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Abstract 
 

This paper introduces an advanced Field Oriented Control (FOC) strategy, specifically tailored for electric vehicle 
drivetrains, that streamlines the tuning process of PI controllers within the α and β coordinates of the synchronous 
reference frame. The innovative approach mitigates torque and stator current fluctuations while maintaining a 
constant switching frequency and improves inverter voltage use through third harmonic injection. Crucially, the 
theoretical underpinnings and simulation outcomes, obtained via MATLAB/Simulink, are substantiated by rigorous 
experimental verification. A dedicated DS1103-controlled testbed replicates real-world electric vehicle conditions, 
demonstrating the practical efficacy of the FOC method. The experimental results underscore the robustness of the 
control strategy across a broad range of operating scenarios, establishing a significant leap forward in electric 
vehicle control technology. 

 
Keywords: Voltage Source Inverter; Induction Motor, Electric Vehicles, Control Nonlinearities, Control System 

Synthesis 
 
 

1. Introduction: 
 
Several types of electric motors are widely used for EVs, 
including DC-brushed motors, DC brushless motors, 
permanent magnet synchronous motors (PMSMs), 
induction motors (IMs), and switch-reluctant motors 
(SRMs). The induction motors are the most commonly 
used in industry and traction applications since they are 
of good construction, lower cost, ease of fault detection, 
and lower power to weight ratio when compared with the 
permanent magnet synchronous motors [1]. In various 
industrial applications, such as robotics, heavy industry, 
ships, and renewable energy systems, there are two 
methods known to researchers: Field Oriented control 
(FOC) [2]-[3], and direct torque and stator flux control 
(DTC) [4]-[5].  
 
Although the requirements for implementing the FOC 
strategy are more complex than the DTC strategy, 
especially the need to estimate or measure speed, it is 
more widespread and reliable, especially in electric 
vehicle applications.[6]. Therefore, the efforts of 
researchers focused on developing this strategy by 
introducing modern technologies that achieve high 

reliability while maintaining strong performance at the 
same time. The implementation of the FOC strategy 
using PID regulators has been widespread in many 
applications of FOC, such as driving a BLDC Motor 
enhanced by parallel optimized technique [7]. In the 
research [8], a PI regulator was used in the speed control 
loop of an induction motor with the use of a genetic 
algorithm to estimate the regulator values. However, this 
research lacked practical implementation that supported 
theoretical analysis. DSP based-Fuzzy FOC control 
method of permanent magnet synchronous motor was 
performed in [9]. The authors tried to simplify the design 
of the algorithm by using the toolbox in Matlab. 
However, they set manual values for parameters in 
addition to not testing the designed system on a wide 
range of operating conditions. A similar work to 
Research [9] was proposed in the paper [10] where the 
FOC strategy was applied to an induction motor with PI 
parameter values adjusted with the help of the Fuzzy 
controller. The speed signal was also obtained from 
Lunberger's estimator. However, this research was 
limited to theoretical simulation without practical 
application. 
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A modified research proposed by the researchers in [11] 
by applying the strategy to brushless DC motor with 
enhanced fuzzy controller. The authors tested their 
approch in cases of no load and load with variable speed. 
As it is known, the windup phenomenon is a negative one 
caused by PI controllers. This phenomenon has been 
analyzed in [12], which presented a study of solutions of 
antiwindup techniques to reduce problem of saturation 
suffered by these controllers in PMSM engines. The most 
advanced techniques have been introduced into the 
algorithm such as the use of neural networks as in [13]. 

where the researchers replaced the PID controller in the 
current loop with a neural network while maintaining the 
PID regulators in the speed loop. The work is especially 
noteworthy since it was tested in the field weakining 
region of PMSM motor, yet it was not without difficulty 
in tuning and training the network . 
 
Model Predictive Contorl (MPC) principles based PID-
FOC techniques to improve the performance in 
propulsion systems [14], MPC based FOC of the 
induction motors in electric vehicles [15], or MPC based 
FOC of five phase PMSM are are some of the research 
published within this context. In [16], The inverter 
investment in FOC algorithm was enhanced sliding mode 
and the injection of the third harmonic component. This 
proposed method was applied in an [16]- asynchronous 
generator of single-rotor wind turbine. These techniques 
have been used in other research in order to suppress the 
current harmonics [17], and to reduce the oscillations of 
both torque and magnetic flux [18]. 
 
This paper proposes an effective and simple method of 
field oriented control FOC which is suitable electric 
vehicles applications. The proposed scheme ensures the 
low chattering of the torque and the stator currents with 
fixed frequency. In addition, It is enhanced by using the 
third harmonic injection technique which improves the 
utiliy of the inverter voltage.   

 
The rest of this article is arranged as follows. Section 2 
presents a detailed background for the FOC strategy. 
Section 3 presentes formulation FOC strategy of IM. 
Simulation and experimental results are outlined in 
Section 3 and Section 4 to verify the feasibility and 
effectiveness of the proposed strategy. Finally, the 
conclusion is performed in Section 5. 
 
2. Theoritcal Background of FOC Algortihm 
 

In fact, the orientation of the field control algorithm 
varies according to the method of obtaining the 
orientation angle. The name of direct field orientation 
(DFOC) control algorithm is given to that algorithm in 
which the value of the orientation angle is obtained from 
the direct measurement of the magnetic flux. This 
method is limited in use due to the difficulty of measuring 
the magnetic flux (for the stator or the rotor) directly, and 
it is also costly due to the need for a magnetic flux sensor. 
In contrast, the Indirect Field Orientation Control (IFOC) 
algorithm is defined as the algorithm that uses a slip 
relationship, that is, by adding the speed of the rotor  ω 
with the slip speed ωr [19]. Due to its dependence on the 
sliding relationship, it is influenced by machine 
parameters, yet it is considered the primary method used 
to flux orientation control of induction motors. Note that 
in both methods (direct and indirect flux orientation 
control), the presence of the current control loop stage is 
preferred. Therefore, Hystereis regulators can be used at 
this stage or any type of traditional or smart regulator 
[20]. 
 
The detailed block scheme of the direct FOC strategy is 
shown in Figure (1). It has two loops of control, the first 
loop is to control the modulus of the rotor flux, while the 
second one is to control the rotor speed [21]. The three 
phase currents of the motor are captured, which are used 
to obtain two phases currents in synchronous reference 
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Figure 1. The block diagram of FOC of IM 
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frame. The orientation angle is calculated depending on 
the rotor speed calculated from the position of the motor 
shaft, and load-dependent slip speed. The two phases 
voltages are introduced within the PWM stage in order to 
obtain the suitable pulses to be applied to the electronic 
switches of the mold driving the motor [22]. 
 
3. FOC strategy formulation 
In the FOC strategy, control is achieved through two 
separate loops: the rotor flux control loop along the α-
axis and the speed control loop along the β-axis. Figure 
(2) illustrates the block diagram for this structure, 
detailing the rotor flux control for the α-axis Figure (2a) 
and the speed control for the β-axis Figure (2b). 
 
The mathematical model in terms of the stator currents of 
the rotor flux is given as follows [23] [24]: 
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  (1) 

 

Where, 
k
sV  is the stator voltage vector; Ls, Lr, and Lm 

are the stator, rotor, and mutual self inductances 

respectively; (σ = 1 − ) is the leakage constant; τs, τr  

refer to the time constant of the stotor rotor respectively, 

ω is the rotational speed; p is the pole pairs number  
 
the components of the stator flux vector are given as 
follows, 
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where, Rs is the stator resistance for one phase. 
 
The real rotor flux component, taking into account the the 
rotor flux vector orientation, can be written as [25]:  
 
The slip frequency ɷr is calculated by one of the two 
equations [26]: 
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the motor torque can be written as follows, via 
substituting the formula (5) into the formula (6),  
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The angle of orientation can be estimated using the 
equation [27]: 

 

ωωω rs   (8) 

 
In order to accomplish the control process, PI regulators 
will be used for thoughtful control loops. This choice is 
due to the simplicity of these controllers compared to 
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Figure 2. Clarifies the block diagram of both the rotor flux control and the speed control of FOC strategy of α-
axis, and β-axis, respectively, (a) Rotor flux control for α-axis, (b) Speed control for β-axis. 
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other controllers, and their ability to cancel the steady 
state error [28]. However, They suffer from instability 
due to the fact that they contain the integrator. Therefor, 
this problem will be solved by using antiwindup 
technique that eliminates the malfunction condition of 
the regulator's operation   [29]. Due to its simplicity as 
well as its ability in maintaining the system order, the 
technique of zero-pole cancellation will be used for 
calculating the gains of the controllers [30].  
The controller rotor flux as well as the speed regulator 
gains are calculated after calculating the current 
controller gains in the inner loop.The detailed 
calculations is performed in the Appendix A. 
 
4. Simulation Results  
 
The tested motor was an  induction motor of squirrel cage 
type. Its nominal speed at 282.7 [rad/sec], The nominal 
torque and the rotor flux are 0.945[Wb], 1.76 [Nm], 
respectively. Its nominal power was 0.25[Kw]. In order 
to investigate the the FOC performance, important 
parameteres should be set as follows. The inverter 
switching frequency and the sampling period were set as 
fPWM=10[KHZ] and Ts=50[µs], respectively. The 
technique of the third harmonic injection was used in 
order to enhance the reference voltages with PWM stage 

(That means an increasing of 15.47% of ( 
√

 ) is gained) 

[31]. 
 
In order to test the performance of the proposed method 
over a wide speed range, the simulation results are 
conducted in Figure (3). Consecutive jumps in the 
reference speed signal with different values made at 
specific times. At the moment 0.3 seconds, a reference 
speed of 100 [rad/sec] was requested. At the moment 3, 
a reference speed of 150 [rad/sec] was requested. At 
moment 5 seconds, A negative reference speed of -50 
[rad/sec] was requested until  the moment 7.5 seconds a 
positive reference speed requested again. It is observed 
that the measured speed of the motor was well tracked 
the reference speed without any disturbances in transient 
states. The developed torque of the motor followed the 
changes of the speed with low chattering and high 
dynamics. The rotor flux was maintained controlled 
around its nominal value (0.945 [Wb]). The motor three 
currents remained sinusoidal without spikes during 
transitions changes. 
 

 
 
To verify the correct α-axis orientation in terms of the 
rotor flux vector since it is the core of FOC strategy, the 
two components of Φr vector were plotted, for the the 
frame (α, β), in Figure (4). it is indeed observed that the 
imaginary component is approximately equalled zero, 
and the real component is approximately equalled the 
value of the nominal rotor flux magnitude as it reached 
the value 0.951[wb]. 
 
 
 

Speed Reference 

Figure 3. Behaviour of FOC strategy for wide speed range. 
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00000000

 
 
Similarly, Figure (5) shows the components of the stator 
current vector for the synchronous frame. It is noted that 
the current of α- axis reached 4.75A during the startup, 
while it stabilized in the steady state at 0.89A. On the 
other hand, the imaginary current increased gradually due 
to the graded reference speed and stabilized at a value of 
1.32A. 
 

 
 
Figure (6) clarifies the three-phase voltage signals before 
being injected with the third harmonic signal divided by 
the parameter (E) with the third harmonic signal. With 
this case, an extra reference voltages could be secured by 
an increase of (15.47%), or the DC-link could be reduced 
by 15.47%. 

 
 
Figure (7) shows the voltage vector amplitude developed 
from the FOC algorithm . The nominal voltage of the 
tested motor is 230V, that is, the maximum value of the 
nominal voltage is 325V. Since the two phases voltages 

amplitude is greater than the three phases voltages by 
1.224, the maximum value of the Vs in the synchronous 
frame is 400V. However, there is an increase in this value 
of 24[V]. This increase is due to the optional gains. These 
values can be changed to obtain less voltage, but this 
change may cause worse performance of the system, so a 
slight overrun of the applied voltage to the motor can be 
accepted. 
 
Figure (8) shows the slip speed with the orientation angle 
in the synchronous reference frame.  
 
The slip speed has a similar response to the torque 
response according to equation (6) for a constant rotor 
flux value. 
 

 
 
    Figure 7. Voltage vector amplitude response 

 
 
 
5. Experimental results 
 
In order to test the performance of the approach over a 
wide range of speed and verify the the simulation results, 
experiments were carried out on a test rig within the 
laboratory equipped for electric drive systems. The 
platform has been invested in some of our literature 
research [32]. The experiments were conducted on a 
50Hz, 230/400V squirrel cage three-phase induction 
motor with a power of 0.25 kW, a rated speed of 1350 
rpm, and a rated torque of 1.76 Nm. Full details of the 
motor's parameters are provided in Appendix B. The 
motor was powered by a 22.8 kVA three-phase Semikron 
inverter, with the DC-link voltage set at 550V. 
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Figure 6. Reference voltages with the third harmonic 
injection technique  
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The core component of the platform is the DS1103 digital 
processing card which is supported by dSPACE 
company. The card is supported by a graphical 
environment (called ControlDesk) that helps the designer 
to build a control interface that is used for the control 
commands and monitoring measured and calculated 
signals in real time. As for the sensors in the platform, 
they are two current-sensors, a differential sensor to 
measure the inverter dc-link. The interface circuit for the 
current sensors outputs ±0.5V for each ±1A of input. The 
currents were fed into three channels of the 4-channel 
Analog-Digital Converter (DS1103ADC_Cx). This ADC 
divides its input by 10, so an input range of [-10, +10] 
yields an output range of [-1, +1]. To get the actual 
current value, the output signal of the ADC must be 
multiplied by a gain factor of 20 (2 × 10). In addition, An 
incremental encoder with 1024 pulses per revolution was 
used to measure speed. The conversion between 
mechanical speed and electrical speed is achieved by 

multiplying by the number of pole pairs. To calculate the 
position differential, the current position is subtracted 
from the previous position, and then the result is 
multiplied by the conversion factor to obtain the electric 
speed. First-order intermediate filters were used to 
minimize noise during position signal acquisition from 
the encoder. 
 
The interface circuit for the measured DC-link outputs 
±0.5V for every ±100V of input. This ADC_20 divides 
its input by 10. To get the actual DC-link voltage, the 
output signal from the ADC_20 must be multiplied by a 
gain of 2000 (200 × 10). 
As for the inverter, it is a three-phase of Semikron type 
that has the capabilities of adding dead time to the driving 
transistors in addition to its capabilities in protecting the 
motor and dSPACE at any sudden error or failure. The 
block diagram of the platform and the experimental setup 
is shown in Figure (9) and Figure (10), resecitvely. 
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Figure 9. Block diagram of the test rig for experimental test of FOC method 
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Figure 11. Experimental test of FOC strategy 
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Figure 12. Experimental results of FOC: (a, b):The two components currents, (c,d): The two components voltatges 
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Figure 13. Reference voltages with the component of the third harmonic 
 
The experiments were conducted so that they are largely 
compatible with the conditions of work at the simulation 
stage. The inverter frequency was set at 10 [KHz] and the 
sampling time was 50 [μs]. As shown in Figure (11), the 
nominal value of the rotor flux equalled 0.945[wb] was 
requested. Different torque reference values have been 
requested so that the performance of the algorithm with 
transient situations is ascertained. At the moment 
0.9[sec], the nominal reference value of 1.76[N.m] was 
moved to half the nominal value. At the moment 1.3[sec] 
the nominal reference value of the torque was redialed 
again. It is noted that the rotor flux remained organized 
around the required reference value without any 
noticeable disturbances, and the generated torque well 
pursued the reference torque with high dynamics. The 
motor currents were sinusoidal ones without any jumps 
or turbulence, which confirmed that the performance has 
been quiet. It should be noted that the operation speed 
was about 210 [rad/sec], and the slip speed was variable 
between the nominal value and half the nominal value 
according to the torque value generated by the motor. 
 
Figure (12) enhances the performance of the strategy, 
showing the components of stator current and voltage 
vectors in the synchronous reference frame. The value of 
the α-axis current component was 0.9[A], while the value 
of the β-axis component was changed between 1[A] and 
0.5[A] depending on the torque range. 
 
Figure (13) shows the reference three-phase voltage 
signals before being injected with the third harmonic 
signal divided by the DC-link (E) with the third grader 
signal. As mentioned above, an increase in the amplitude 
of the reference voltages can be secured by an increase of 
(15.47%), or reducing the DC-link by (15.47%). 
 
6. Comparison with recent related papers 
 
To verify the feasibility and effectiveness of the proposed 
algorithm, its performance is compared with previous 
and more recent approaches from the literature, 

specifically those in works referenced as [6, 9, 16]. As 
shown in Table (1), which presents seven works 
considered appropriate for comparison with the proposed 
control scheme, the algorithm's performance metrics are 
benchmarked against these established methods. 
 
Table 1. Comparison with literature. 
Used  
Method 

Proposed 
Method 

Ref [6] 
 

Ref [9] 
 

Ref [16] 
 

Sample 
Time 
Type 

Variable 
Step 

Fixed 
Step 

Fixed 
Step 

Fixed 
Step 

Antiwindup  
Technique 

Yes No No No 

Third 
Harmonic 
Injection 
Technique 

Yes No No No 

Optional 
Gains 

4 4 6 6 

 
Based on the table above, the benefits resulting from the 
proposed design, according to the characteristics outlined 
in the table, can be summarized as follows: 

 Variable Sampling Time: The proposed 
algorithm offers high dynamics and accuracy 
when calculating state variables, unlike fixed-
step-based methods, which may lack this 
accuracy. 

 Antiwindup Technique: The proposed 
algorithm prevents PID regulators from 
exceeding permissible values. Without this 
feature, there's no guarantee that the regulator's 
outputs will stay within the allowed range. 

 Third Harmonic Injection Technique: The 
proposed algorithm optimizes the DC-link 
voltage of the inverter, achieving a value that is 
15.47% less than an algorithm without this 
property. 

 Optional Gains: The small number of optional 
gains ensures simplicity in practical 
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implementation. Increased complexity occurs 
with a greater number of parameters. Therefore, 
the proposed strategy balances simplicity and 
effectiveness compared to other similar 
strategies.. 

 
7. Conclusions  
 
In conclusion, the extensive laboratory testing of the 
proposed FOC algorithm on a well-equipped electric 
drive system test rig has empirically confirmed the 
robustness and effectiveness of the approach across a 
broad speed spectrum. The DS1103 digital processing 
card, central to the experimental platform, facilitated 
real-time control and monitoring, demonstrating the 
practical viability of transitioning from simulation to 
real-world application. 
 
The experimental results have corroborated the simulated 
performance, with the inverter operating efficiently at a 
fixed frequency of 10 kHz and a precise sampling time of 
50 μs. Notably, the system maintained the rotor flux at 
the nominal value of 0.945 wb without disturbances, even 
when faced with transient torque conditions. This 
stability is a testament to the algorithm's dynamic 
response capabilities, as the torque swiftly and accurately 
tracked the reference values. 
 
Furthermore, the motor currents displayed an ideal 
sinusoidal waveform, indicative of the system's 
tranquility and absence of electrical noise. Operating at a 
speed of approximately 210 rad/sec, the system adeptly 
managed variations in slip speed, aligning with changes 
in the torque produced by the motor. 
 
The strategic integration of stator current and voltage 
vectors, as illustrated in Figure (11), showcases the fine-
tuned control achieved over the α and β components, 
further validating the precision of the system under 
variable torque demands. 
 
Enhancements to the strategy are visually evident in 
Figure (12), where the implementation of third harmonic 
injection was found to notably increase the amplitude of 
reference voltages by 15.47%, concurrently allowing for 
a reduction in DC-link voltage requirements by the same 
margin. 
 
These results not only validate the proposed FOC 
algorithm but also suggest potential for improvements in 
electric drive systems. With such clear demonstrations of 
enhanced performance and dynamic control, this 
research lays a strong foundation for future 
advancements, including potential integration with 
intelligent control systems, to further optimize 
performance and energy efficiency in varied and 
demanding industrial applications. 
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APPENDIX A 
Calculation of the gains controllers for α and β loops: 
 
The transfer function of the current control loop is as 
follows: 
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The gain )_IP(K   is optional and can be set during the 

design. 
The transfer function of the rotor flux is written as: 
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Where the following equation was supposed: 
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The value of )_IP(K   is optional and can be set during 

the design. 
 
 
For the Speed loop gains, they can be obtained through 
the following equations: 
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The propotional gain Kv can be calculated (suppose that 
𝜉 = 1) as follows, 
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The final transfer function can be written as 
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So one can get 
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APPENDIX B: The used motor parameters 

230/400[V] Nominal voltage  

Rs=45.83[Ω] Phase resestance stator 

Rr=31[Ω] Phase resestance rotor 

Ls=1.24[H] 
Phase inductance 

stator 

Lr=1.11[H] Phase inductance rotor 

Lm=1.05[H] Mutual inductance  

𝐽 = 0.006 [kg.m ] 
Inertia 

f=0.001[N.m.sec/rad] Friction factor 

p=2 Number of poles pairs 

Фs=1.14[H] Nominal stator flux 

Pn=0.25[kW] Nominal power 

F=50[Hz] Nominal frequency 

N=1350[rpm] Nominal speed 

Tem=1.76[N.m] Nominal torque 

ωr=29.5[r/s] Slip speed 

 
 
 


