In a conventional DTC system, these sector boundaries are defined by fixed angles @,,.
However, the significant impact of the stator resistance, R, can disrupt the position between the flux vector
and the voltage vector at low speeds. This misalignment leads to increased flux droop, which can impair the
performance of the motor. The mathematical relationship governing the stator voltage vector can be expressed
as (10).

7 == (@) + LR, (10)
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To address these challenges, the sector rotation strategy introduces a shifted angle to the conventional
sector angles as shown in Figure 2. This adjustment redefines the boundaries of the voltage vector sectors,
aligning the selected vectors more accurately with the actual flux vector as shown in Figure 3. The new sector
angles are computed as (11).

0, =0, + A6 (11)

This dynamic shifted the angle A6, adjustment is calculated based on the observed flux droop,
analyzing the relationship between the stator flux vector and the applied voltage vector across varying operating
conditions at low speed. By improving the flux vector with voltage vectors to be more tangential, this strategy
mitigates the effects of stator resistance to improve torque control and motor efficiency. Figure 4 shows the
integration to the DTC control system using sector controllers to update new sector definitions for specific
operating speeds.
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Figure 2. The transition of conventional to a new definition of the sector rotation strategy
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Figure 4. The proposed modification system for the DTC method
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5. SIMULATION RESULT

The results section presents a detailed analysis of the effectiveness of the sector rotation strategy in
improving the low-speed performance of three-phase induction motors using DTC. The simulations were
conducted with the parameters outlined in Table 1. This section presents simulation results of 50 rpm, 150 rpm,
and 250 rpm, comparing the conventional DTC method with the proposed sector rotation strategy.

For example, in Figure 5(a), at 50 rpm, the sector changes of the applied voltage vector for both the
conventional at 1-2 second and proposed methods at 2-3 second are illustrated. At this speed, the proposed
method introduces a 40° sector angle shift to compensate for the significant flux droop observed in the
conventional method, which is more pronounced at lower speeds due to the reduced effectiveness of the voltage
vector in maintaining flux. The flux droop correction achieved with the proposed method is 15%, as shown in
Table 2, reflecting the need for greater compensation at lower speeds. This relationship can be explained by
(12), which shows that the flux droop (Ag) is inversely proportional to the motor speed (mwm) and proportional
to the sector angle shift (A9).

The second subplot Figure 5(b) reveals that the conventional method struggles to maintain flux due
to the increased impact of stator resistance, which limits the effectiveness of the applied voltage. In contrast,
the proposed strategy reduces flux droop by applying a sector-shifted voltage vector, improving overall voltage
control. The third subplot Figure 5(c) demonstrates that the conventional method exhibits significant distortion
in the d-g flux components, whereas the proposed strategy better aligns these flux components, thereby
minimizing distortion. The fourth subplot reveals that the proposed method produces smoother stator phase
currents compared to the conventional approach. Compared to the proposed strategy, the conventional method
displays fluctuating currents, leading to increased torque ripples and reduced operational efficiency.

Table 1. Specification of induction machine

Parameter Value
Nominal power Pn (VA) 2425 W
Voltage (line-line) Vn (Vrms) 400 Vrms
Frequency fn (Hz) 50 Hz
Stator resistance Rr (ohm) 6.10
Stator inductance Lls (H) 0.01639 H
Rotor resistance Rr’ (ohm) 6.2298 Q)
Rotor inductance Llr’ (H) 0.01639 H
Mutual inductance Lm (H) 0.4634 H
Inertia J (kg.m"2) 0.01 kg.m"2
Pole pairs 1
Slip 1
Rated speed 2800 rpm
Rated torque 4 Nm

Table 2. Result of improvement flux droop at different speed
Speed, w,,(rpm)  Angle (°)  Flux droop correction, Wb (%)

50 40 15
150 30 12
250 20 5
Conventional Proposed Conventional ' Proposed Conventional Proposed
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Figure 5. Graph of the sector, stator flux, and phase current for (a) 50 rpm, (b) 150 rpm, and (c) 250 rpm
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Figure 6 illustrates the flux locus graphs for Figure 6(a) 50 rpm, Figure 6(b) 150 rpm, and Figure 6(c)
250 rpm, comparing both conventional and proposed methods. At 50 rpm, the flux locus appears hexagonal
due to ineffective voltage vector control, indicating poor current management and fluctuating flux levels, which
degrade torque performance. The proposed shifted angle strategy improves this, allowing the flux locus to
approximate a circular form and enhance flux control. At 150 rpm, although the flux locus remains somewhat
non-circular, the proposed method reduces sharp boundaries, facilitating better voltage vector control and
smoother current waveforms. At 250 rpm, while the conventional method shows minimal sharp borders, the
proposed sector rotation strategy further optimizes the flux locus shape, indicating enhanced voltage control
and improved synchronization between current and flux, resulting in more efficient motor performance across
varying speeds.
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Figure 6. Graph of flux locus: (a) 50 rpm, (b) 150 rpm, and (c) 250 rpm

6. CONCLUSION

In summary, the simulation results validate the proposed sector rotation strategy as a viable
enhancement to direct torque control, particularly in low-speed. The proposed strategy achieves smoother
control, reduces flux ripple, and optimizes current behavior, demonstrating its effectiveness over the
conventional approach. The finding shows clear relationship between motor speed, flux droop, and the necessary
shifted angle to mitigate this droop. This study suggests that the shifted angle is inversely proportional to motor
speed. The improved torque control and reduced flux ripple across different operating speeds demonstrate the
strategy's effectiveness and potential for practical implementation in three-phase induction motors.
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