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 Sensorless control techniques of electric motor dedicated to electric vehicles 

(EVs) offer low-cost and high operating performance. In this paper, a low-

cost and robust speed-sensorless control scheme based on a second-order 

generalized integrator-frequency-locked loop method (SOGI-FLL) is 

proposed with only one current sensor. The SOGI-FLL is introduced to 

estimate accurately the motor angular speed from a measured current signal. 

While the scalar control technique, based on a single loop speed regulation, 

is used to determine the control signals. According to the proposed control 

scheme, the overall system will be very effective in terms of low-cost 

control and easy practical implementation, which have a great impact on 

electric vehicle applications. dSPACE micro labox platform is used to 

implement the proposed control scheme to drive an induction motor. The 

obtained results confirm the effectiveness and high performance of the 

proposed control to properly estimate the angular speed and drive the 

induction motor. 

Keywords: 
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Induction motor 
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NOMENCLATURE 

 

F_ad Aerodynamic drag force 

Ρ Air density 

C_d Drag coefficient 

A Surface of the vehicle 

V Velocity 

F_rr Rolling resistance force 

K_r Tire rolling resistance coefficient 

m Total mass of the vehicle 

g Acceleration of gravity 

F_hc Hill climbing resistance 

Α Road slope angle 

F_a Acceleration force 

A Vehicle acceleration 

J_m Moment of inertia of the rotor of the motor 

G Gear ratio 

R_ω Wheel radius 

η_G Gear efficiency 

T_L Load torque in the motor 

W_M Motor speed 

K_f Friction coefficient 

J_T Total inertia 

EV Electric vehicle 

IM  Induction motor 
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1. INTRODUCTION 

The majority of industrial workers in the electric vehicles field, strive to obtain powerful 

comfortable vehicles that are capable of covering long distances in a safe manner. However, these features 

and characteristics in vehicles require highly complicated and expensive electrical control systems, as well as 

an increase in vehicle size, which leads to a lack of demand. To this end, researchers in this field have been 

interested to establish a compromise solution between the two parts (manufacturers and consumers) by 

designing simple and low-cost electric drive systems while keeping the electric vehicle's strength and 

comfort, as well as being able to travel long distances [1]−[5]. 

Electric vehicles depend on different electric drive systems according to the type of the used electric 

motor such as DC motor, synchronous or asynchronous AC motor, and the permanent magnet synchronous 

motor (PMSM) [6]. Besides, the selection of an electric motor drive for electric vehicles depends on the 

conditions of its specifications. Some of them require a high speed, so they need a moving system that 

depends on a fast motor, such as a motor with a variable impedance switched reluctance motor (SRM). 

Others require a large torque, so they need a moving system with a high torque accelerator such as the 

PMSM. Further, there is a specification that requires large speeds and torques, so it must have a suitable 

system, like the one that depends on the brushless DC motors (BLDC) motor [7], [8]. 

Despite asynchronous motors' simplicity and power, as well as their low price, global demand for 

their drive system in the field of electric vehicles is continually decreasing. This effect is due to the fact that 

this type of drive system produces a vehicle with medium speed and torque compared to other drive systems. 

In this regard, during the last three decades, there has been a lot of research focused on designing and 

enhancing driving systems based on induction motors intended for electric vehicles, making them rival to 

many current driving systems that rely on strong motors such as SRM, BLDC, and PMSM. Such a drive 

system, as mentioned before, can provide very fast and powerful electric vehicles [9]. The present research, 

on one hand, addresses the development of electrical drive system devices and improving their efficiency. On 

the other hand, it focuses on developing and improving control algorithms for the elements of the drive 

system (inverter, rectifier, motor). 

The presence of a speed sensor in the stirring system of an induction motor makes it more accurate 

and powerful. However, due to the high cost of the sensor and its very sensitive structure (the weakest 

element in the stirring loop), in addition to making the stirring system more complex, many researchers have 

thought about getting rid of it and replacing it with an estimator or a speed monitor based on a mathematical 

algorithm. Among the presented ideas, Bolognani et al. [10] have proposed a very simple open-loop method 

to estimate the angular speed by using the mathematical model of the rotor part of an IM four-parameters 

equivalent circuit in theα-β frame. This method has a significant drawback which is the lack of speed 

correction due to the continuous increase of the error between the estimated speed and the real speed. To 

overcome the drawback of this method, several works that focus on estimating the motor speed using the 

closed-loop estimation strategy have been presented. For instance, [11] Luenberger observer, [12] lower-

ranked observer, and [13] sliding mode observer have been suggested to estimate motor angular speed. 

Although the obtained results are significantly better than the open-loop estimation method, the sensitivity of 

these methods to the change of the motor's parameters due to the dependence on the induction motor model, 

such as the stator resistance Rs, is an issue. 

To deal with this issue, the [14]−[16] has proposed a model reference adaptive system (MRAS) 

based speed observer for induction motor drive. This method has provided good results through its 

dependence on an adaptive mechanism that takes into account the change of motor parameters. With the 

emergence of artificial intelligence strategies, it, in turn, moved to speed monitors. Wlas et al. [17] have 

adopted a speed controller based on the artificial neural network (ANN), which has provided good results in 

the transitional and permanent system. However, since all the afore-mentioned closed-loop estimation 

methods depend on current and voltage measurements of the stator motor side, it may make the speed 

estimation subject to measurement noise. In [18]−[20] an extended Kalman filter is suggested as a solution to 

address this problem by taking into account the measurement noise. This adopted method has ensured a high 

accuracy of speed estimation. Nevertheless, the main disadvantages of this observer lie in its complex 

algorithm and the difficulty of selecting the two matrixes Q and R. The SOGI-FLL technique is another 

effective solution that has been applied for sensorless speed estimation (or flux estimation) [21]−[24]. For 

instance, Wanget al. [25] have proposed a speed-sensorless control that includes an improved SOGI-FLL-

based-speed estimation for induction motor drives. The obtained results have revealed that the proposed 

technique has contributed to improving the accuracy of the speed estimation and reducing system complexity 

as well. 

Generally speaking, all the stated methods require expensive current and voltage sensors (two 

sensors at least), and most of them, except the last methods, suffer from a lack of filtering algorithms. In this 

regard, a low-cost speed-sensorless control scheme based on the SOGI-FLL technique is proposed. This 
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control scheme is applied to drive a three-phase IM for an electric vehicle. The proposed control scheme is 

based on only one sensor for a single current measurement. In addition, the control signals of the converter 

are determined by using a scalar control based on a single loop speed regulation. Further, a SOGI-FLL-based 

estimation is adopted to detect with high precision the angular speed of the motor. Such an estimation based 

on SOGI-FLL which characterizes by its simplicity of implementation and high harmonics filtering 

capabilities can contribute to improving the speed estimation performance. All in all, the designed control 

scheme is very simple, low cost, and easy to implement in practice. Experimental results are presented to 

prove the effectiveness and robustness of the proposed control scheme for IM drive by using dSPACE micro 

labox. 

 

 

2. DYNAMIC MODELING AND ANALYSIS OF EV 

In order to study the control of an electric vehicle, it is necessary to have a mathematical model. The 

model of an electric vehicle is described by the dynamic of the vehicle from the tensile forces developed by 

its actuators and the forces of resistance to displacement, as presented in Figure 1. It is worth mentioning that 

the variables' nomenclature is provided in Appendix A. 

 

 

 
 

Figure 1. Forces acting on a vehicle 

 

 

The aerodynamic drag force 𝐹𝑎𝑑 is the viscous resistance of air acting upon the vehicle, expressed  

by (1): 

 

𝐹𝑎𝑑 =
1

2
𝜌𝐶𝑑𝐴𝑉2 (1) 

 
The rolling resistance force 𝐹𝑟𝑟 is produced by the tire flattening at the roadway contact surface, and it can be 
defined as (2). 

 

𝐹𝑟𝑟 = 𝐾𝑟𝑚𝑔 (2) 
 

The hill-climbing resistance (𝐹ℎ𝑐 with positive operational sign) and the downgrade force (𝐹ℎ𝑐) with negative 
operational sign) are given by (3). 

 

𝐹ℎ𝑐 = ± 𝑚𝐺𝑠𝑖𝑛(𝛼) (3) 
 

The acceleration force 𝐹𝑎can be obtained as (4). 
 

𝐹𝑎 = 𝐹𝑙𝑎 + 𝐹𝑤𝑎 (4) 
 

Where 𝐹𝑙𝑎is the force required to give a linear acceleration, and 𝐹𝑤𝑎 is the force required to give angular 
acceleration, which can be represented as: 

 

𝐹𝑙𝑎 = 𝑚𝑎 (5) 
 

𝐹𝑤𝑎 = 𝐽𝑚
𝐺2

𝜂𝐺𝑅𝑤
2 𝑎 (6) 
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The total tractive effort 𝐹𝑡𝑒is given by:   

 

𝐹𝑡𝑒 = 𝐹𝑎𝑑 + 𝐹𝑟𝑟 + 𝐹ℎ𝑐 + 𝐹𝑎 (7) 

 

The load torque of the vehicle 𝑇𝐿  can be defined by (8). 

 

𝑇𝐿 = 𝑅𝑤𝐹𝑡𝑒 (8) 
 

The mechanical equation (in the motor referential) used to describe each wheel drive can be expressed by (9).  

 

 𝐽𝑇
𝑑𝑊𝑚

𝑑𝑡
+ 𝐾𝑓𝑊𝑚 + 𝑇𝐿 = 𝑇𝑒 (9) 

 

The electromagnetic torque 𝑇𝑒 is given by (10). 

 

𝑇𝐿 =
𝑇𝐿𝑤

𝐺
=

𝑅𝑤𝐹𝑡𝑒

𝐺
 (10) 

 

 

3. PROPOSED SENSORLESS CONTROL 

In the voltage/frequency control, the speed of the induction motor is controlled by the adjustable 

magnitude of the stator voltages and frequency in such a way that the air gap flux is always maintained at the 

desired value at the steady-state. Sometimes this scheme is called the scalar control because it focuses only 

on the steady-state [26]. It can be seen that at steady-state and in low slip regions, the stator resistance drop is 

assumed to be zero according to the one phase equivalent circuit of an IM as shown in Figure 2. Therefore, 

the stator flux is directly controlled by the ratio of the phase voltage of the stator and the electric frequency 

𝜔𝑠 as indicated by (11). 

 

𝑉𝑠 = 𝑅𝑠𝐼𝑠 +
𝑑𝜑𝑠

𝑑𝑡
 ≈ 𝑗𝜔𝑠𝜑𝑠 (11) 

 

In order to keep the stator flux 𝜑𝑠 constant, the ratio of  
𝑉𝑠

𝑓
 would also be constant at different speeds. In this 

case, the relation between the frequency and the amplitude of the stator voltage is linear and it can be defined 

as (12). 

 
𝑉𝑠

𝑓𝑠
= 2𝜋𝜑𝑠 =  𝐶𝑜𝑛𝑠𝑡 (12) 

 

 

Is Ir

 Im

Vs
jXm

jXlr 

Rr

s

Rs jXls 

 

Figure 2. The equivalent electrical circuit of an IM 

 

 

On the other hand, the magnetizing current 𝐼𝑚, which is necessary to establish the air-gap flux, and 

the load current 𝐼𝑟 , which is a function of the working point and the applied load, make up the stator current 

𝐼𝑠. The equivalent resistance 
𝑅𝑟

𝑠
 represents the influence of load and rotor resistance. The entire leakage 

reactance in the rotor and the rotor resistance, respectively, are represented by 𝑋𝑙𝑟  and 𝑅𝑟, and 𝑋𝑙𝑠 is the 

leakage reactance in the stator. The electromagnetic torque transmitted to the rotor can be expressed as:  

 

𝑇𝑒𝑚 = 3𝑝
𝑅𝑟𝑉𝑠

2

𝑠𝜔𝑠(
𝑅𝑟
𝑠

)2+𝑋𝑙𝑟
2

 (13) 
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𝑇𝑒𝑚 = 3
𝑝

𝑅𝑟
𝜑𝑠

2𝑠𝜔𝑠 (14) 

 
where 𝑝 is the number of poles pair and s is the slip. 

The electromagnetic torque is solely dependent on the slip speed if the stator flux is kept constant, 

implying that its variation as a function of the slip is almost linear. Again, to keep 𝜑𝑠 constant, the ratio of 
 𝑉𝑠

𝑓𝑠
 

would be constant at different speeds. As the speed increases, the stator voltages must, therefore, be 

proportionally increased in order to keep aconstant ratio of  
𝑉𝑠

𝑓𝑠
. However, because of the slip, the synchronous 

speed is not the real speed. The slip is relatively tinny at no-load torque and the speed 𝜔𝑟 is very close to the 

synchronous speed 𝜔𝑠. As a result, the open-loop scalar control was unable to precisely control the speed in 

the presence of load torque. For this reason, a closed-loop controller with speed measurement is required for 

applications that need high-speed accuracy and quick responses to either load torque or speed reference 

variation [26]. The mechanical dynamics of the IM can be expressed as (15). 
 

𝑇𝑒𝑚 − 𝐾𝑓𝜔𝑟 − 𝑇𝑟 =
𝑗

𝑝

𝑑𝜔𝑟

𝑑𝑡
 (15) 

 
Where 𝐾𝑓 is the viscosity coefficient. Taking the load torque 𝑇𝐿  out of the equation, the transfer function of 

the rotor speed 𝜔𝑟and theelectromagnetic torque 𝑇𝑒𝑚, represented by a first-order system, as in (16). 

 
𝜔𝑟

𝑇𝑒𝑚
=  

1

𝐾𝑓+
𝑗

𝑝
𝑆
 (16) 

 

The structure of the proposed control scheme is shown in Figure 3. As seen, the SOGI FLL 

technique is introduced to estimate the operating frequency, 𝑓𝑠, of the stator single-phase current 𝑖𝑎; 

measured through one current sensor. Accordingly, the rotor speed estimate, 𝑁�̂�, of the motor is obtained by 

multiplying the estimated frequency 𝑓𝑠 and the amount 
60

𝑝
(1 − 𝑠). The amount of the slip factor (s) is 

considered constant in our work. This assumption is valid in the case of scalar control since the motor speed 

is almost around the nominal value. The estimated speed, 𝑁�̂�, is compared to its reference speed 𝑁𝑟 
∗ provided 

by the vehicle model corresponding to the applied mechanical force 𝑀𝑓. The resulted error is, then, handled 

by a PI controller to get the slip speed reference, 𝜔𝑠𝑙
∗ . This slip speed is limited for stability and overcurrent 

prevention. By adding 𝜔𝑠𝑙
∗  to 𝜔�̂�, the synchronous speed reference, 𝜔𝑠

∗, is then achieved. After that, the 

voltage reference  𝑉𝑠
∗ is obtained by using the scalar V/f control algorithm and the angular phase reference 

𝜃𝑠
∗is achieved by integrating 𝜔𝑠

∗. These references, 𝑉∗ and 𝜃𝑠
∗, are used to generate the inverter’s signal 

commands (𝑆𝑖) by means of a pulse width modulator (PWM). 

It is worth mentioning, that the voltage reference 𝑉𝑠
∗ is achieved based on the constant Volts/Hertz 

(V/f) control method, which is defined as (17). 
 

𝑉𝑠
∗ = {

(𝑉𝑠,𝑟𝑎𝑡−𝑉𝑠,0)

𝑓𝑠,𝑟𝑎𝑡
𝑓𝑠 + 𝑉𝑠,0 ; 𝑓𝑜𝑟 𝑓𝑠 < 𝑓𝑠 ,𝑟𝑎𝑡 

𝑉𝑠,𝑟𝑎𝑡              ; 𝑓𝑜𝑟  𝑓𝑠 ≥ 𝑓𝑠 ,𝑟𝑎𝑡 

 (17) 

 

Where Vs, rat and Vs,0 are the rated value and the RMS value at zero frequency of the stator voltage, 

respectively and  fs, rat  is the stator rated frequency. 
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Figure 3. The proposed speed control scheme of an IM 
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4. SOGI-FLL METHOD 

The SOGI-FLL is a simple adaptive filter applied for the parameter’s estimation of a single-phase 

voltage such as; frequency, amplitude, orthogonal components, and phase angle. This method has the 

advantage of good harmonics filtering capabilities and low computation burdens. The block diagram of the 

SOGI-FLL is shown in Figure 4, which is composed of two main parts, the SOGI, and the FLL. The SOGI is 

a second-order filter that provides filtered in-phase and in-quadrature phase voltage components; vα and vβ; 

with respect to input voltage vin. The FLL is in charge of estimating the angular frequency (ω) of the input 

voltage vin that uses for the tuning of the SOGI filter. 
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Figure 4. Block diagram of the SOGI-FLL scheme 
 

 

The SOGI act as a band-pass filter (BPF) for vα and a low-pass filter (LPF) for vβ, in which their 

expressions can be given as [27]-[28]:  
 

𝑣𝛼(𝑠) =
𝑘𝜔𝑠

𝑠2+𝑘𝜔𝑠+𝜔2 𝑣𝑖𝑛(𝑠) (18) 

 

𝑣𝛽(𝑠) =
𝑘𝑠

𝑠2+𝑘𝜔𝑠+𝜔2 𝑣𝑖𝑛(𝑠) (19) 

 

Where k is the gain of the SOGI chosen as a trade-off between speed of dynamic response and harmonic 
filtering performance. On the other hand, the estimated frequency by the SOGI-FLL can be expressed as (20). 
 

𝜔 = −
𝛾

𝑠
(𝑣𝑖𝑛(𝑠) − 𝑣𝛼(𝑠))𝑣𝛽(𝑠) (20) 

 

where γ is the FLL gain which can be defined as (21). 
 

𝛾 =
𝑘𝜔𝑜

𝑉2 𝛤 (21) 

 

Being V the estimated amplitude and Γ is a positive gain that depends on the settling time of the FLL.  
 
 

5. EXPERIMENTAL RESULTS 

To assess the effectiveness of the proposed control scheme, a testbed is conducted based on 

dSPACE micro labox, as shown in Figure 5. Figure 5(a) depicts the block diagram of the implemented 

MATLAB/Simulink model based on the dSPACE micro labox. While Figure 5(b) displays the built testbed 

which consists of the following devices:  

− Three-phase 0.55 kW induction motor with the parameters given Pn=0.55 kw, Vn=230/400 V,  
in= 2.48/1.43 A, Nn= 1390 rpm, f =50 Hz. 

− dSPACE Micro Labox, Ds1102, with control desk software 

− Powder brake with torque control unit 

− Current sensor 

− GW instek numerical Oscilloscope 

− Semikron converter composed of IGBT three-phase inverter and rectifier 

− Incremental encoder speed sensor DC 5V-24V 4096 P/R 
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Figure 5. Configuration of (a) the implemented Simulink model based on dSPACE and  

(b) the experimental setup 
 
 

The proposed speed controller based on the SOGI-FLL estimator is tested versus speed variation at 

no-load and load change. Figure 6 shows the obtained results for speed reference changes in a range of 1000 

r/min to 1300 r/min, at no-load. From Figure 6(a) which depicts the responses of estimated, measured, and 

reference speed, it can be observed that the estimated speed overlapped with the measured one, just with a 

tinny delay time when the speed reference changes. However, this delay does not affect the performance of 

the vehicle's speed as seen in the zoom as shown in Figure 6(b). In addition, it can be noticed that the 

proposed controller regulates the estimated speed to the reference speed with good transient response. 

According to Figures 6(c) to 6(d) which present the measured phase current, ia, and its amplitude, it can be 

noticed that they follow the variation of the speed. Furthermore, the estimated frequency by the SOGI-FLL 

estimator, shown in Figure 6(e), also, follows the variation of the speed. In Figure 6(f) is it shown that the 

estimated phase angle remains almost unchanged even under speed variation. Figure 7 shows the 

performance of the proposed controller for speed reversal reference change, from 1200 to – 1200 rpm, during 

no-load operation. As shown in Figure 7(a), with a modification in the structure of SOGI FLL by speed 

reference insertion, the estimated speed tracks the negative speed reference with an acceptable transient 

response as shown in Figure 7(b), meanwhile it is matched with the measured one. In addition, the phase 

current (ia) and its amplitude shown in Figures 7(c) and 7(d), illustrate that the current varies when the speed 

change. Further, from the responses of the estimated frequency and phase provided in Figures 7(e) and 7(f), it 

can be noted that the frequency and phase almost remain constant, just a pulse occurs in the frequency 

response at the moment of speed variation. 

In the third test, the electric vehicle is operating with a load of 1.5Nm at t=20 s, after a no-load 

operation start. The obtained results, presented in Figure 8 illustrate that the proposed speed controller is 

capable to keep the estimated EV speed at its reference when the load change as shown in Figures 8(a) and  

8(b). In addition, it can be noticed that estimated and measured speeds are overlapped. From Figures 8(c) and 

8(d), it can be observed that the current increases corresponding to load change. Further, as shown in  

Figures 8(e) and 8(f), the estimated frequency and phase almost remain unchanged even when a load is added. 
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(a) (b) 

  

(c) (d) 

 
 

(e) (f) 

 

Figure 6. Experimental performance of SOGI-FLL estimator during (1300-1000 tr/min) speed change:  

(a) reference, estimated and measured speed, (b) zoom in speed 1000 rpm, (c) current phase a,  

(d) current amplitude, € estimated frequency, and (f) estimated phase 

 

 

  
(a) (b) 

  
(c) (d) 

  

(e) (f) 

 

Figure 7. Experimental performance of SOGI-FLL estimator during reversal speed change: (a) reference, 

estimated and measured speed, (b) zoom in speed 1200 rpm, (c) current phase a, (d) current amplitude, (e) 

estimated frequency, and (f) estimated phase 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

 

Figure 8. Experimental performance of SOGI-FLL estimator during load application: (a) reference, 
estimated and measured speed, (b) zoom in speed 1000 rpm, (c) current phase a, (d) current amplitude,  

(e) estimated frequency, and (f) estimated phase 
 
 

In the last case, the electric vehicle operates with different loads. The load variation is performed by 

changing the slope of the road as described in Figure 9. The obtained results for this case are presented in 

Figure 10. According to Figure 10, the following observations for each step can be made.  

− Step1: The electric motor of our vehicle model works with a 1Nm load (straight road), until t=20s. The 
estimated speed follows its desired reference (i.e., 1200 rpm), as depicted in Figure 10(a). Figures 10(c) 
and 10(d) illustrate that the phase current (ia) and its amplitude are constants. While Figures 10(e) and 
10(f) present that an appropriate estimation of the frequency and phase is achieved. 

− Step 2: The load is between (1Nm and 2Nm), the estimated speed stay follows its new reference, and 
matches with the measured one. In Figures 10(c) and 10(d), the phase current and its amplitude increase 
as the load increases. 

− Step 3: The applied load, here, is 2Nm, the estimated speed follows its rated reference with a slight 
change in the speed, which does not affect the performance of the electric vehicle. The current and its 
amplitude during this scenario remain constants in Figures 10(c) and 10(d). 

− Step 4: In this step, a load of 1Nm is applied. The estimated speed quickly backs to its rated reference in 
Figure 10(a), while the phase current and its amplitude decrease when the load decreases as shown in 
Figure 10(b), Figures 10(c) and 10(d).  

Note that the estimated frequency and phase; presented in Figures 10(e) and 10(f); almost remain unvaried 

during the load change. Consequently, the obtained results demonstrate that the proposed controller speed 

based on the SOGI-FLL estimator is strong to track the rotor speed throughout a large speed range and 

different load operating conditions. 
 
 

 
 

Figure 9. The slope of the road 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

 

Figure 10. Experimental performance of SOGI-FLL estimator during load scenario application: 
(a) reference, estimated and measured speed, (b) load scenario, (c) current phase a, (d) current amplitude, 

 (e) estimated frequency of the current phase ia, and (f) estimated phase 
 

 

6. CONCLUSION  

In this research paper, a simple and robust speed-sensorless control scheme intended for IM-based 

electric vehicle driving was proposed. This control scheme is based on only a single current sensor with one 

angular speed regulation loop. In addition, the rotor speed information was determined through a frequency 

estimated by the SOGI-FLL method. The performance of the proposed SOGI-FLL estimator-based speed 

control scheme was tested experimentally based on dSPACE Micro Labox and under speed reference 

changes. In addition, it was implemented to track a designed trajectory of an electric vehicle. The obtained 

results have demonstrated the effectiveness and the robustness of the proposed controller in achieving good 

responses under motor speed changes. In addition, they have confirmed its efficiency in tracking perfectly the 

desired electric vehicle trajectory. Moreover, a special test that considers the negative speed reference was 

carried out, in which a proposed method is suggested to deal with this test case since the SOGI estimator 

can't handle the negative frequency. The obtained results have shown the ability of the control approach to 

deal with such an operating condition. 
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