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 In the field of electric vehicles (EV), the hunt for the appropriate choice of 

motor and its control technique would be a never-ending process. The 

brushless DC (BLDC) motors are deployed in electric vehicles on account of 

higher efficiency, long life, compact size, and higher torque capacity in 

comparison to other types of motors. The recent advancements in power 

electronics have assisted in the deployment of BLDC motors in electric 

vehicles. These applications demand a control mechanism for the motoring 

mode as well as the regenerative braking mode. During the motoring mode, 

the power delivered to the motor is controlled, and during the regenerative 

braking mode, the charging of the battery takes place. Speed control strategy 

during motoring mode is essential to guarantee the required performance. 

This paper presents a direct torque control (DTC) technique for BLDC 

motor control for electric vehicles. The control technique and drive setup are 

developed to cater to the motoring mode as well as regenerative braking 

operation as desired for electric vehicles. MATLAB simulation and results 

are discussed for both modes of operation. Also, the dynamic response of the 

system is analyzed, which shows an average 1.1 ms response time for a 100 

RPM change in speed during speeding up and 0.76 ms response time while 

speeding down. 
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1. INTRODUCTION  

For electric bikes, brushless DC (BLDC) motors are preferred over other types of motors [1]. The 

electric bike controller deploys a BLDC motor controller. For controlling speed, different schemes have been 

developed over the years. These techniques include voltage control, frequency control, pulse width 

modulation (PWM) control, and field-oriented control. The speed control techniques often use hall sensors to 

get the knowledge of the angular position of the rotor for generating a PWM signal for speed control. Some 

recent techniques have come up with sensorless speed control [2]. Overall, these control techniques are 

categorized as trapezoidal and sinusoidal control. While developing the BLDC motor controller, the key 

blocks are sensor data acquisition, drivers, a three-phase inverter, and a control mechanism [3]. For the 

software part, the considerations are analogous to digital converter (ADC) sampling and conversion, PWM 

modules, current sensing, and battery protection circuit response [3]. 

A smart motor controller for an E-bike essentially takes these considerations into account, in 

addition to the appropriate speed control method. The control technique makes the system more efficient 
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when regenerative braking is added [4]. For BLDC motors, torque control is significantly important as far as 

electric vehicles (EV) applications are concerned [5]. Apart from just speed control, a smart controller 

involves various physical factors such as sensors for slope, paddle assist (for electric bicycles), user interface, 

and many more [6], [7]. Researchers have also focused on developing fault-tolerant controllers to ensure 

uninterrupted EV operation [8]. More sophisticated controllers are built by using field-programmable gate 

array (FPGA) and advanced digital controllers [9]. 

The BLDC motor speed control for EV applications involves, at first, measuring the motor’s actual 

speed. The speed measurement with hall sensors is a low-cost solution [10] for the same. The speed controller 

design involves modelling [11] and tuning the gains of the proportional integral derivative (PID) controller by 

considering BLDC motor specifications by considering the dynamic states of the motor [12]-[14]. 

For speed control of high-speed BLDC motors without sensors, a flux linkage function independent 

of speed is presented in [15], assuring a robust operation in the low-speed range and giving a correction 

approach for precise commutation points at the higher speeds. The robust controller [16] is developed by 

using a pole placement strategy and an optimal linear quadratic regulator to ensure robust stability. The 

spider-based controller algorithm [17] is effective in maintaining constant speed over larger intervals of time. 

When the hall sensor's data is clubbed with rotor speed in [18]. The ability to work independently of their 

correct position is made possible by the logical separation of the Hall sensors from the control transistors' 

switching function. It allows us to create an algorithm that can identify issues with any or all of the sensors 

without interfering with the motor's performance. 

The switching of power electronic devices results in torque ripples. The technique of [19] reduces 

total harmonic distortion (THD) and torque ripples as well as improves efficiency. The DTC scheme drives 

the BLDC motor in a constant torque region [20]. In DTC control, the motor torque is estimated by 

measuring the motor voltage, and the flux is estimated by measuring the motor current. Designers and 

engineers have worked out with different controllers for improving the dynamic response characteristics like 

overshoot and rise time, with fuzzy controllers [21]. The sliding mode observer is deployed in [22] for 

instantaneous torque estimation. For reducing the torque ripples, the three-phase quantities of motor voltage 

and current are transformed into a two-axis system with the Park transformation [23], and then estimate the 

torque with a lookup table approach. The d-axis current is used by the sensor-less DTC technique to 

indirectly regulate the stator flux amplitude and directly control the torque. It is feasible to do flux-weakening 

operations because the stator flux is controlled. This technique [24] enables the fluctuating signals to be 

regulated. A straightforward look-up table for voltage vector selection is intended to provide quick torque 

and flux control. In field weakening regions, direct power control [25] is effective.  
 

 

2. METHOD 

The BLDC motor’s mathematical for armature winding voltages of are expressed as (1)-(3). 
 

𝑉𝑎 = 𝑅𝑖𝑎 + 𝐿
𝑑𝑖𝑎

𝑑𝑡
+ 𝑒𝑎 (1) 

 

𝑉𝑏 = 𝑅𝑖𝑏 + 𝐿
𝑑𝑖𝑏

𝑑𝑡
+ 𝑒𝑏 (2) 

 

𝑉𝑐 = 𝑅𝑖𝑐 + 𝐿
𝑑𝑖𝑐

𝑑𝑡
+ 𝑒𝑐 (3) 

 

Where ia, ib, and ic: motor current; Va, Vb, and Vc: motor’s phase voltages; R=Ra=Rb=Rc: armature 

resistance; L=La=Lb=Lc=Ls–Lm: armature inductance; Ls: self-inductance of armature; Lm: mutual-

inductance of armature; and ea, eb, and ec: motor back EMF. In matrix form (4): 
 

[

𝑉𝑎

𝑉𝑏

𝑉𝑐

] = [
𝑅 + ∆𝐿 0 0

0 𝑅 + ∆𝐿 0
0 0 𝑅 + ∆𝐿

] [

𝑖𝑎

𝑖𝑏

𝑖𝑐

] + [

𝑒𝑎

𝑒𝑏

𝑒𝑐

] (4) 

 

where ∆=
𝑑

𝑑𝑡
. 

The BLDC motor’s back electromotive force (EMF) is trapezoidal in nature due to permanent 

magnets. Hence, the back EMF is written as (5)-(7). 
 

𝑒𝑎 = 𝑘𝐸∅(𝜃)𝜔(𝑡) (5) 
 

𝑒𝑏 = 𝑘𝐸∅(𝜃 − 2𝜋
3⁄ )𝜔(𝑡) (6) 
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𝑒𝑐 = 𝑘𝐸∅(𝜃 + 2𝜋
3⁄ )𝜔(𝑡) (7) 

 

Where  is the real rotor speed, KE is the back EMF constant, and  is the angle of the rotor position. In 

matrix form (8): 
 

[

𝑒𝑎

𝑒𝑏

𝑒𝑐

] = 𝑘𝜔 [

𝑓𝑎(𝑎)

𝑓𝑏(𝑏)

𝑓𝑐(𝑐)
] (8) 

 

where  is angular speed of the rotor; K is flux linkage;  is actual rotor position; and fa(a), fb(b), and fc(c) 

are functions of the rotor angle.  

The electromagnetic torque is defined as 𝑇𝑒 =
𝑃𝑜𝑤𝑒𝑟 

𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
 for a three-phase BLDC motor, it 

can be expressed as (9). 
 

𝑇𝑒 =
𝑒𝑎𝑖𝑎+𝑒𝑏𝑖𝑏+𝑒𝑐𝑖𝑐

𝜔𝑒
 (9) 

 

For DTC, the 3-phase AC quantities are transformed into 2-phase with Park transforms. Hence, in dq 

reference frame, the electromagnetic torque is expressed as (10). 
 

𝑇 =
3

2

𝑃

𝜔𝑒
[𝑒𝑞𝑖𝑠𝑞 + 𝑒𝑑𝑖𝑠𝑑]𝜃𝑟𝑒 (10) 

 

Where P is the number of poles; e is the electrical rotor speed; eq, ed, isq, and isd are the dq axis back EMF 

and currents; and re is the electrical rotor position. 

The mathematical formulation of the BLDC motor with the DTC method is done from (1) to (10). 

Figure 1 shows the proposed DTC scheme for BLDC motor speed control. The system takes the input for 

reference speed and reference torque. On the motor side, the measurements are carried out for voltage, 

current, and motor speed. For speed control of the motor, the estimated torque and estimated flux are 

compared with the torque reference and flux reference, and generate an error signal corresponding to flux and 

torque. These error signals and estimated torque and flux values are used to select the switching state through 

a vector selection table and generate the gate control signals for the inverter. 
 

 

 
 

Figure 1. Block diagram of DTC control technique 

 

 

3. MATLAB MODEL AND SIMULATION RESULT 

The MATLAB model of the proposed BLDC motor speed controller with direct control technique is 

seen in Figure 2. The system consists of a bidirectional DC-DC converter and a bidirectional inverter to support 

power flow from the battery to the motor and vice versa. The DTC control scheme is shown in Figure 3. By 

measuring the motor’s voltage and current estimation of motor's torque and magnetic flux is carried out. With the 

integration of stator voltages, the estimated value of stator flux linkage is computed. The estimated value of stator 

flux and the measured value of motor current are multiplied to estimate the torque value. The control signals for 

the switches in the inverter bridge are then generated by comparing the estimated values of flux and torque with 

reference values in order to ensure that the errors in flux and torque return as quickly as possible to their accepted 

levels. The specifications of the selected BLDC motor and overall system are mentioned in Table 1. 
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Figure 2. MATLAB model for BLDC motor control with DTC 
 
 

 
 

Figure 3. MATLAB model of DTC control scheme 
 

 

Table 1. Specifications of the selected BLDC motor and overall system 
Component Specification 

BLDC motor  Voltage: 24 V 

Power: 350 W 
RPM: 3000 

No. of poles: 4 

Battery  Voltage: 24 V 
Capacity: 18 Ah 

Initial SoC: 80% 

Bidirectional buck-boost converter  Switching device: MOSFET 
Inductor: 0.1 mH 

Speed control technique  Direct torque control  

Inverter  MOSFET based  
Controller PI controller  

Reference torque 10 Nm (during motoring mode) 

–10 Nm (during generation mode) 
Speed change steps (RPM) 0, 100, 200, 300, 400, 500 (during motoring) 

 

 

The simulation model is set to execute for period of 1.5 seconds. During this interval, the motoring 

mode is active between 0 to 1 second, and from 1 to 1.5 regeneration mode of operation is active. As seen in 

Figure 4, the torque is controlled to a constant value of 10 Nm despite speed change. The torque reversal at 

time instance 1 second indicates that the active power is coming out from the motor, and the BLDC motor is 

now acting as a generator. In the motoring mode, the speed control is active. The reference speed at start is 

kept at 400 RPM, and at time instance 0.5 s, its value is changed to 800 RPM. The result shows that the DTC 

scheme controls the actual speed to a value near to the reference speed. Also, the torque of the motor is 

controlled to the reference value regardless of speed. During the speed change, a notch is observed in the 

graph of the motor torque, which is then settled to a constant value. 
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The results of power flow are indicated in Figure 5 through battery state of charge (SoC). In 

motoring mode operation, the SoC of the battery reduces, and a gain in SoC of the battery is noted in 

regeneration mode. The dynamic response of the system during the change of reference speed from 400 RPM 

to 800 RPM is seen in Figure 6. The typical oscillation of the PI controller is seen for 3–4 cycles. The 

waveform of voltage across the BLDC motor stator terminals is shown in Figure 7. 
 

 

 
 

Figure 4. Speed and torque of the motor 

 

 

 
 

Figure 5. Battery state of the charge (SoC), voltage, and current 
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Figure 6. Dynamic response during change of reference speed 
 

 

 
 

Figure 7. Voltage across the BLDC motor stator terminal 
 
 

4. RESULTS AND DISCUSSION 

For noting the dynamic response of the system, the model is set to execute again for a total time of 

1.5 seconds. At an interval of every 0.125 seconds, the reference speed is incremented by 100 RPM up to  

500 RPM. Thereafter, it is reduced to zero in the same step size. The observations of reference speed, actual 

speed, and time taken to reach the new speed after a step change are recorded in Table 2. The speed response 

of reference speed and actual speed is plotted as seen in Figure 8. The zoomed view of the same is shown in 

Figures 9(a)-9(d) (see Appendix). The average rise time of 1.1 ms is noted for every 100 RPM change in 

speed during an increase in speed. During a decrease in speed change, the average fall time is noted to be 



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

 

Direct torque control technique for BLDC motor drive in electric vehicle applications (Sachin Chavhan) 

823 

0.76 ms. The significant undershoots are seen during a decrease in the speed of the motor as compared to the 

overshoots observed during an increase in the speed of the motor. 
 

 

Table 2. Result summary of dynamic response 
Previous reference speed  

(RPM) 
New reference speed  

(RPM) 
Actual speed 

(RPM) 
Rise/fall time (ms) 

(time taken to reach new reference speed) 

0 100 100 1.01 

100 200 200 1.21 

200 300 300 1.17 
300 400 400 1.20 

400 500 500 1.18 

500 400 400 0.72 
400 300 300 0.77 

300 200 200 0.76 

200 100 100 0.78 
100 0 0 0.76 

 

 

 
 

Figure 8. Dynamic response of the system during speeding up and down 

 

 

5. CONCLUSION 

This paper discusses DTC-based BLDC motor speed control. The switching signals for DTC are 

generated with the help of a look-up table, which confines the torque error within the specified hysteresis 

band. This is done with the help of the rotor flux vector position and torque error. Despite a notch during 

speed change, the torque obtained in DTC control is constant. The developed system is seen to be effective in 

tracking the actual speed near to the reference speed. The dynamic response is also analyzed, which shows 

the rise time of 1.1 ms per 100 RPM increase in speed and average fall time of 0.76 ms during a decrease in 

speed by 100 RPM. The oscillations in speed are observed particularly during speed drops due to the inertia 

effect and the load on the motor. 
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APPENDIX 
 

 

(a) 

 
  

(b) 

 
  

Figure 9. Zoomed view of dynamic response of the system during speed changes: (a) speed change from 0 to 

100 RPM and (b) speed change from 100 to 200 RPM 

 



                ISSN: 2088-8694 

Int J Pow Elec & Dri Syst, Vol. 16, No. 2, June 2025: 817-826 

826 

(c) 

 

(d) 

 
 

Figure 9. Zoomed view of dynamic response of the system during speed changes: (c) speed change from 300 

to 400 RPM and (d) speed change from 400 to 300 RPM (continued) 
 

 

BIOGRAPHIES OF AUTHORS 

 

 

Sachin Chavhan     is a lecturer in the Department of Electronics Engineering (Poly 

Wing) at the Walchand College of Engineering, Sangli, Maharashtra, India. He received his 

B.E. and M.E. degrees in Electronics and Telecommunication Engineering from the University 

of Pune and North Maharashtra University, Jalgaon, India, in 2010 and 2013, respectively. He 

is currently pursuing his Ph.D. at Shivaji University, Kolhapur. He has 10 years of experience. 

His research interests include power electronics, motor drives, embedded and VLSI systems, 

artificial intelligence, and optimization techniques. He can be contacted at email: 

sachin.chavan@walchandsangli.ac.in or sachin.chavhan22@gmail.com. 

  

 

Mahesh Kumbhar     is an Associate Professor in Department of Electronics and 

Telecommunication Engineering, at Rajarambapu Institute of Technology, Islampur, India 

since 1997; and he received the B.E. and M.E. degrees in Electronics Engineering from 

Shivaji University, Maharashtra, India in 1994 and 2005, respectively; and Ph.D. degree in 

Electronics Engineering from Shivaji University Kolhapur in 2015. His research interests 

include the field of power electronics, machine learning, artificial intelligence, and WSN 

applications. He can be contacted at email: mahesh.kumbhar@ritindia.edu. 
 

 

mailto:sachin.chavan@walchandsangli.ac.in
mailto:sachin.chavhan22@gmail.com
https://orcid.org/0009-0004-3389-5901
https://scholar.google.com/citations?user=23l9AekAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=59210945300
https://www.webofscience.com/wos/author/record/MIT-2862-2025
https://orcid.org/0000-0003-1296-1944
https://scholar.google.com/citations?user=K9vbpkYAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=57222630825
https://www.webofscience.com/wos/author/record/AAJ-3281-2020

