
660

Taa and Mokhtari.

Proposal of an Optimal Control of an Electric Vehicle by Combined FOC and DTC Techniques

Corresponding author: 
Bachir Mokhtari

E-mail: 
ba.mo khtar i@lag h-uni v.dz

Received: August 15, 2023

Revision Requested: August 22, 2023

Last Revision Received: July 25, 2024

Accepted: August 22, 2024

Publication Date: October 8, 2024

DOI: 10.5152/electrica.2024.23125

ORIGINAL ARTICLE

Proposal of an Optimal Control of an Electric Vehicle by Combined FOC 
and DTC Techniques
Saad Taa , Bachir Mokhtari
LEDMASD Laboratory, Department of Electrotechnics, Faculty of Technology, University of Laghouat, Algeria

Cite this article as: S. Taa and B. Mokhtari, "Proposal of an optimal control of an electric vehicle by combined FOC and DTC techniques," Electrica, 24(3), 
660-669, 2024.

ABSTRACT

This work is the continuation of a research project launched 4 years ago, concerning the optimization of the propulsion of an electric vehicle, which is divided into two 
major axes: one deals with the signal processing part used for dynamics and the other deals with control techniques for vehicle driving. In this paper, we present our 
idea for the optimization of propulsion. We propose to use a combined control of field-oriented control (FOC) and direct torque control (DTC). The two well-known 
techniques have different advantages depending on whether you are looking at speed or torque. The vehicle is driven by a permanent magnet synchronous motor 
(PMSM). Throughout the journey, we apply a FOC to control the speed where the road is flat, and we apply a DTC whenever we need the desired torque. Switching 
between the two control techniques is ensured by a well-adjusted switch via the variation of the load torque obtained by the vehicle dynamics sensors. The results 
obtained show good stability of the proposed system and allow the intended operation of the propulsion system.
Index Terms—Direct torque control, field oriented control, permanent magnet synchronous motor, position sensor, switcher
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I. INTRODUCTION

In [1], we said that our work aims to implement a combination of the two control techniques, 
fieldoriented control (FOC) and direct torque control (DTC). We have therefore published the part 
that concerns the vehicle motion sensing system, and in this present work, we will present the 
second part of this great project.

The movement of the vehicle is based on two main parameters: one is the torque exerted on its 
driving wheels and the other is the speed. The two parameters mentioned are controlled through 
the FOC when the trajectory is on a flat road and the DTC if the road is on a slope.

We choose the permanent magnet synchronous motor (PMSM), which has received increasing 
acceptance in industrial applications due to its features of high efficiency, low noise, high per-
formance, and robustness. It plays a fundamental role in manufacturing automation, such as in 
robotics, electric scooters, hybrid vehicles, elevators, aerospace, and applications in aircraft [2-6].

Direct torque control is characterized by its simplicity and very good dynamic response in torque, 
as well as the possibility of carrying out torque control without resorting to the speed or position 
loop [5, 7-9].

Field-oriented control is widely used in controlling PMSM drives to achieve fast four-quadrant 
operation, good acceleration, and smooth starting, and in this control process, the precise rotor 
position is needed. Usually, the rotor position and speed can be measured by an encoder or other 
kinds of sensors. However, the presence of these sensors causes problems such as cost, reliability, 
and installation complexity [10, 11].

In order to remedy these problems, research has been directed toward sensorless vector control for 
these motors in recent years [10]; therefore, vector control methods with oriented rotor flux in the 
absence of any position or speed sensor have been studied by many researchers in the scientific lit-
erature. Other techniques proposed in the literature are generally based on extended Kalman filters, 
state observers or Luenberger observers, and the model reference adaptive system (MRAS) method 
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[12-17]. Comparison techniques between DTC control and other tech-
niques applied in electric vehicles are presented by several research-
ers to determine the best choice of propulsion system [18]. The DTC is 
considered as a better strategy used in EVs; for this reason, researchers 
are always trying to improve it by reducing the ripples encountered in 
electromagnetic torque and stator magnetic flux [19-21].

Our contribution is to implement advanced control techniques to pro-
vide adequate propulsion for different roads. The combination of FOC 
and DTC ensures good road holding for the vehicle regardless of the 
nature of the road (flat or on a slope). In [1], we tested the performance 
of vehicle dynamics sensing systems formed from different proposed 
sensors. In this article, we will use them to provide information on the 
switching instant between the two control techniques.

This study is devoted to the modeling of the PMSM studied and the 
presentation of two control techniques. We then present the hybrid-
ization proposed to equip the electric vehicle. Finally, the results will 
be presented and discussed.

II. MODEL OF PERMANENT MAGNET SYNCHRONOUS MOTOR

To represent the motor in a model appropriate to the two used con-
trols, we adopt a representation of the same system in a frame (αβ) 
linked to the stator.

This does not pose any problem because these representations are 
in an equivalent virtual space that only develops the signals which 
infuse the physical behavior of the real system.

However, it should be noted that for optimization of energy 
resources, we have opted to deactivate the control unit which 
does not work during the movement of the vehicle. In this paper, 
we prefer to represent the model via a diagram to facilitate its 
implementation under Simulink/Matlab. For more details of the 
model under mathematical formulas, one can consult [17, 22]. 
The model of the PMSM that we retained in this study is repre-
sented by Fig. 1.

III. Description of the Hybrid Propulsion Proposed

The FOC, as well as its associate the DTC, are well known in the litera-
ture of electrical controls [23, 24]. In this paper, we avoid citing them 
in detail and just recall the essentials.

A. FieldOriented Control
The FOC consists of controlling the stator currents. It is based on the 
transformation of the system of three-phase currents depending on 
time and speed into a time-invariant system with two coordinates 
d and q. These projections lead to a structure similar to that of a DC 
motor [11, 25].

The FOC needs two input references: the torque component (collin-
ear with the q coordinate) and the flux component (collinear with 
the d coordinate). This control is more precise in transient and steady 
states [24].

The basic principle of PMSM control is based on the orientation of 
the rotor flux. Since the magnetic flux generated by the rotor of the 
PMSM is fixed relative to the position of the rotor shaft, it can be 
determined by the shaft position sensor [24].

If Isd = 0, the d-axis flux linkage φsd takes a constant value. Since φf is 
constant for a PMSM, this implies the proportionality of the electro-
magnetic torque to Isq which is determined by closed-loop control 
[11, 24] and can be written by the following expression:

T pIem sq f�
3
2

�  (1)

1) Stator voltage Decoupling
The stator voltage equations are decoupled as follows [26]:

V V e
V V e
sd sdref sq

sq sqref sd

� �
� �

�
�
�

��
 (2)

Fig. 1. The used permanent magnet synchronous motor model.
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Where:
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 (3)

The decoupling system is shown in Figure 2.

2) SPEED AND CURRENT CONTROL

The control block diagram for the current loop after decoupling and 
the speed loop can be generally derived. The current loop of a PMSM 
can be simplified as shown in Fig. 3.

The motor speed control is composed of two nested loops: an inner 
current loop with a fast response and an outer relatively slow speed 
loop presented in Fig. 4. [27].

B. Direct Torque Control
The reference frame linked to the stator makes it possible to estimate 
the flux, the torque, and the position of the stator flux. The purpose 
of switch control is to give the vector representing the stator flux the 
direction determined by the reference value [7, 14-15, 28]. The stator 
flux is calculated by (4), which gives the two flux components. In the 
sampled numerical space, it is given by (5).

The DTC control consists of directly controlling the commutations 
of the arms of the inverter by exploiting the torque and flux calcula-
tions from (5) and (6) [9, 14-16, 28].
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Fig. 2. Decoupling system principle.

Fig. 3. The current loop diagram after decoupling.

Fig. 4. The inner loop for current and the outer loop for speed.
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Moreover, the stator flux is defined by:

˘ ˘ ˘

˘
˘
˘

tan

� � �

�
�
�

� �

�

�

s s s

s
s

s

� �

� �

�

�
�

�
�

�

2 2

1
 (7)

1) Sector Calculation
The states of two hysteresis comparators, one for flux and one for 
torque, are used to determine the control action taken by the DTC 
control [28, 29].

Flux is increased by applying a vector pointing in the flux direc-
tion, and torque is increased by applying a vector pointing in the 
rotational direction. So, to choose the appropriate voltage vectors 
knowledge of the angular position of the stator flux is a primordial 
action.

Each of the sectors has an angle of 60°. These sectors are  
numbered as shown in Figure 5, and the angle is calculated by (7). 
For example 1 represents the sector S1 for the angle between -30° 
and 30° [29].

Fig. 5. Control of stator flux and torque with selected stator voltage 
vectors: 1: on, 0: off, I: increase, D: decrease, F: flux magnitude, T: 
torque.

TABLE I. SWITCHING TABLE FOR A CONVENTIONAL DTC

∆φs ∆Te S1 S2 S3 S4 S5 S6

1 1 110 010 011 001 101 100

0 000 000 000 000 000 000

−1 101 100 110 010 011 001

0 1 010 011 001 101 100 110

0 000 000 000 000 000 000

−1 001 101 100 110 010 011

With: � �� � �s s s e em emT T T� � � �* *˘ ; ˘
ϕs
* : The reference flux; Tem* the reference torque;

ϕ̆s : The estimated flux; T̆em : The estimated torque.

Fig. 6. Principle of proposed control.

Fig. 7. Location of control devices.

Fig. 8. Switching between the two controls.

TABLE II. PMSM PARAMETERS

Pole pairs 4

Stator resistance (Ω) 1.09

Stator inductance (Ld; Lq)(H) 0.0124

Permanent magnet flux (Wb) 0.1821

Inertia (Kg.m²) 4.15 × 10-4
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The switching table used by this control is based on its inputs, 
which are flux and torque errors and the number of sectors, while  
its output is the appropriate voltage that must delivered by the 
inverter. (see Table I).

IV. PROPOSED CONTROL ALGORITHM

We propose to combine the DTC and the FOC to control the PMSM 
in order to benefit from their advantages (fast control for the torque 

and fast control for the speed); the principle of this strategy is  
shown in Fig. 6.

A. Voltage selector (Switcher)
The voltage selector allows selection of the voltage of the DTC or 
FOC control as appropriate using a switch, which can be activated 
manually or by obtaining a signal from the position sensor, as indi-
cated in Fig. 7.

When the switch activates one of the controls, the second switches 
off so as not to consume energy unnecessarily. The vehicle position 
sensor transmits a signal that allows the instant switching between 
the two control techniques.

The accelerator pedal is calibrated to determine the speed 
reference used by the two control techniques, as shown  
in Fig. 7.

The position of the vehicle implicitly informs us of the necessary 
torque that must be developed. In addition, we can use the variation 
of the load torque as a switching set point between the two control 
techniques (see Fig. 8).

V. STUDY RESULTS

This study uses the same trajectory taken in the work [1] and  
the PMSM with parameters indicated in Table II.

Fig. 9. Picture of experimental path [1].

Fig. 10. All blocs of the proposed hybrid control (simulink/matlab©).
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The trajectory is illustrated in Figure 9 it has three phases: the first 
phase is 400 m without slope, the second phase also has 400 m with 
a slope of 5%, and the third phase is 350 m without slope.

During the first phase and at start-up, we begin by applying the DTC 
control; afterward, we switch directly to the FOC control, always 
keeping the speed at a value of 40 km/h. From the beginning of 

the second phase, we switch to the DTC control with an increase in 
speed to 60 km/h. At the beginning of the third phase, we switch to 
the FOC control with an instantaneous decrease in speed to 40 km/h.

By transforming the linear speed to the angular speed, with the use 
of a car wheel of 59.1 cm (ex / 205/45 R 16), the angular speeds will 
be 37.60 rad/s, 56.4 rad/s, and 37.6 rad/s successively. 

The total simulation time is 91.5 seconds, which is too long a time to 
simulate the system; for that, we adopt a time scale.

In Fig. 10, we present all parts of the simulation model in the 
Simulink/Matlab environment.

The results are divided into three parts and illustrated in the figures 
below.

A. MECHANICAL MAGNITUDES

Figure 11 illustrates the states of the DTC and FOC switcher on 
the trajectory taken as reference. The switcher is configured in 
such a way as to change its state when they detect a value greater 

Fig. 11. State of switcher between direct torque control and field-
oriented control.

Fig. 12. Electromagnetic and reference torques.

Fig. 13. Estimated speed with its referential.

Fig. 14. Amplitude of electromagnetic flux.

Fig. 15. Electromagnetic flux circle.
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than a predefined threshold of the load torque and force the con-
trol to switch between the two strategies. In our study, we have 
set as permutation criterion the derivative of the load torque: 
when the load is constant the load torque derivative is zero and 
the switch actuates the FOC and when the load varies the torque 
derivative becomes non-zero and the switch actuates the DTC as  
shown in Fig. 8.

Figure 12 shows the shape of the electromagnetic torque with the 
applied load torque. The electromagnetic torque suitably follows 
its reference. 

At the instant of switching between the two controls, peaks 
appear but only last for a very short time. The probable cause of 
these peaks is the initial state of the controlled quantities, which 
influence the numerical resolution of the system. We estimate that 
they do not actually occur because of the system’s inertia.

Figure 13 shows the shape of the speed following an application 
of the desired reference speed. We chose at time 2.6 s an abrupt 
variation of the reference speed to see the robustness of the con-
trol in such a case. We can clearly see that the system is well con-
trolled and stable (Table III)

Fig. 16. Stator current.

Fig. 17. Stator current (Zoom).

Fig. 18. Stator voltage (Zoom).

TABLE III. NOMENCLATURE

Vsα, Vsβ Stator voltages in � �,� �  frame

Isα, Isβ Stator currents in � �,� �  frame

φsα, φsβ Stator magnetic flux in � �,� �  frame

Vsd, Vsq Stator voltages in d q,� �  frame

Isd, Isq Stator currents in d q,� �  frame

φsd, φsq Stator magnetic flux in (d, q) frame

esα, esβ Induced electromotive forces in (d, q) frame

φs Stator magnetic flux

φf Rotor magnetic flux (permanent magnet)

Tem Electromagnetic torque

Tr Resistant torque

Tf Viscous friction torque

Ω Mechanical speed

P Number of pole pairs

Rs Stator resistance

Lsα, Lsβ Inductances in � �,� �  frame

Lsd, Lsq Inductances in d q,� �  frame

J Moment of inertia

F Coefficient of viscous friction

Ωref Mechanical reference speed

θ Position

Ts Sampling time: 5 × 10-6 s
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B. Magnetic Magnitudes
Figures 14 and 15 show the evolution of stator magnetic flux. We note 
that it is maintained equal to its reference 0.3 Wb during the applica-
tion of the DTC and drops when the FOC is activated. This boils down 
to the fact that the DTC controls the flux, and the FOC does not.

C. Electrical Magnitudes
We can see in Figure 16 that the current absorbed during the appli-
cation of the DTC is stronger than that of the FOC. The FOC is essen-
tially based on control via the current, and in the intervals where this 
command is applied, the torque is constant, and therefore the cur-
rent is also constant. On the other hand, the DTC is applied when the 
torque varies and consequently the absorbed current.

Figure 17 shows the balanced sinusoidal form of the current and  
its increase when the DTC is selected. This makes the FOC much  
better than the DTC because for the same driven load it is important  
to have a low absorbed current.

In Figure 18, we present a zoom of the evolution of the supply volt-
age of one stator phase. We zoom in on switching times of 1.2 s to 
highlight the difference between the two voltages delivered by the 
inverter.

We can see that the inverter switches during DTC take longer in the 
on position than during FOC, and therefore the inverter is more 
relieved when the DTC is switched.

VI. CONCLUSION

In this paper, an electric control system that combines the two 
strategies FOC and DTC has been proposed for the propulsion of 
an electric vehicle. This proposal aims to exploit the robustness 
of each technique in the appropriate case. Additionally, we will 
always have the possibility of using a control block if the other pre-
sents a malfunction during the driving of the electric vehicle. An 
automatic switch sensitive to the variations of the resistive torque, 
which is a function of the slope of the trajectory of the vehicle, 
is used to switch between the two control strategies. The results 
obtained show a good robustness of the driven system and indi-
cate that this combination can ensure the good operation of the 
propulsion system. It is quite clear that the results obtained are bet-
ter than those obtained by [2]: the torque, the speed, and the stator 
flux all have all less ripples.

Our perspective is to improve this control by applying intelligent 
techniques and implementing them on a DSP or FPGA.
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