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For nearly five decades, the induction motor has been the most widely used
electrical machine in industry due to its robustness, simplicity, and low cost,
supported by advances in power electronics enabling effective performance
control. While DC motors were previously favored for their ease of speed
and torque regulation, induction motors have gained prominence because
they do not require brushes and involve fewer wear-prone components,
resulting in reduced maintenance and improved reliability. Consequently,
they are widely employed in industrial applications and emerging fields such
as electric and hybrid vehicles. This study presents a comparative analysis of
two fault-tolerant control (FTC) strategies: field-oriented control (FOC) and
direct torque control (DTC). The evaluation focuses on sensitivity to
parameter variations, dynamic performance, and steady-state behavior. Both
strategies, classified under vector control techniques, are implemented in
real time using a dSPACE platform to control an induction motor under an

open-circuit fault in a two-level inverter. Results demonstrate that the DTC-
based FTC approach offers superior robustness and stability compared to the
IFOC-based method, particularly under fault conditions, load disturbances,
and speed variations.
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1. INTRODUCTION

Induction motor drives are extensively employed in a wide range of industrial applications owing to
their superior steady-state performance and rapid dynamic response. The growing demand for safety,
reliability, and service continuity in industrial processes has prompted significant research efforts in fault
detection and diagnosis, and more recently, in the development of fault-tolerant control systems [1]. For
example, when a machine exhibits an open-phase fault, this results in current harmonics, torque ripples,
reduced maximum applicable voltage, and limitations on the achievable base speed for permanent magnet
synchronous motors and three-phase induction motors.

Several authors have proposed applying robust fault-tolerant control techniques, such as sliding
mode control or DTC-based approaches. They concluded that these techniques deliver remarkable and
comparable performance, while also offering improved stability. These methods are classified as passive
approaches [2], [3]. Passive approaches rely on robust control capable of maintaining acceptable performance
without requiring a diagnostic block or controller reconfiguration. Active approaches, however, require a

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


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

Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 895

fault detection and isolation (FDI) block, along with a control reconfiguration strategy based on information
provided by the diagnostic block [4], [5].

The application of induction motors in traction systems, particularly in electric vehicles, requires a
comparative analysis of available traction drive strategies. Among the most widely used are indirect field-
oriented control (IFOC) and direct torque control (DTC), both functioning as torque control techniques.
IFOC, introduced in the 1970s, operates without the need for flux estimation, whereas DTC, developed in the
mid-1980s [6], [7], relies on flux estimation.

Both approaches exhibit similar characteristics, including the regulation of torque and flux, rapid
torque response, and sensitivity to variations in motor parameters. In conventional IFOC, flux control is
associated with the rotor flux aligned along the d-axis in the synchronous reference frame. In contrast, DTC
regulates the stator flux within the same reference frame. The comparison between these control methods is
often based on their respective switching strategies. IFOC employs independent control of electromagnetic
torque and rotor flux (as illustrated in Figure 1), while DTC utilizes a switching table to maintain
electromagnetic torque and stator flux within predefined hysteresis bands (see Figure 2).

This study examines the dynamic performance of both IFOC and DTC under low-frequency speed
control conditions. It also evaluates their sensitivity to inaccuracies in motor parameters. For IFOC, critical
parameters include magnetizing inductance, rotor resistance, and rotor inductance, whereas in DTC, stator
resistance is particularly significant. Two types of induction motor control schemes are analyzed—both in
terms of dynamic and steady-state performance through simulation and experimental implementation.
Recommendations for their application are provided, based on the mathematical principles underlying each
controller, and the results obtained from the two control algorithms analyzed are DTC and IFOC. Simulations
for each control type are performed in MATLAB/Simulink to study the sensitivity to internal machine
parameters, and real-time implementations using a dSPACE 1104 board are conducted for comparison.

To the best of our knowledge, no direct comparisons of the dynamic responses of IFOC and DTC
have been reported in the literature. Existing studies on parameter sensitivity do not quantify the impact of
parameter variations or errors on transient responses. Most publications focus primarily on steady-state
performance [8]-[11], while [11], [12] offer only limited comparisons of dynamic behavior.

In contrast, the study in [13] proposes a type-2 fuzzy logic controller aimed at enhancing the
performance of the conventional PI controller within the indirect field-oriented control (IFOC) strategy under
broken-bar conditions. The authors report that this approach also improves robustness against motor
parameter variations. Similarly, the work in [14] presents a robust, sensorless fault-tolerant controller for
induction motors, employing a backstepping strategy to compensate for load-torque disturbances and rotor-
resistance variations resulting from broken rotor bars.

The results indicate that the machine sustains acceptable performance even after fault occurrence.
The proposed method does not require a diagnostic module or controller reconfiguration and is therefore
classified as a passive fault-tolerant approach, making it suitable for safety-critical applications until final
maintenance can be performed. The increasing demand for reliability and safety in industrial systems
exposed to process anomalies and component failures makes early detection and identification of faults
essential. Fault-tolerant operation is required to minimize performance degradation and prevent hazardous
conditions. Over recent decades, various fault-diagnosis techniques have been proposed, which can be
broadly categorized into three groups: hardware-redundancy approaches, signal-based approaches, and
model-based analytical approaches [15].

As presented in [16], fault-tolerant inverter topologies often rely on hardware redundancy when a
converter leg becomes unavailable. A similar concept was adopted in [17] for phase-loss tolerance in
traction-oriented induction motors, using a dual-inverter reconfiguration strategy. Gate-drive open-circuit
faults can arise from bond-wire lift-off caused by thermal cycling, driver malfunctions, or IGBT rupture
triggered by short-circuit conditions. These faults induce DC current offsets in both the affected and healthy
phases. The interaction between the DC component and the magnetic field generates torque pulsations at the
stator-current frequency, markedly reducing the maximum average torque available for traction [18].

These DC offsets also induce uneven stress on the inverter switches, potentially causing secondary
failures in the converter, the motor, or the load. Since voltages and currents carry distinguishable fault
signatures, they can be analyzed for fault detection and localization. Although open-circuit faults do not
generally lead to immediate shutdown, they degrade system performance; hence, their diagnosis is essential
in fault-tolerant converter systems [19].

In model-based diagnostic approaches, fault detection relies on a mathematical model operating in
parallel with the real system. Diagnostic variables are obtained by comparing the actual system outputs with
those predicted by the model. In this context, the study in [20] proposes a nonlinear observer for estimating
rotor fluxes and stator currents in the (d, q) rotating frame. Open-circuit insulated gate bipolar transistor
(IGBT) faults are detected by evaluating the residuals between measured and estimated stator currents. This
method is load-independent and requires no additional circuitry.
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Similarly, Chikondra et al. [21] present a fault-tolerant control scheme for a five-phase induction
motor supplied by a three-level NPC VSI, based on direct torque control (DTC) principles. The strategy
guarantees continuous operation even in the event of an open-phase fault. A significant advantage is that the
controller requires no reconfiguration upon fault occurrence, making it a promising option for integration into
fault-tolerant drive architectures.

To incorporate efficiency, thermal considerations, and long-term reliability requirements in safety-
critical real-time systems, it is necessary to accurately monitor component performance, lifetime, and cost.
Fault tolerance inherently involves a trade-off between performance and reliability. Long-duration, high-
performance processes often employ checkpoint and rollback mechanisms to achieve fault tolerance, as they
reduce overall program execution time after a failure. Checkpointing remains a relatively cost-effective
technique [22].
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Figure 2. DTC block diagram

2. INDUCTION MACHINE MODEL

The model used for the induction machine is established in a reference frame aligned with the
rotating magnetic field (generally the synchronized dq reference frame). Within this framework, the stator
currents, rotor fluxes, and electromechanical speed are considered state variables, while the stator voltages
are treated as control variables.

This dynamic model can be expressed using (1)-(6):

d k 1
Elsd = -y + wslsq + T_:l/}rd + kswrl/}rq + o'_LSVSd (1)
d ks 1
Elsq = —wslsqg — /Usq + wrksrq + T_rlprq + O'_LSVSq (2
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d M 1

Elprd = T_TISd - T_rlrbrd + (ws — wr)labrq (3)

d M 1

Elprq = T_Tlsq — (ws — W )WPpg — T_rl:brq (4)

M

Te = pa (wrdlsq - qulsd) (5)

d 1 f

E-Qr = Y(Tem - Tr) - j-Qr (6)
with:

Ry , RyM? | _ M L L. M

/1=0'_L5 oLsl2 © S T oLgLy ' T T R, o=1 LgLy

where I, Is4: (d,q) stator currents, .4, ¥, (d,q) rotor fluxes, Vi4,Viq: (d,q) stator voltages, ws,w,:

synchronous speed-angular speed, £,: mechanical rotational speed, and T,,T,: electromagnetic torque-
resistant torque.

3. ROTOR FLUX ORIENTED CONTROL

The rotor flux-oriented control of an induction motor aims to make the machine’s behavior
analogous to that of a separately excited DC motor, in which the flux and torque controls are independent. To
achieve this, the control reference frame is oriented such that:

Yra =%, andipq =0 7

Aligning the rotor flux vector with the d-axis greatly simplifies the model, with B as a constant matrix and A
as a nonlinear matrix. Substituting in (7) into the model equations (notably in (3) and (5), we obtain the
following expressions:

- Rotor flux
¥r =l ®)
- Electromagnetic torque
Te = piw—rl/)rlsq C)]

In this configuration, the torque depends only on the stator currentl, in (10), which makes the behavior very
similar to that of a DC motor:

Te =K. ,.1 (10)

where ¢is the flux and Iis the armature current (here Ig,). Thus, two independent control variables are
distinguished: I;;— to regulate the flux and Iy, — to control the torque.
- Rotating field position (angular speed)

In this context, in (4) becomes:

Wg Isq + p-Qr (11)

_ M
Ty
and the stator angle used in all abc < dqo transformations is obtained by integration:
0, = [ wydt (12)
The overall diagram of the IRFOC scheme of an IM is illustrated in Figure 1.
4. FAULTY MATHEMATICAL MODEL OF IM AND PROBLEM FORMULATION

The dynamic model of an induction motor (IM) in the stator reference frame can be described as
(13) and (14).
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X =Ax+ Bu (13)
{x = [x1x2x3x4]T = [isaisﬁlprawrﬁ]T

u= [uluZ]T = [vsavsﬁ]T (14)

Consider the induction motor model described by (13), which is subject to faults that may be electrical in
nature, as discussed in [23].

X = Ax + Bu+ DgF (15)

In the absence of faults, F is identically zero, and it follows that (16).

p, = [10007"
710100 (16)
F=[F1F2]T

Electrical and/or mechanical faults introduce asymmetries in the induction motor (IM), leading to the
generation of slot harmonics in the stator windings (17).
X, = x1+ Fpy
{xz = Xy + Fpp (0

Where:

Fp = Z?fAi sin(w;t + ¢;)
Fpp = Z?fAi cos(w;t + ¢;) (18)
w; =2nf; + 2nf, = 2n(f; + )

with: ng: number of faults, f;: characteristic fault frequency, and f,: fundamental frequency.

5. DIRECT TORQUE CONTROL (DTC) [24]

DTC is a control strategy in which the motor torque and speed are directly regulated based on its
electromagnetic state, similarly to a direct current (DC) motor. Unlike conventional Pulse Width Modulation
(PWM) methods, which adjust the input voltage and frequency, DTC enables direct control of key physical
variables such as torque and flux. For induction motors (IM), the conventional DTC principle relies on the
direct selection of stator voltage vectors using hysteresis controllers for both stator flux and electromagnetic
torque, as depicted in Figure 2.

Based on the figure, the reference stator flux Ws* and reference torque Te* are compared with their
respective estimated values. The stator flux and torque errors are processed by hysteresis band comparators.
Specifically, the through stator flux is regulated by a two-level hysteresis comparator, while the torque is
controlled by a three-level comparator. Based on the outputs of these comparators and the stator flux sector,
an appropriate voltage vector for the voltage source inverter (VSI) is selected from the switching table shown
in Table 1.

In a symmetrical three-phase induction machine, the instantaneous electromagnetic torque is
generally proportional to the cross product of the stator flux space vector and the rotor flux space vector [24].

T, = (3) 9oty sin(6) 19

Where Ws: represents the stator flux space vector, ¥r: denotes the rotor flux space vector (referred to the
stator), and A: is the angle between the stator and rotor flux vectors. The equations used to estimate the stator
flux s, its position 0, and the electromagnetic torque are expressed as (20) to (22):

Ys = ’lpqsz + l»bds2 (20)

0, = tan™?! (%) (21)

ds
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Te = (3?1)) (lpdsiqs - lpqsids) (22)

Table 1. Inverter switching table

Sectors S1 S2 S3 sS4 S5 S6
dTe=1 V2 V3 V4 V5 V6 V1

dys=0 dTe=0 V7 VO V1 V2 V3 V4
dTe=-1 V6 V1 V2 V3 V4 V5

dTe=1 V3 V4 V5 V6 V1 V2

dys=1 dTe=0 V4 V5 V6 V1 V2 V3
dTe=-1 V5 V6 V1 V2 V3 V4

6. SENSITIVITY ANALYSIS OF IM PARAMETERS
6.1. Overview

Changes in motor parameters can significantly affect the dynamic behavior of drive systems. In the
case of indirect field-oriented control (IFOC), performance is influenced by rotor inductance L,, stator
inductance Ly, and rotor resistance R,.. Conversely, for direct torque control (DTC) using a switching table,
performance primarily depends on the stator resistance R,. To quantify these effects, a Jacobian matrix J can
be constructed, capturing the sensitivities of torque, speed, and other relevant output variables with respect to
variations in motor parameters. For IFOC, the Jacobian matrix typically takes (23):

. AL,

(A,AA,TTm)ZJIFOC (AL5> (23)
AR,

where:

aTe aTe areé

| e, dLg AR,
]IFOC - OWrm  OWrm  OWpm (24)
aL.  dLs Ry

For direct torque control (DTC) using a switching table, the Jacobian matrix is simpler and primarily
reflects the sensitivity of the system to variations in stator resistance R;.

e
(AevTrm) = Jprc-st[ARs (25)
Where:
aTe
ORs
Iprc-st = aWrm (26)
AR

It is important here to consider the torque and speed ripples under control for both IFOC and DTC. While
sensitivity analyses result in steady-state variations of T. and w,,,,, dynamic variations may also arise due to
the control process itself.

In particular, for a given stator current under hysteresis control, deriving the above Jacobian
matrices becomes challenging due to the nonlinear switching dynamics involved. If the stator current is
expressed as (27).

iy = I + Aig 27)

Where Aig represents the hysteresis band width, the expected values of the electromagnetic torque T¢ and
rotor speed w,.,, are (28) and (29).

T® = Tiorrsery + Alays) (28)
Wrm = Wrm(offset) + AWrm(hys) (29)

Denoting the time average of a variable x by (x), the resulting averages become (30) and (31).
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(Te) = (T(%ffset)> + <AT(€;1ys)) (30)
(Wrp) = (Wrm(offset)) + (Awrm(hys)) (31)

No offset occurs if (AT(,),s))and (Aw,pnys)) are zero. However, a zero-mean ripple is not guaranteed in
general and must be compensated through an integral gain in the control loops. To examine the sensitivities
of (24) and (26) from a practical standpoint, simulations of both IFOC and DTC were performed with motor
parameters increased by +20% and +40%, in addition to nominal values for the regulators and estimators.
The results of these simulations are analyzed in the following section.

6.2. Analysis of simulation results comparing IFOC and DTC

Figures 3 to 6 show the results obtained under parameter variations for both IFOC and DTC.
The torque reference is fixed at 20 mN. For IFOC, Figure 3 shows that an incorrect rotor resistance mainly
affects the transient behavior, with a 40% increase—possibly due to a broken bar—while the steady-state
torque offset remains almost unaffected. Figure 4 indicates that the impact of a stator inductance error is
negligible, leading to only a minimal torque deviation. Conversely, Figure 5 shows that a rotor inductance
error has a smaller impact, influencing the transient response but leaving the steady state unchanged. Figure 6
indicates that DTC is relatively insensitive to variations of the tested parameter, with minimal impact on both
the steady-state torque offset and the dynamic.
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7. FLUCTUATING RESPONSES

Both IFOC and DTC serve as torque transducers with strong tracking capabilities. Their dynamic
performance is generally compared independently of the specific switching schemes used by each method.
To emulate an electric or hybrid vehicle driving cycle, a stepped torque profile was simulated in Simulink
under both control strategies.

The IFOC simulation follows the approach in [25], while the DTC simulation is based on [26].
The motor model employed is a 3-kW asynchronous machine. The simulation ran for 8 seconds, with torque
commands of 20, 10, 18, and 14 Nm applied every 2 seconds. Fixed flux references were set at 2.25 Wb for
DTC and 1 Wb for IFOC. Simulation results are presented in Figures 7 and 8.

Figure 7 shows that, during the test cycle, the main difference between the two methods lies in
response time and stabilization under start-up and load changes. IFOC exhibits a slower speed response,
whereas DTC reacts more quickly and stabilizes faster in the steady state. Minor disturbances are observed
during speed transitions. Figure 8 highlights that IFOC requires about 0.5 s to reach a steady-state torque of
18 Nm, while DTC achieves the same torque in only 0.1 s. Despite this, the overall torque performance is
comparable, showing fast response within the considered time frame. Although it is challenging to directly
compare the methods due to differing switching schemes, DTC demonstrates superior dynamic performance
in this scenario, with a significantly shorter stabilization time compared to IFOC.
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8. EXPERIMENTAL STUDY OF FAULT-TOLERANT DTC AND IFOC CONTROL

In this section, a real-time study is carried out to analyze and compare two fault-tolerant control
methods, DTC and IFOC. Both controllers are applied to an induction motor powered by an inverter under
fault conditions. The test bench consists of the following components, as shown in Figure 9:
- A PC used for software development and results visualization.
- A dSPACE1104 board connected to the PC and controlled via dedicated software.
- A 3 kW three-phase induction motor with stator windings connected in a delta configuration to a 3x380 V

network. The motor parameters are given in Table 2.

- A separately excited generator supplying resistive loads.
- A SEMIKRON power converter consisting of a rectifier and a three-phase inverter.
- Only two current sensors

For DTC, cost can be reduced and hardware minimized by estimating the phase voltages from the
DC bus and the inverter switching states (Sa, Sh, Sc), instead of using three voltage sensors. In (32), the
estimated phase voltages for DTC are shown in the basic functional diagram in Figure 2.

vd
Van = 5 (25, = S5 = S0) |

vd
Von ==~ (=S4 + 28, = ) (32)

vd
Ven = Tc(_sa —Sp+ ZSC)

Figure 10 presents an experimental electrical drive system used for testing a fault-tolerant control
strategy based on IFOC-DTC algorithms. The setup includes a network supply feeding the system through an
autotransformer, with fault injection capability such as a three-phase break and converter faults. The control
architecture is implemented in MATLAB/Simulink and executed via a dSPACE Control Desk platform,
which manages the inverter, measurement signals, and real-time control loops.

On the power side, the system drives an induction motor mechanically coupled to a DC generator
acting as a resistive load. The measured variables, including stator currents, rotor speed, and electromagnetic
torque, are fed back to the control unit for monitoring and adaptation. Isolation and adaptation stages ensure
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safe signal conditioning between the power circuit and the control interface, enabling reliable real-time
experimentation under both healthy and faulty operating conditions.
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Figure 9. Photograph of the experimental test bench Figure 10. Overview of the experimental electrical
drive system

Table 2. 3-kW induction motor parameters

Greatness Value Greatness Value
Nominal compound voltage: U 380V  Stator leakage inductance: Ls 0.5668 H
Nominal torque: Tn 20 Nm  Rotor leakage Inductance: Lr 0.5142 H
Nominal line current: Is TA Mutual inductance: M 0.5142 H
Coupling A Number of pair poles: 2p 2
Rotor resistance: Rr 2.8Q  Moment of intertie: j 0.058 kgm
Stator resistance: Rs 6Q Coefficient of viscous friction: f  0.005 Nm/rad/s

8.1. Fault-tolerant DTC control

Figures 11(a) to 11(c) illustrate the waveforms of the electromagnetic torque, the stator currents (isa,
i, isc), and the rotational speed. The results obtained from the DTC under both fault and fault-tolerant
modes are displayed on the Control Desk software interface in Figure 12, with the fault introduced att =7 s.
These results highlight the dynamic behavior of the system during the occurrence of the fault and after the
activation of the fault-tolerant strategy. They also show how the control system responds to disturbances in
real time. Furthermore, the presented waveforms allow a clear evaluation of the stability and performance of
the DTC approach under faulty operating conditions.

8.2. FOC control fault-tolerant

Figures 13(a) to 13(c) show the waveforms of the electromagnetic torque, the stator currents (isa, isp,
isc), and the rotational speed. The results obtained from IFOC under both fault and fault-tolerant modes are
displayed on the Control Desk software interface in Figure 14, with the fault introduced at t = 7 s. These
results illustrate the behavior of the system before and after the occurrence of the fault. They provide insight
into the capability of the IFOC strategy to maintain acceptable performance under disturbed conditions.
Moreover, the waveforms enable a detailed analysis of the dynamic response and the stability of the system
during fault conditions.

It can be observed that a single inverter fault causes the electromagnetic torque of the induction
motor to increase to 30 mN-m for both DTC and IFOC. DTC produces a noisier torque signal, whereas IFOC
maintains a smoother response (Figures 11(a) and 13(a)). At the moment of the fault, the stator current of one
phase drops to zero during the positive half-cycle, as shown in Figures 11(b) and 13(b). Figures 11(c) and
13(c) show that the motor speed remains stable in real time under the fault-tolerant condition at t=7s,
following only a slight disturbance for both control strategies. Table 3 presents a comparison between the
two controllers. It can be concluded that both proposed and compared control strategies are robust and
demonstrate effective fault-tolerant capabilities.
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Table 3. Comparison table between DTC and IFOC
Parameter Direct torque control (DTC) Indirect field-oriented control (IFOC)
Response time (Speed) 0.9s 1s
Stability From 9s under tolerated fault from 4s under load  From 10 s under tolerated fault from 5 s under load
Accuracy Low steady-state error (accurate) Low steady-state error

Startup overshoot 4%
Disturbances

10% under load

7.5% under tolerated fault

5%
2.5% under tolerated fault
12.5% under load
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Figure 12. Software interface control panel for DTC in fault tolerance
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Figure 14. Software interface control panel for IFOC in fault tolerance

9. CONCLUSION

This paper emphasizes that drive control strategies should be analyzed independently of their
switching schemes to enable meaningful comparisons of dynamic performance, parameter sensitivity, and
behavior under inverter faults. Although debate continues over the most appropriate control approach for
applications such as traction, establishing a common comparison framework is essential. Differences in
switching schemes between IFOC and DTC can otherwise lead to biased conclusions. When these controls are
decoupled from their switching schemes, the distinctions between them become more subtle. In this context,
IFOC shows clear advantages in dynamic performance, robustness to parameter variations, and fault tolerance.

At the same time, DTC maintains a significant edge within this same framework, delivering superior
transient and steady-state performance, insensitivity to stator resistance, and effective fault tolerance. This
underscores the importance of exploring various combinations of drive controls and switching schemes.
Future research focusing on identifying the optimal switching scheme for each control type would allow for
fairer comparisons and, ultimately, help determine the most efficient motor drive system.
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