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Abstract: In this paper, a combined structure of algorithms based on field-oriented control (FOC) and
direct torque control (DTC) is proposed for improving the performance of a three-phase induction
motor (IM) over a wide range of torque loads. The objective of this study is to investigate the state-
of-the-art research performed on the resilient intersection control management between FOC and
DTC algorithms for IM drive. Three algorithms are employed in the proposed scheme: Direct Torque
Stator Flux Control (DTSFC), Direct Torque Rotor Flux Control (DTRFC), and the FOC algorithm.
The main aim of the control law is to launch the drive system by selecting DTSFC or DTRFC during
the transient state while FOC is switched smoothly to the steady-state. The proposed method had
several advantages, including the ability to produce torque beyond the pull-out torque range at
340%, high torque dynamics during transient state within 0.5 ms, low chattering up to 0.05 N.m,
and fixed frequency at steady-state operation. Furthermore, a comprehensive comparison study has
been conducted, including the most recent research, to verify the effectiveness and superiority of the
proposed technique. Results were obtained using both MATLAB/Simulink environment and also
were experimentally performed by using a dSPACE DS1103 digital signal processing board to verify
the concept of the proposed control scheme.

Keywords: combined structure (FOC and DTC); direct torque control; dynamic reconfiguration of
control algorithms; lookup table; field-oriented control; voltage source inverter

MSC: 93C10

1. Introduction

Induction motors are utilised more frequently in industrial and traction applica-
tions due to their robust design, low manufacturing cost, ease of maintenance, and low
power-to-weight ratio compared with permanent magnet synchronous motors [1]. In
high-performance variable speed drive applications for induction machines, there are two
vector control methods: field-oriented control and direct torque control [2–6]. DTC is
characterized by a fast dynamic response, structural simplicity, and robustness towards the
stochastic and perturbed parameters of the machine [7–9]. Moreover, due to the absence of
a pulse width modulator, position encoder, and frame transformation, the configuration of
DTC is significantly simpler than the FOC [10,11]. In order to improve the performance of
an induction motor in both transient and steady states, two methodologies are used in the
literature: the first is to develop the algorithm itself, while the second is to use combined
algorithms. In terms of the DTC methodology, several recent techniques are dedicated in
the literature, such as: Universal Look Up Table (LUT) [12], where Voltage Vectors (VEs)
are selected for lower hysteresis boundary conditions of torque and flux with null VEs or
under different conditions of the dc-link voltage ratio [13], virtual VEs, where a sequential
strategy is integrated with duty ratio optimization algorithm to select the optimal VE that
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can significantly alleviate the torque ripple [14–16], or sector boundary, where the vector
plane is divided into sub-sectors with dynamic boundaries, and the rotating vectors are
redenoted dynamically [17]. In terms of the FOC algorithm, a full-order, adaptive observer,
sensorless speed algorithm with parameter identification is utilised in [18–20] to estimate
rotational speed. Model Predictive Field-Oriented Control (PFOC), which minimizes the
cost function [21], or Adaptive Neuro-Fuzzy Inference-based FOC Systems (ANFIS) [22]
are the most attractive recent techniques for the authors to develop the performance of IM.
Several approaches are found in the literature related to the second methodology. This
technique was first known as the dynamic reconfiguration of algorithms, presented by [23].
Reference [24] provided a synthesis of the DTRFC algorithm by means of sliding mode
theory. These control methods only focused on the switching function design for the state
variables of rotor flux and torque. However, the combined algorithm DTRFC-FOC has
not been fully tested and analysed; the system evolved with much complexity due to
the orientation of FOC that was applied for the entire operation. A combined algorithm
was proposed by [25] for three-phase induction motor drives. With this proposed control
system, a current vector control is connected to a switching table. However, this approach
has the drawback of high ripples in torque and flux responses instead of acting variable
switching frequency. A new fuzzy logic VC-DTC scheme based on common vector control
and direct torque control has been presented in [26]. The system used a current control
scheme together with a DTC-type switching table. However, the analysis of torque and
flux responses is missing. Furthermore, the system was not tested in the reverse direction.
A recent study by [27] achieved a significant reduction in the torque ripple issue of DTC
using a fuzzy logic control scheme. However, the system suffers from the low computation
of running time. A current control loop in connection with a switching table was conducted
by [28]. A brain emotional learning-based intelligent controller (BELBIC) was employed
in the system, which provided good performance under different operating conditions.
A combined strategy VC-DTC was presented in [29] to use a switching table instead of
PI controllers for controlling the stator current. However, high torque and flux ripple
could be noticed. To solve this problem, the method in [30] was proposed to employ an
artificial neural network instead of the switching table and the hysteresis comparators,
which could provide the appropriate logic outputs for the inverter. The design of com-
bined VC–DTC methods was proposed and investigated for two independently controlled
induction motors fed by a single Five Leg Inverter (FLI) [31]. However, the difficulty of
manually tuning six PI controllers evolved rather than the shared leg of the inverter for two
motors, which is the main drawback of this technique. The reconfigurable vector control
system is introduced and analyzed with the treatment of the reconfiguration problems
in [32]. It motivated the need for reconfiguration of the AC motor control. Reconfiguration
is used to improve the working conditions imposed by speed, torque, or other variables.
Reconfiguration is also used to maintain the fail-safe operation of the drive [33]. Recently,
a new, combined Ant Colony Optimization algorithm (ACO) for the DTC strategy has
been studied for optimizing the gains of the PID controller by using a cost function such as
Integral Square Error (ISE) [34]. In Reference [35], two different optimization techniques,
called Genetic Algorithm (GA) and Particle Swarm Optimization (PSO), were employed for
the DTC of a three-phase IM. The ITAE fitness function was selected to evaluate the outer
loop of the DTC drive. The results revealed a significant improvement in torque ripple
reduction and a high dynamic of DTC.

Following a review of the published studies in this field, it is clear that there are still
shortcomings in the absence of an integrated driving system for the induction motor. The
lack of capability to work over a wide speed range and load torque with high dynamic
and steady-state characteristics is still an issue. Such problems include high dynamics,
fixed switching frequency, and low chattering in the torque response. In addition, the
ability to provide large torque exceeds the nominal torque value. The contribution of this
article is the proposal of a combined FOC and DTC algorithm for an induction motor to
effectively enhance the performance over a wide range of torque loads. Its objective is
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to overcome the issue of torque ripples and variable switching frequency by the full use
of both algorithms. In contrast to the models that are listed in the literature review, the
proposed new method uses three algorithms: DTSFC, DTRFC, and FOC, to improve the
torque response in terms of transient condition, steady state condition, high dynamics, low
ripples, and constant frequency of operation. Accordingly, the proposed method enables
the motor to produce any torque beyond the breakdown torque within the inverter’s dc-link
voltage capabilities. The approach was validated in experiments using an interface device
called dSPACE DS1103.

This manuscript is organized as follows: Section 2 presents a detailed assessment
of the DTSFC algorithm. Then, an adequate comparison between DTSFC and DTRFC in
terms of pull-out torque is performed in Section 3. FOC is described in Section 4. The
proposed combined algorithms based on the derivation of the selected algorithms, DTC,
FOC, DTSFC, and DTRFC, is given in Section 5. Section 6 presents and discusses the
obtained results using MATLAB/Simulink, which is then extended to the experimental
validation in Section 7. A comprehensive comparison is provided in Section 8 to verify the
feasibility and effectiveness of the proposed algorithm. Section 9 highlights the conclusions
and future research from this study.

2. Theoretical Background of the DTC Algorithm

The conventional DTSFC algorithm block diagram is shown in Figure 1. The stator flux
amplitude (Φs) and the electromagnetic torque (Tem) are controlled using two independent
hysteresis controllers (HCs). Each of Φs and (Tem) are estimated based on both the stator
currents measurements and the inverter pulses. The two estimated state variables Φs and
Tem are injected into the driving system as feedback signals to be compared with their
reference values [36]. In the voltage source inverter, there are eight switching pulsating
signals that can be the candidate to energize the semiconductor device of the inverter,
two of them are considered zero VEs, whereas six of them are active VEs with the same
magnitude [37]. By selecting the appropriate VEs through a lookup table (LUT), the increase
and decrease requirements of both Φs and Tem can be achieved.

Figure 1. Block diagram of a conventional DTSFC algorithm.

An induction motor can be modelled using stator current vector and rotor flux vector
equations, which are referred to as a general reference frame, denoted by the superscript
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“k”. Mathematically approved equations of the entire model of the system started with the
IM model, as shown in (1) [38]. diks

dt

dΦk
r

dt

 =

− 1
στs
− L2

m
στr Ls Lr

− jωk
Lm

σLs Lr
( 1

τr
− jω)

Lm
τr

− 1
τr
− j(ωk −ω)

 · [ ik
s

Φk
r

]
+

[
1

σLs

0

]k

s

(1)

where Vk
s is the stator VE; p is the number of pole pairs; Lm, Lr, and Ls are the mutual, rotor,

and stator self inductances, respectively; (σ = 1− L2
m

LS Lr
) is the leakage factor; τs and τr are

the stator and rotor time constants, respectively; ωk is the general reference speed; and
ω = P ·Ω is the electrical rotor speed (Ω is the mechanical rotor speed). In the stationary
reference frame (αs − βs), the component derivatives of Φs

s are given in (2) and (3) [39].

dΦs
sα

dt
= Vs

s α − Rsis
sα (2)

dΦs
sβ

dt
= Vs

s β − Rsis
s β (3)

where Rs is the phase stator resistance. The two components of the stator VE, in the (αs− βs)
reference frame, are calculated via the sensed dc-link E, and the inverter switching pulses
of the inverter Ca, Cb, Cc are defined in (4) and (5) [40].

Vs
s α =

√
2
3

E[Ca −
1
2
(Cb + Cc)] (4)

Vs
s β =

√
1
2

E[Cb − Cc] (5)

The two components of Φs
r, in the (αs − βs) reference frame, are calculated in (6) and

(7) [40].

Φs
rα =

Lr

Lm
(Φs

sα − σLsis
sα) (6)

Φs
r β =

Lr

Lm
(Φs

sβ − σLsis
s β) (7)

The position of Φs
s is calculated (8) [41].

θΦs = arctan

[
Φs

sβ

Φs
sα

]
(8)

The equation that relates the two vectors Φs and Φr in the synchronous reference
frame can be expressed in (9) [42].

Φr =
Lm

Ls

1
1 + jστrωr

Φs (9)

ωr = ωs −ω (10)

where (10) is the slip frequency, which depends on the load. Equation (9) shows that the
relationship between the two vectors, Φs, Φr, is a low pass filter with a time constant equals
to στr. The angle between the stator flux and the rotor flux vectors is given by (11).

γ = arctan[στrωr] (11)

The electromagnetic torque can be expressed as [39].

Tem =
pLm

σLsLr
ΦsΦr sin γ (12)
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According to (8), the six sectors are created as an orientated movement with 60o

between each of them so that the first sector starts at the angle (for instants−30◦) of a width
of 60◦. The four active vectors to control both the stator flux and the electromagnetic torque
in the DTC algorithm are shown in Table 1 [42], where the up arrow indicates an increase
in flux or torque, while the down arrow indicates a decrease in flux or torque.

Table 1. Conventional switching table of the DTC algorithm.

Hysteresis
Level Applied Inverter Voltage Space Vectors

CF ↓ ↑ ↓ ↑
CT ↓ ↓ ↑ ↑

i = 1 V5 V6 V3 V2
i Vi−2 Vi−1 Vi+2 Vi+1

It is worth mentioning that the selection of the value of the hysteresis band is an
important issue that affects the response of the flux and torque in the DTC algorithm.
In general, when a LUT of four effective vectors are to be applied through a sector, it is
preferable to use a zero band of the flux and torque regulator. However, if the switching
table is expanded specifically by introducing zero voltage vectors, then a non-zero hysteresis
window value is desirable for the hysteresis controller of the flux, torque, or both. The
selection of the hysteresis window value depends on several factors, including the sampling
time and the chosen reference value of the flux and torque. In general, a hysteresis window
with a value of 10% of the reference value is an appropriate value [43,44].

3. DTRFC Versus DTSFC in Terms of Pull-Out Torque

Equation (9) demonstrates that while the stator flux vector modulus is maintained
constant, the rotor flux value decreases as the machine load increases. To maintain a
constant value of electromagnetic torque, the decrease in rotor flux is caused by the increase
in load. Thus, this must be compensated for by increasing the angle (γ). This results in
the machine not being able to exceed a particular torque, known as the breakdown torque.
Alternatively, when the rotor flux vector modulus is maintained as a constant, the value
of the stator flux grows as the machine’s load increases. Consequently, the machine can
generate any torque permitted by the dc-link voltage level. When high pull-out torque is
required, these considerations demonstrate the inherent advantage of controlling the rotor
flux vector modulus compared to the stator flux control [24]. Equation (13) reported to
obtain the breakdown torque [45].

Tem =
p
Lr

(
Lm

Ls
)2[

τrωr

(1 + στrωr)2 Φ2
s ] (13)

Equation (13) shows that the electromagnetic torque in the induction motor is depen-
dent on the slip (ωr) when the stator flux modulus is constant. We can also derive (13)
with respect to (ωr) and nullify the derivative in (14).

∂Tem

∂ωr
= 0 (14)

The critical electrical angular speed of electrical quantities in the rotor can be stated
in (15).

ωr−d =
1

στr
(15)

The breakdown torque equation can be found in (16) after substituting (15) into (13).

Tem−d =
p

2σLr
(

Lm

Ls
)2Φ2

s (16)



Mathematics 2022, 10, 3842 6 of 33

By substituting (15) into (11), the value of the critical angle can be written in (17).

γd = arctan(στrωr−d) = arctan(στr
1

στr
) = arctan(1) =

π

4
(17)

The critical value of the rotor flux value can be obtained by replacing the value of the
critical angular speed from (15) into (9). The critical value of the rotor flux modulus of the
tested induction motor will be calculated in (18).

Φr−d =
Lm

Ls

1√
1 + (στr

1
στr

)2
·Φs =

Lm

Ls

1√
2
= 0.6826 Wb (18)

According to (18), it can be seen that the minimum allowable value of the rotor flux
must not be less than the value 0.6829 Wb for the tested motor in the DTSFC algorithm to
be able to provide the required value of the electromagnetic torque.

4. Theoretical Background of the FOC Algorithm
4.1. Working Principle

The field orientation concept implies that the direct axis of the rotating reference frame
should be pointed towards the rotor flux vector. There are two available rotor field-oriented
control schemes, namely IRFOC and DRFOC. In the indirect scheme, IRFOC, no information
regarding the rotor flux is needed because it is controlled using the feed-forward method.
This advantage offers an easy method for achieving acceptable performance for controlling
an induction motor [46]. In the direct approach, DRFOC, it is highly appreciated that
the flux is controlled by feedback and an appropriate controller for optimal performance.
Consequently, an observer is required to determine the flux vector [47]. The general block
diagram of the DRFOC algorithm is illustrated in Figure 2.

Figure 2. The block diagram of the DRFOC algorithm of an induction motor.

It contains two control loops, the first is to control the rotor flux towards the α-
coordinate axis, while the second loop is to control the torque according to the β-coordinate
axis. The output of the flux regulator and the torque gain are required reference values for
each component of the stator current vector (isα−re f , isβ−re f ), respectively. In the synchronous
reference frame (α, β), these values are entered into two intermediate loops to be compared
with the measured ones in order to control the currents in the synchronous reference frame
(α, β) [48]. The feedback currents of the stator’s three phases are sensed and transformed
into a two-phase (αs, βs) stationary reference frame via Clarke transformation. The rotor
speed ω is calculated from the sensed position via an incremental encoder. The angle θs,
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calculated from the synchronous speed ωs, is used for the following transformation of
currents via Park transformation from the stationary reference frame (αs, βs) to the syn-
chronous reference frame (α, β). The internal current control loops result in the components
(Vsα, Vsβ) of the VE in the synchronous reference frame that are entered into the PWM stage.
In fact, separate control of torque and rotor flux needs to be carried out, which is the key
principle of FOC [49]. In the synchronous reference frame (α, β), taking into account the
orientation of the rotor flux vector toward the (α− axis), i.e., (Φr = Φrα, Φrβ = 0). The real
rotor flux component can be written as in (19) [50].

Φrα =
a2

s + a1
isα (19)

The slip speed ωr is estimated using one of the Equations (20) or (21) [51].

ωr =
a2isβ

|Φr|
(20)

ωr =
a2

Φr

Lr

pLm

Tem

Φr
=

a2Lr

pLmΦ2
r

Tem (21)

By substituting (20) into (21), the torque can be written as in (22).

Tem =
pLm

Lr
(Φrisβ) (22)

The rotor flux angle (the orientation angle) can be calculated by the integration of the
synchronous speed ωs, which is the summation of the slip and rotor speeds, as in (23) [52].

ωs = ωr + ω (23)

In relation to the IM mathematical model in (1), (21), and (24), accordingly, the block
diagrams of the motor can be facilitated based on the α and β axes, as clarified in Figure 3.

Figure 3. The two block diagrams of the induction motor according to (a) α and (b) β axes.

Where ζα = 1
b (ωsisβ + a3Φrα) and ζβ = − 1

b (ωsisα + a5isβ + a4ωΦrα) are the damping
factors according to the α and β axes. Likewise, a1, a2, a3, a4, and a5 are the motor con-
stants that are detailed in Appendix C. For regulation purposes, the proportional-integral
regulator PI will be chosen for the two axes (α, β). PID controllers are often a favourable
choice due to the simplicity in tuning for performance and robustness requirements, as
illustrated in Appendix B. The trial and error method is used to find the optimum values
for Kp and Ki. Moreover, it can attain a zero steady-state error in the presence of constant
disturbances [53]. Nevertheless, this controller suffers from the windup issue due to the
presence of the integrator, causing the system to become unstable. This problem requires
solving by using one of the anti-windup techniques to maintain the system stability [54].
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4.2. Setting Gain Controls of the FOC Algorithm

To calculate the regulators gains, the pole-zero cancellation technique will be used.
This technique does not change the order of the system. It is for simplicity’s purpose [55].
Figure 4a,b show the rotor flux controlling according to the α-axis and isβ component based
on the β-axis, which means indirectly controlling the electromagnetic torque, as stated
by (24). Figure 4a shows the gains of the current regulator in the inner loop for FOC.
Subsequently, calculating the gains of the rotor flux regulator can be defined in the outer
loop as well. The inner loop transfer function can be written as in (24).

Figure 4. (a) Control scheme of rotor flux for the α-axis. (b) Current controller for isβ component on
the β-axis.

isα

isα−re f
=

KP(α)−I · b
s + KP(α)−I · b

(24)

where the following equation was suggested in (25):

a5 =
KI(α)−I

KP(α)−I
⇒ KI(α)−I = a5 · KP(α)−I (25)

The gain KP(α)−I is optional and can be tuned by the designer, the gain KI(α)−I is
calculated from (25). The outer loop transfer function of the rotor flux is as in (26).

Φr

Φr−re f
=

KP(α)−Φr · KP(α)−I · b · a2

S2 + KP(α)−I · b · S + KP(α)−Φr · KP(α)−I · b · a2
(26)

where (27) expresses the following:

a1 =
KI(α)−Φr

KP(α)−Φr
(27)

The proportional gain KP is for the rotor flux regulator defined in (28), presume that
ξ = 1√

2
as in (28) [56].

2ξωn = KP(α)−I .b⇒ ωn =
KP(α)−I · b

2. 1√
2

⇒ ω2
n = KP(α)−Φr · KP(α)−I · b · a2

KP(α)−Φr =
ω2

n
KP(α)−I · b · a2

(28)

Recall (27), the integral gain of the rotor flux regulator can be calculated as in (29).

KI(α)−Φr = a1 · KP(α)−Φr (29)
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According to Figure 4b, the loop transfer function of isβ can be written in (30).

isβ

isβ−re f
=

KP(β)−I · b
S + KP(β)−I · b

(30)

where (31) was deemed as follows:

a5 =
KI(β)−I

KP(β)−I
⇒ KI(β)−I = a5.KP(β)−I (31)

The value of KP(β)−I is optional and can be tuned by the designer, and then the gain
KI(β)−I is calculated from (30). Appendix B, Table A2 determines the trial and error tuning
method was used to obtain the optimal value of the gains for the PI current controller based
on the (α− β) reference frame; Table A2 also shows the substituted value of a5 related to
Kp and Ki for the calculation. The a5 constant is illustrated in Appendix C for constant
motor equations, which also include a1, a2, a3, a4, and b.

5. The Proposed Combined FOC and DTC Algorithms over a Wide Torque
Operation Range

An improved drive system was designed and built to capitalize on the advantages
of both the DTC and FOC algorithms while neglecting their drawbacks. The new driving
system contains three algorithms, DTSFC, DTRFC, and FOC. The transition from one
algorithm to the other depends on a specific control law that guarantees a smooth transition
regardless of the operation point. High dynamic performance in the transient state can be
achieved using DTSFC or DTRFC algorithms, while high performance in the steady state is
achieved using the FOC algorithm. This type of system is called dynamic reconfiguration,
as mentioned above.

Figure 5 presents the block diagram of the proposed combined FOC-DTC algorithm
based on the concepts of direct and indirect driving of the voltage source inverter. The
reference values Φs−re f and Tem−re f are applied to the DTSFC algorithm, while Φr−re f and
Tem−re f are applied to both the DTRFC and FOC algorithms. The selection of DTSFC or
DTRFC during the transient state is achieved via a control law based on the torque com-
mand, while the transition between the transient state and the steady state (or vice versa)
is achieved via a control law based on the torque error. All state variables are estimated
within the estimation block after measuring the rotor position and the three-phase currents
(measuring two currents and then calculating the third-phase current). The orientation
angle θs is calculated based on (23). The final pulses are applied to semiconductor switches
of an inverter that drives the three-phase induction motor.

Figure 6 is a flowchart of the transition between the three algorithms. The DTSFC
algorithm initially runs at the start of the torque production. This algorithm remains in
operation as long as the transient state is satisfied and the reference torque is less than
the critical torque Tem−d. However, the DTRFC algorithm is selected once the reference
torque exceeding the critical value is requested. The two algorithms, DTSFC and DTRFC,
guarantee high torque dynamics within the transient state. When the steady state starts,
The FOC algorithm is allowed to drive the inverter. The steady state is determined using a
control law whose operation is based on the comparison of the torque error Tem−error with
a certain threshold (δ) specified by the user. If the torque error signal reaches the specified
threshold (δ), the proposed control allows the pulses generated by the FOC algorithm to
be applied to the inverter while preventing the generated pulses from DTSFC or DTRFC.
This is because of the concern about achieving low torque ripples and maintaining constant
switched frequency. In fact, choosing the threshold value is an important issue in order to
smoothly switch between both algorithms.
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Figure 5. The proposed combined FOC-DTC algorithm.

Figure 6. Flowchart of the transition process in the proposed combined FOC-DTC algorithm.

6. Simulation Results and Implementation

All aspects of the theoretical study are carefully designed using the MATLAB/Simulink
platform. The simulation results were performed on a squirrel cage three-phase induction
motor of 50 Hz, 230/400 V, and 0.25 kW. The rated speed is 1350 rpm, and the rated
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stator and rotor fluxes are 1.14 and 0.945 Wb, which were derived from the equations in
Appendix E at rated torque 1.76 N.m, as given in Appendix A.

6.1. Simulation Results of DTRFC Versus DTSFC

Figures 7 and 8 show the performance of the DTSFC algorithm tested for successive
steps at the reference torque. The nominal value of torque of 1.76 N.m was requested at 1 s,
while a reference torque value was requested to be equal to the critical value, which is 4.22
N.m at 3 s. Moreover, the reference value of 5 N.m was requested at a 5-s period, exceeding
the critical torque value.

Figure 7. The DTSFC with successive steps of torque references for testing stator and rotor flux
responses.

Figure 8. The DTSFC algorithm with successive steps of the reference torque for testing torque
response.

It is illustrated that the performance of DTSFC remained satisfactory as long as the
required reference torque did not exceed the critical value. However, DTSFC failed when
this value was exceeded. The torque chattering in Figure 8, at the time domain 1 to 3 s,
is approximately 0.74 N.m at a speed of 33 rad/s, while the torque oscillation at the time



Mathematics 2022, 10, 3842 12 of 33

domain 3 to 5 s is approximately 0.48 N.m at a speed of 81 rad/s. This difference is due
to the fact that in the second range, the value of the critical torque was requested. Thus,
the regulation process is in a critical state before its collapse. In the range 5 to 8 s, the
torque was completely out of regulation as a result of requesting a reference torque that
was greater than the critical torque. Therefore, low torque oscillation is not considered
because the motor is no longer able to work with the required torque. The successive
steps of the reference torque were accompanied by a drop in the rotor flux value (the
stator flux remained regulated around the reference value of 1.14 Wb, as illustrated in
Figure 7. According to (9), the decrease in rotor flux with increasing load is due to the
inverse relationship between rotor flux and slip frequency. It can be observed from Figure 7
that the value of the rotor flux decreased at 5 s to 0.396 Wb. This aforementioned value is
less than the critical value calculated in (18). Figures 9 and 10 show the three-phase motor
currents and the rotor speed of the DTSFC algorithm for the same previous successive steps
of the torque. It can be observed that currents increased to 2.625 A per phase, with the
increase in the reference torque exceeding their rated values. When the nominal torque was
requested again, the value of the currents decreased to a value close to their nominal values.
According to the DTRFC algorithm, as illustrated in Figures 11 and 12, the performance
tested based on the command of torque load operation was exactly the same as the steps in
Figure 8 at the same time intervals. It is demonstrated that the DTRFC algorithm was able
to provide the desired value of the torque in accordance with the required reference steps
based on the allowance of a dc-link voltage of the inverter. In addition, Figures 11 and 12
showed that the stator flux modulus increased with the increase in the required reference
torque while the rotor flux modulus remained regulated around its reference value of
0.945 Wb. The successive increased steps of the reference torque were accompanied by an
increase in the value of the three-phase motor currents exceeding their nominal values, as
clearly seen in Figures 13 and 14.

Figure 9. The DTSFC testbed for current response behaviour with increased torque reference.
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Figure 10. The DTSFC testbed for speed response behaviour with increased torque reference.

Figure 11. The DTRFC with successive steps of torque reference for stator and rotor flux responses.

Figure 12. The DTRFC with successive steps of torque reference for testing torque response.
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Figure 13. The DTRFC with successive steps of torque reference for current response.

Figure 14. The DTRFC with successive steps of torque reference for speed response.

6.2. Simulation Results of FOC with Rotor Flux Vector Orientation Towards (α− Axis)

To evaluate the performance of the FOC algorithm, the following parameters were
set. The switching frequency of the inverter was set as fPWM = 10 kHz and the sampling
time of Ts = 50 µs value was selected. The third harmonic injection technique was used
to boost the reference voltages within the PWM stage in order to reach the value ( E√

3
) at

the inverter output (i.e., an increase of 15.47% in ( E√
2
) is obtained) [57]. Figures 15 and 16

illustrate the responses of rotor flux and torque, depicted in accordance with their rated
reference values. The control was carried out at high speed, equivalent to 75% ωn rad/s.
The proportional current gain values were set as KP(α)−I = 100, KP(β)−I = 400. It is observed
that the control of both Φr and Tem were excellent and matched well to their reference
values. It is also apparent that the torque ripples of electromagnetic torque amplitude in the
steady state have a small value of about 0.043 N.m, which is roughly 0.024% of Tem−n; this
is one of the advantages of the FOC algorithm. However, the transient response value of the
torque is slow and spent around 4 ms to reach its steady state condition, as demonstrated
in Figure 16. This is due to the FOC method, which is based on the principle of indirect
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driving of the voltage inverter. Figure 17 shows the responses of stator current components
isα and isβ in the synchronous reference frame. It is evident that they are well regulated
between 0.9 and 0.98 A with low ripples. The component isβ is a similar shape to the torque
response since the relationship between them is linear when the rotor flux modulus is
constant, as noticed in (22). Furthermore, in Figure 18, the sinusoidal three-phase currents
are without distortions. Figures 19 and 20 illustrate the responses of the two components of
the stator and rotor fluxes vectors in the synchronous reference frame. It can be observed
that the real component response of the stator flux vector is similar to the real component
of the rotor flux vector in the steady state, while the imaginary component response of the
stator flux vector is similar to both component isβ and the electromagnetic torque responses.
The imaginary component of the rotor flux vector is zero (Φrβ = 0), which confirms the
correctness of the orientation process towards the (α− axis).

Figure 15. The testbed behaviour of the FOC algorithm for rotor flux response.

Figure 16. The testbed behaviour of the FOC algorithm for torque response.
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Figure 17. The testbed behaviour of the FOC algorithm for stator current vector components re-
sponses.

Figure 18. The testbed behaviour of the FOC algorithm three-phase current response.

Figure 19. The testbed behaviour of the FOC algorithm stator flux vector components responses.
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Figure 20. The testbed behaviour of the FOC algorithm for rotor flux vector components responses.

6.3. Simulation Results of the Combined FOC and DTC Algorithm

In the proposed scheme, a threshold value was initially selected of 0.05 N.m, and the
frequency of the triangle signal in the FOC algorithm was set to fPWM= 10 kHz with a
sampling time of Ts = 50 µs. When the FOC-DTC was in operation at a medium speed, at
roughly 56% ωn, and a rated reference torque ±1.76 N.m, some disturbances accompanied
the transition between DTSFC and FOC for the torque until the steady-state of the torque
error stabilized within the predetermined threshold limits, as shown in Figure 21. The
stator and rotor flux responses demonstrated in Figure 22 are the same as above scenarios,
the transition time between the two algorithms started at 1 s. The value of the rotor flux
remained constant at 0.945 Wb, and the stator flux was regulated around its rated reference
value of 1.14 Wb just at the moment of applying the DTSFC algorithm. However, the stator
flux slightly increased when the FOC algorithm was applied. The three-phase currents are
illustrated in Figure 23, where the currents had a sinusoidal shape. Figure 23 shows that
the transition procedure went successfully because it is clear that there was no undesirable
disturbance of the current signals throughout that time. This indicates that the changeover
proceeded smoothly. At the time of switching to the steady state, the distortion in the
currents disappeared due to the application of the FOC algorithm, as demonstrated in
Figure 23. The electromagnetic torque response in the combined algorithm for several
threshold values, δ = 0.02, 0.05, or 0.07 N.m, was shown in Figure 24. An early transition
from the DTSFC algorithm to FOC occurred when a large value of this threshold was set.
It is worth mentioning that the threshold value should not be so large as to lead to an
early transition to the FOC algorithm before the electromagnetic torque signal reaches
its reference value. Figure 25 shows that the testbed of the system has been investigated
during the transition between the two algorithms and the cause of the disturbances occurs
before stabilization. A speed value was given at 0.75 ωn, and the transient response of the
torque and the stator vector modulus Vs were plotted for three values of the gain KPβ−I =
100, 200, and 300 with the value of the proportional gain KPα−I = 100 at a threshold equal
to δ = 0.05 N.m. It is clearly seen that the transient response of the vector Vs increased with
the increase in the value of this gain (KP(β)−I). Therefore, there are two possible scenarios
during the transition between the two algorithms that can be discussed in the following
subsection with respect to different gain values.
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Figure 21. Electromagnetic torque response of the proposed combined FOC-DTC algorithms.

Figure 22. Stator and rotor responses of the proposed combined FOC-DTC algorithm.

Figure 23. Three-phase currents of the proposed combined FOC-DTC algorithm.
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Figure 24. Torque profile in the proposed combined FOC-DTC algorithm with different values of (δ).

Figure 25. (a) Torque response of the proposed combined FOC-DTC algorithm for three values of
KP(β)−I . (b) Stator voltage vector modulus Vs in the FOC algorithm.
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6.4. Transition Case Results between FOC and DTC Algorithms
6.4.1. Case 1: Assuming a Positive Torque Error

For a value KPβ−I = 100, while gradually applying a step command of the electro-
magnetic torque (from zero to the rated value), the control law of the proposed method is
to allow the pulses to go through the semiconductor switches of the inverter by DTSFC
algorithm prior to FOC in order to achieve high dynamic torque. In the meantime, the
torque error decreases due to the increase in the torque reaching its reference value. The
control law switches to the FOC algorithm when the torque error comes within the limits
of the predetermined threshold value. This causes the transition from a high voltage value
(generated by DTSFC) to a lower voltage value (generated by FOC), which has a slow
response. The low value of this voltage in FOC will result in a low value of torque, smaller
than the value that resulted from the DTSFC algorithm before the time of switching between
the two algorithms. As a result, the torque error will increase again instead of decreasing,
which leads to exceeding the threshold value, based on the concept of the proposed control
that would force switching again to the DTSFC algorithm. The switching process between
the two algorithms will continue (in both directions) until the voltage vector VEs ensures
that the value of the torque error remains within the threshold (δ) limits. In other words,
to guarantee that the disturbances are clarified in a short time and fully enter into the
steady-state condition.

6.4.2. Case 2: Voltage Vector Switching Is Higher

In the case of a gain value assumed to be KPβ−I = 200 and 300) taking into account the
previous scenario, the process will be repeated, but at the time of switching, the voltage
vector modulus is at the greatest value compared to case 1. This necessarily means that
during this period, the value of the torque error remains less than its value in the first state.
Therefore, the amount of perturbation caused by the frequent switching between the two
algorithms will be less than the previous state. The above analysis helped out to understand
the dynamic working of both algorithms in terms of participating in torque generation
within the transient state. Indeed, the value of the voltage vector amplitude generated by
the FOC algorithm determines the ratio of its participation in torque production within
the transient state. This issue is illustrated in Figure 26, the transient torque response and
the voltage vector modulus of the FOC algorithm were plotted. The control decision is
assigned a value of range 1 when the DTSFC algorithm is selected and range 2 when the
FOC algorithm is selected. It is noted that when the voltage modulus increases, the torque
signal’s ripple amplitude decreases. The transient state can be divided into three ranges
based on the torque error values, as demonstrated in Figure 26. The ripple’s amplitude
value for each range is 0.286, 0.173, and 0.12 N.m, respectively. In the first range, it can be
observed that the value of range 1 of the control law is dominant, which means that the
DTSFC algorithm is dominant in generating the torque due to the large voltage generated
by this algorithm compared to the small voltage produced by FOC. In the second range, the
control law oscillates between the two values of range 1 and range 2 almost equally. This
means that the torque is generated from each of the two algorithms almost equally with
an average value of the amplitude of the ripple. However, in range 3, it is clear that the
FOC algorithm has become dominant due to the value of the low ripple of 0.12 N.m. More
specifically, the generated voltage by the FOC has ensured that the torque error remains
within the threshold limits, as mentioned earlier. In order to improve the performance of the
control law for the proposed control, the threshold-based classical method can be replaced
by a hysteresis regulator. The selection of such a regulator was due to its stability as well
as the act that it allows the designer to be more flexible in choosing the best threshold
because it depends on two values (switch-on point, switch-off point). Figures 27 and 28
show the torque response in the combined algorithm for different values of the switch-on
and switch-off points of the hysteresis regulator. The control law of the proposed control
represents the output of the hysteresis regulator, which is expressed in either range 1 or
2 based on the selected algorithm (DTSFC or FOC). In order to demonstrate the effect
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of the switch on and off of the hysteresis regulator, changes were made in one of them
while the other value was fixed, as shown in Figure 27a,b and vice versa, Figures 28 and 29.
According to Figure 27a,b, two different values for switch-on were selected, 0.07 N.m or
0.09 N.m, while switch-off was fixed, 0.05 N.m. The switching time of the torque was
96.6 ms with the small value of switch-on = 0.07 N.m. However, the time decreased to
71.15 ms with a large switch-on value of 0.09. In Figures 28 and 29, two different values of
switch-off were set, 0.05 N.m or 0.1 N.m, while the switch-on was fixed at 0.5 N.m. The
selection of the values in Figure 28 was satisfactory because the torque could reach its
reference value. However, the selected values in Figure 29 were not reasonable because
the FOC algorithm arrived early, which forced the torque to not reach its reference value.
The last case led to the loss of the high dynamics resulting from the DTC algorithm. In
order to validate the performance of the proposed combined algorithm FOC-DTC over the
wide torque operation range, the three algorithms were allowed to participate in torque
generation. There was a wide range of torque operations applied in Figures 30 and 31, as
shown in Table 2, which illustrated torque references with various values. The values of
the thresholds were set as switch-on = 0.5 N.m and switch-off = 0.05 N.m.

Table 2. Reference torque to test the combined algorithm over a wide range of torque operations.

Unit with
Time Command Torque Sequence

Time (s) 1 3 5 7 8 9
Tem−re f (N.m) 1.76 4.22 6 −1.76 −4.22 −6

The proportional gains were set as KPα,β−I = 100 and 400. It can be observed that, for
the transient state, DTSFC was allowed to work within a reference torque range and should
not exceed the breakdown value of 4.22 N.m, as shown in Figure 30. However, DTRFC was
allowed to work once the torque exceeded the breakdown torque. More specifically, with a
reference torque equalling Tem−re f = 6 N.m, the torque regulation was achieved. The rotor
flux was regulated around the rated value of 0.945 Wb along the wide operation range.
However, the stator flux increased or decreased according to the torque demand, as shown
in Figure 31.

Figure 26. Testbed behaviour of torque response within the transient state in the proposed FOC-DTC.
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Figure 27. Torque response in the proposed combined FOC-DTC with different values of switch-on
and -off.

Figure 28. Torque response in the proposed combined FOC-DTC with different values of switch-on
and -off.
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Figure 29. Torque response in the proposed FOC-DTC with different values of switch-on and -off.

Figure 30. Torque response in the proposed combined FOC-DTC over a wide torque range.

Figure 31. Stator and rotor fluxes responses in the proposed FOC-DTC over a wide torque range.
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7. Experimental Results Using a dSPACE-DS1103-Based Platform

In order to support the simulation results of the analytical analysis performed over
the entire speed range, a dedicated experiment was performed by using an interface
device called a dSPACE-DS1103 card. The experiments were performed on a squirrel
cage three-phase induction motor of 50 Hz, 230/400 V, and 0.25 kW. The motor was fed
from a 22.8 kVA three-phase Semikron inverter. The dc-link voltage was set as 550 V. An
incremental encoder of 1024 pulses per revolution was used to measure the speed. The
three currents of the three-phase motor were measured using only two sensors. The two
components of the voltage vector were estimated by measuring the voltage of the dc-link,
E, and the pulses of the inverter. The platform was pictured as demonstrated in Figure 32.

Figure 32. The experimental platform implemented to test the combined FOC-DTC scheme.

The test rig consists of all employed equipment, including the dSPACE DS1103 card.
To compare the performance of the DTSFC versus DTRFC, the experimental results are
shown in Figures 33 and 34. DTSFC was tested for successive steps of the reference torque
given. It is illustrated that the performance of DTSFC remained satisfactory as long as the
required reference torque did not exceed the critical value of 4.22 N.m. However, DTSFC
failed when this value was exceeded, and the successive steps of the reference torque were
accompanied by a drop in the rotor flux value. The stator flux remained regulated around
the reference value of 1.14 Wb. Regarding the DTRFC algorithm, the performance was
tested for successive steps of the reference torque. It was proven that the DTRFC algorithm
was able to provide the desired torque in accordance with the required reference steps as
long as the inverter dc-link voltage allows. The stator flux modulus grew with the increase
in the required reference torque, while the rotor flux modulus remained regulated around
its reference value of 0.945 Wb. The results in Figures 33 and 34 adequately agree with
the simulation results shown in Figures 7, 8, 11, and 12. In Figure 35, the experimental
result of the implemented FOC-DTC scheme shows that the speed was set at 0.75 ωn with
a sampling time of Ts = 50 µs, and the PWM frequency was fPWM = 20 kHz. The reference
value of the rotor flux was 0.945 Wb. To test the robustness of the proposed scheme, the
reference torque was instantly changed from 0.88 N.m to 1.76 N.m at 1.48 s. It is proven that
the transition process took place well within the transient state after several disturbances
in the value of the control decision. The rotor flux and torque are well controlled around
the above reference values, and the three-phase currents have a sinusoidal shape. Clearly,
the experimental results are in good agreement with the analytical results presented in
Figures 21 and 22, giving full validation to the adopted approach. Figure 36 shows the
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torque response in the combined algorithm for different values of the switch-on point and
switch-off point of the hysteresis regulator. The control law representing the output of the
hysteresis regulator is expressed in either range 1 or 2 depending on the selected algorithm
(DTC or FOC). The same two values are selected in Figures 27–29 where repetitive steps
are addressed, i.e., switch-off was changed (switch-off = 0.05 or 0.1 N.m) while switch-on
was fixed (switch-on = 0.5 N.m). It is noted that the disturbance in the transient state
was greatly reduced, and the transition was fast between DTC and FOC. Therefore, the
experimental implementation by using dSPACE DS1103 fully agreed with the simulation
results presented in Figures 27–29.

Figure 33. The performance of DTSFC with successive steps of the reference torque.

Figure 34. The performance of DTRFC with successive steps of the reference torque.
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Figure 35. The performance of the proposed FOC-DTC at a speed value of 0.75 ωn.

Figure 36. The torque response in the combined FOC-DTC algorithm with different values of switch-
on/off.

8. Robustness and Evaluation against Previous and Recent Related Techniques

To verify the feasibility and the effectiveness of the proposed algorithm, its perfor-
mance is compared with previous and up-to-date related approaches in the literature
review, which are specified in the following work reference [24–36]. Table 3 represents
seven work references deemed to be worthy of comparison with the proposed control
scheme. The most relatable case studies towards the proposed control scheme are in [24,31],
while the rest of the articles clearly perform worse than the proposed algorithm because
they all operate at a variable switching frequency, as well as are unable to generate a large
torque beyond the critical torque. Study [24] contained four optional gains, which created
difficulty in the synthesis process with the changing operating conditions as well as the
need for orientation over the whole range of the operation. However, the proposed method
had only two optional gains. In addition, the lack of simplicity in terms of orientation
within the transient state and nominal torque range. Study [31] showed that the system
suffers from a slow torque transient, the switching frequency is not always constant, and
its incapacity to generate torque above the critical torque. The comparison pointed out that
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the proposed method has provided valuable results compared to the corresponding litera-
ture in terms of low flux and torque ripples, high torque production, constant switching
frequency, and simplicity.

Table 3. Comparison between the proposed algorithm and previous and recent techniques.

Used
Method

Flux
Ripples

Torque
Response
for (TSR)

Torque
Response
for (SSR)

High
Torque
Prod.

Switching
Frequency

Optional
Gains

Proposed Lower 0.65 ms Lower Yes Constant 2

Ref. [24] Low 1 ms Low Yes Constant 4

Ref. [25] High 4 ms High No Variable -

Ref. [26] No plot 10 ms Low No Variable Unknown

Ref. [28] High 1 ms Low No Variable -

Ref. [29] High 10 ms High No Variable -

Ref. [30] Low 10 ms Low No Constant -

Ref. [31] High 1 ms High No Variable 12

Ref. [34] Low 16 ms Low No Variable 2

For further clarification of the indicated strategies in this article, a numerical compari-
son is shown in Figures 37–39 in terms of flux ripples, torque ripples, and torque response
in TSR, respectively. Figure 37 shows that the proposed combined strategy produced the
lowest value in magnetic flux ripples at 0.002 Wb compared to the other two strategies,
DTSFC and DTRFC. Similarly, according to Figure 38, the proposed strategy produced
fewer torque ripples at 0.043 N.m compared to the other two strategies, DTSFC and DTRFC.
Figure 39 demonstrates that the proposed combined technique is much faster in terms of
torque response in TSR at 0.65 ms compared to FOC, DTSFC, and DTRFC.

Figure 37. Comparisons of flux ripples for DTSFC, DTRFC, and the proposed FOC-DTC.
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Figure 38. Comparisons of torque ripples for DTSFC, DTRFC, and the proposed FOC-DTC.

Figure 39. Comparisons of torque response in TSR for FOC, DTSFC, DTRFC, and the proposed
FOC-DTC.

9. Conclusions

In this article, an analytical investigation of a novel combined algorithm, namely,
FOC-DTC, of induction motor drives were performed at transient and steady states over
a wide range of torque operations. The working principle of the proposed scheme was
based on the selection of DTSFC or DTRFC at the transient state in accordance with the
defined reference torque. In contrast, FOC was switched smoothly at the steady-state
condition based on a defined torque error. The contributions of the proposed scheme were
successfully achieved and are summarized as follows:

• Offered high dynamics of flux and torque due to the use of the DTSFC algorithm
within the nominal torque range of 0.5 ms.

• Enabled the generation of high torque beyond the breakdown torque due to the use of
the DTRFC algorithm 6/1.76 N.m * 100 = 340% Tem−n.

• Excellent, low steady-state error of torque and torque ripple that was reduced to a
great extent due to the use of the FOC algorithm at 0.05 N.m and 0.028% Tem−n.

• Excellent transition between the transient state and steady state with the best values
of switch-on= 0.5 N.m, switch-off = 0.1 N.m.

• Constant switching frequency was achieved at fpwm = 10 kHz due to the use of the
FOC algorithm during the steady-state condition.

• The results of the experiment distinguished the findings of the proposed study, which
provided full validation for the adopted methodology and were in complete agreement
with the simulated outcomes.

Despite the fact that the FOC algorithm performed well in the proposed scheme, the
transient response value of the torque was slow and spent around 4 ms to reach its steady
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state. It is worth mentioning that the simplicity of the proposed technique was preserved
since there is no requirement to modify the typical DTC or FOC structure. This particular
feature is not involved in any article of the literature review. The simulation results and
a full comparison with previous and the most recent research were presented, which
then verified the superiority and effectiveness of the proposed scheme. Furthermore, the
proposed approach maintains simplicity with a low cost solution for real implementation.

Future work will explore how to accurately control decisions in the proposed method
and how to further design more robust approach for combined DTC and FOC strategies
when taking into account the error and change in the error of the torque signal by means of
intelligent techniques. This work can be developed in the future by developing the control
decision so that it could contain a neural network that can make the decision not only
based on the torque error but also on the change in the torque error, which will give higher
dynamics with fewer fluctuations within the transient state. It is also possible to conduct
in-depth studies on the change in motor parameters and their impact on the performance
of the driving system.
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Appendix A

Table A1. Parameters of the induction motor.

Variable Unit Value

Nominal voltage 230/400 V
Phase resistance stator Rs = 45.83 Ω
Phase resistance rotor Rr = 31 Ω

Phase inductance stator Ls = 1.24 H
Phase inductance rotor Lr = 1.11 H

Mutual inductance Lm = 1.05 H
Inertia J = 0.006 kg.m2

Friction factor f = 0.001 N.m. s/rad
Number of poles pairs p = 2

Nominal stator flux Φs = 1.14 Wb
Nominal rotor flux Φr = 0.945 Wb

Nominal power Pn = 0.25 kW
Nominal frequency F = 50 Hz

Nominal speed ωn = 282 rad/s
Nominal torque Tem = 1.76 N.m
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Appendix B

Table A2. Parameters of PI current controller using the trial and error method.

Kp and Ki Gains for (α− β) Frame Calculation of Kp and Ki Gains

KP(α)−I = 100 KI(α)−I = a5.KP(α)−I
KP(β)−I = 100, 200, 300 and 400. KI(β)−I = a5.KP(β)−I

Appendix C. Motor Constants

a1 =
Rr

Lr
, a2 =

LmRr

Lr
, a3 =

LmRr

σLsL2
r

a4 =
Lm

σLsLr
, a5 =

L2
r Rs + L2

mRr

σLsL2
r

, b =
1

σLs

Appendix D

Table A3. Abbreviations.

Abbreviation Definition

IM Induction Motor
DTSFC Direct Torque ans Stator Flux Control
DTRFC Direct Torque and Rotor Flux Control

FOC Field-Oriented Control
VSI Voltage Source Inverter
VEs Voltage Vectors
HCs Hysteresis Controllers
LUT Lookup Table

PWM Pulse Width Modulation
TSR Transient State Response
SSR Steady State Response
Ref Reference

Appendix E

To calculate the reference value of the stator and rotor flux, the following equations
are used, considering a stationary reference frame:

Φs =

√
2
3
· Vs

ωr
=

√
2
3
· 311

2π · 50
= 1.212 Wb.

Due to the effect of the stator resistance with loading, the previous value drops to 1.14
Wb. Therefore, Φsre f = 1.14 Wb.

To calculate the reference rotor flux, the following equation is used after orienting the
rotor flux vector towards the α axis in the synchronous reference frame:

Φr =
Lm

Ls
· 1√

1 + (στrωr)
·Φs =

1.05
1.24
· 1√

1 + (1.99 · 0.0358 · 32.15)
· 1.14 = 0.945 Wb.

where
ωr = ωs −ωn = 2π · 50− 282 = 32.15 rad/s.

Therefore, Φrre f = 0.945 Wb.
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