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Abstract. This paper describes an approach to implement Field Oriented Control (FOC) using 

PID Controller for a brushless direct control (BLDC) motor. The research proposes reduction 

in total harmonic distortion of the supply current using space vector pulse width modulation 

technique. Minimization of total harmonic distortion becomes mandatory for a smooth 

operation in electric vehicle applications. As the harmonics are generated in the supply current, 

caused by non-linear load in E-Rickshaw. The lower, the value of total harmonic distortion 

givers better performance of the motor when operated under light load. Here the different 

strategies employed for controlling BLDC motor speed is analyzed and compared. It also 

proved that the space vector pulse width modulation technique improves the reliability due to 

the balanced switching frequency achieved from the solid-state switches in the inverter. 

Through simulating, the proposed control strategy is analyzed and compared with the existing 

techniques results in smooth change in current during sudden loading, which improves system 

performance and as a result the torque ripple gets minimized. The comparative study was made 

in the Matlab/Simulink 2019b, by designing the mathematical model of motor, inverter and the 

switching sequence, and the max-min algorithm for the SVPWM. 

1.  Introduction 

Recent years have seen a huge spike in the development of high-performance motor drives. These 

drives have proven immense importance in a plethora of applications like automotive, computer, steel 

rolling mills, electric trains, robotics etc.[1], [2]. Common methods for designing industrial speed 

controllers are experimental, root locus, frequency and optimization methods [3]. A lot of research has 

been done on speed control of a BLDC motor using a proportional-integral-differential (PID) 

controller. However, BLDC motors might give rise to large overshoots, slow response times and large 

steady state error. For these reasons, the gain values of the PID controller need to be tuned to obtain 

satisfactory output from the motor under varying load and speed conditions.The ziegler-nichols 

method which is widely used for tuning the PID controller with systems whose plant model can be 

single input single output systems. But for complex systems like the BLDC motor modeling it cannot 

be applicable. And as the PID controllers have the following advantages like easier to implement, uses 

lesser resources, more robust to tuning mismatches and better response to unmeasured disturbances. 

And the recent methodology for tuning the gains is using fuzzy logic controllers in addition to PID [4], 

[5], [6]. In this method, the PID controller sends the main control signals in the form of pulse width 
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modulated (PWM) waves. As a feedback, speed error and change in error are taken into consideration 

and fuzzified. Then based on pre-set lookup tables, the values of the gains are obtained by the process 

of defuzzification. The next advancement on tuning the PID controller is by sing adaptive fuzzy 

controller [7],[8],[9],10]. In this method, in addition to the fuzzy PID control process, an adaptive 

process of normalizing the inputs and outputs of the fuzzy controller is employed [11]. This puts a cap 

on the error obtained and provides slightly finer results under certain operating conditions. 

There are different types of PWM techniques, among them the SVPWM and SPWM are popularly 

employed modulation techniques for industrial applications, especially with semiconductor switch 

converters. Due to the robust nature of the mode of operation at various speeds, the sinusoidal PWM 

technique is being used [12], [13]. The semiconductor switches that are bring used along with the 

driver circuit application are Metal-Oxide Semiconductor Field-Effect Transistor (MOSFET), 

Insulated Gate Bipolar Transistor (IGBT) and Bipolar Junction Transistor (BJT). These switches 

exhibit continuous drain current property, i.e., generally 80 A at 25°C and it decreases to 65 A at 

100°C. Due to this decrease in the continuous drain current property of the switches multiple switches 

are connected in parallel, this makes the circuit more robust to operate at any operating temperature 

and is more safe. So, for the motor driver applications generally 6 switches are required to build the 

convertor. But due to the property of continuous drain current, 12 switches are used. And the pulse 

wave form from the controller triggers the gates of the switches. When the gate is triggered in a 

sequence of operation, so that combined operating behavior of all the switches gives the 3 phase AC 

output to the Motor windings [14]. The BLDC motor and the Permanent Magnet Synchronous Motor 

(PMSM) both have the permanent magnet rotor and there are 3 stator windings connected in star 

pattern. But the only difference between the PMSM and the BLDC is interconnection of coils in the 

stator windings. The PMSM have distributed stator windings (coils spanning more than one tooth) and 

BLDC have concentrated stator windings (coils wound around each tooth). This makes the back EMF 

of the PMSM as sinusoidal and for BLDC as Trapezoidal[15]. And while designing the mathematical 

model of the motor, the back EMF is created using the lookup table based on the position of the motor 

(degrees of rotation). The BLDC motor stator is made up of stacked steel laminations wherein 

windings are placed in groups that are axially cut along their inner periphery[16]. Mostly, all the 

BLDC motor have 3 start connected stator windings. Each winding is constructed with numerous 

interconnected coils, with one or more coils placed in the stator slot. These windings along with the 

stator periphery form an even number of poles. This type of winding arrangement in the BLDC motor 

makes the torque ripple to be higher than the PMSM motor. In our present work, the PID controller, 

helps to minimize the torque ripples in the motor.  

The BLDC motor rotor is made of permanent magnet and can vary from 2 to 8 pole pairs with 

alternate North (N) and South (S) poles. The magnetic material is decided based on magnetic field 

density. Ferrite magnets, rare earth materials like Neodymium (Nd), Samarium Cobalt (SmCo) and the 

alloy of Neodymium, Ferrite and Boron (NdFeB) are some examples of rare earth alloy magnets are 

used to make the permanent magnet pole pieces[17],[18]. The position of the motor while rotating can 

be determined with the help of hall effect sensor and quadratic axis encoder also called as rotary 

encoder. For low cost application the hall sensor is used, which can be found inside the stator on the 

driving end. Generally, 3 hall effect sensors are mounted at 120° angle apart from each other. 

Whenever the magnetic poles pass the hall sensors give out a signal, high indicating North and low 

indicating South. Based on the combination of these 3 hall effect sensors, the position of motor is 

determined. Thereby the speed of the motor is being monitored and controlled by using closed loop 

feedback control mode of operation. The working principle of brushless DC motors is the same as 

regular DC motor, the Lorentz law, which states that a current carrying conductor placed in a magnetic 

field experiences a force. This, in turn generates an equally opposite reaction force on the magnet. In 

BLDC motor, the current carrying conductor stays stationary while the permanent magnet rotates. In 

practical operation of the 3phase BLDC motor, it operates in a 2-phase active fashion, i.e. energizing 

the two phases producing the highest torque while keeping the third phase inactive [19]. Energization 

of the two phases depends on the rotor position i.e. each sequence has current flowing into one 



VCADPCA 2020

IOP Conf. Series: Materials Science and Engineering 906 (2020) 012026

IOP Publishing

doi:10.1088/1757-899X/906/1/012026

3

 

 

 

 

 

 

winding (positively energized), current flowing out of one winding (negatively energized) and one 

winding non-energized. This principle of operation is due to the star winding of the stator present to 

energize the coils. And to complete one electrical cycle, it generally takes 6 steps of operation. 

However, electrical cycle is not equal to mechanical revolution. The rotor pole pairs sets base for the 

amount of electrical cycles to be repeated in order to complete a mechanical rotation. For each rotor 

pole pairs, one electrical cycle is completed. So, the mechanical revolution (rpm) is one half of the 

electrical revolution times the number of poles. 

Based on the previous work of research work related to the speed control of the BLDC motor, a 

comparative table of research work conclude that the PID controller is suitable for sinusoidal PWM 

technique, as described in table 1. The motor speed is being controlled by mechanical revolution. 

Based on the desired input from the driver to run at the rpm, the PID controller controls the PWM 

signals. And the controlled signals are being sent to the inverter for the switching the switches. The 

inverter converts DC power from the battery into the AC power with the helpof these switches. And 

the sequences of operation of each switch are based rotor position. 

 

Table 1. Comparison of Control Strategies for BLDC motor. 

Control Logic and 

Methodology  

Outcome Ref. No. 

PID controller with sing 

Adaptive Fuzzy 

controller 

In this method, in addition to the Fuzzy PID control process, an 

adaptive process of normalizing the inputs and outputs of the fuzzy 

controller is employed. This puts a cap on the error obtained and 

provides slightly finer results under certain operating conditions. 

[3] 

PI with SPWM and 

SVPWM 

With SVPWM technique, the system performance is enhanced, motor 

requires lesser current, speed response is smoothened and torque 

ripple is pretty much flattened. 

[13] 

PI and Fuzzy PI with Fuzzy is better over conventional PI with faster steady state 

speed and lesser torque ripple 

[20] 

PI with Sensorless FOC Phase locked loop and back EMF used to estimate position with 

minute angular position error and peak to peak estimation error. 

[21] 

PI with SPWM and 

SVPWM 

Under normal operating conditions, both techniques are on par with 

each other. SVPWM however, gives a higher power output thus 

providing a bit better performance. 

[22] 

FOC with dither signal Dither signal injection quench the limit cycles appearing in the system 

caused by non-linearity, thereby reducing the overall torque ripple and 

improving the response of FOC 

[23] 

PI with FOC, SFOC & 

Hysteresis 

SFOC shows the least torque ripple out of the three methods [24] 

2.  BLDC Motor Control 

BLDC motor control is carried out with mathematical model of the BLDC motor, and then 

implementation of controller [25] [26],[27]. The mathematical model is developed with the idea of 

state space system design wherein using the state variables, state-space models describe a system 

through a set of differential or difference equations [28]. And the model is developed using 

continuous-time representation. The controller is used for controlling this developed model of BLDC 

motor [29],[30]. The controller regulates the actual speed with regards to the reference speed, thereby 

reducing the error percentage in overshoot, undershoot, and torque ripple. These problems in the 

controller can be minimized by using the optimum control strategy. Based on our literature review of 

various control strategies, the PID control with SVPWM is the best method, through which the system 

performance is enhanced, motor requires lesser current, speed response is smoothened and torque 

ripple is pretty much flattened. 
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2.1.  Mathematical Model of the 3 – Phase BLDC Motor 

The modelling of the BLDC motor is based on assumption: 

• Balanced three phase connections 

• The loss in the variable load like stray and copper losses are assumed to be negligible and loss 

in the constant load like hysteresis and eddy current losses are also neglected while modelling 

• There is uniform air gap is maintained between the stator and the rotor 

• The switches used in the inverter are considered to be operated at ideal condition, neglecting 

losses inside them. 

•  The internal resistances of the three phase stator winding are considered to be equal.  

• The value of inductance are assumed to be constant, where self and mutual inductance are 

considered equal 

The motor parameters that are used for modeling are explained in the appendix in the later 

section.[31][32] The Mathematical model of the armature winding of the BLDC motor is expressed in 

the form of equation (1) to equation (7).  

                                                          Van =  Ria  + 𝑑(𝜆𝑎)𝑑𝑡 + 𝑒𝑎𝑛                                                            (1) 

                                                          Vbn =  Rib  + 𝑑(𝜆𝑏)𝑑𝑡 + 𝑒𝑏𝑛                                                            (2) 

                                                          Vcn =  Ric  + 𝑑(𝜆𝑐)𝑑𝑡 + 𝑒𝑐𝑛                                                             (3)                                             𝜆𝑎 = 𝐿𝑠𝑖𝑎–  M(ib  +  ic) = Ls. ia +  M(ia) =  (Ls +  M). ia                           (4)                                             𝜆𝑏 = 𝐿𝑠𝑖𝑏–  M(ia  +  ic) = Ls. ib +  M(ib) =  (Ls +  M). ib                           (5)                                             𝜆𝑐  = 𝐿𝑠𝑖𝑐–  M(ia  +  ib) = Ls. ic +  M(ic) =  (Ls +  M). ic                           (6) 

Thus these equations can be represented in this form of matrix, where p is  
𝑑𝑑𝑡.                                  [𝑉𝑎𝑛𝑉𝑏𝑛𝑉𝑐𝑛 ] = [𝑅 + 𝑝(𝐿 + 𝑀) 0 00 𝑅 + 𝑝(𝐿 + 𝑀) 00 0 𝑅 + 𝑝(𝐿 + 𝑀)] [𝑖𝑎𝑖𝑏𝑖𝑐] + [𝑒𝑎𝑛𝑒𝑏𝑛𝑒𝑐𝑛]              (7) 

As the BLDC motor rotates, each winding generates a voltage known as back EMF, which opposes 

the supply voltage, according to Lenz’s law. The polarity of the back EMF is opposite to the supply 

voltage and is dependent on the rotor position. The systematical order of equations that are being used 

in the BLDC are explained below. As the system is a multi input multi output, the traditional state 

space form of representation cannot be used, as the differential term is used. Thus using these 

equations, the complete mathematical model of BLDC motor is modeled using Matlab / Simulink, as 

shown in figure 1. 

 
Figure 1. MATLAB Simulink model for BLDC motor Control. 
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2.1.1.  Voltage Measurement 

Using the following equation (8) the phase voltage across the terminals of the motors is determined. 

And as the BLDC motor has no neutral connection, equation (9) is used. Thus using these two 

equations the voltage across each phase is determined using equation (11) to equation (13). Vao + Vbo + Vco − 3Vno=  R(ia + ib + ic) + (Ls + M)(𝑑(𝑖𝑎)𝑑𝑡 + 𝑑(𝑖𝑏)𝑑𝑡 + 𝑑(𝑖𝑐)𝑑𝑡 ) + 𝑒𝑎𝑛 + 𝑒𝑏𝑛 + 𝑒𝑐𝑛            (8) 

 

                                                         𝑖𝑎 + 𝑖𝑏 + 𝑖𝑐 = 0                                                                            (9) 

                                     𝑉𝑛𝑜 = 13 {(𝑉𝑎𝑜 + 𝑉𝑏𝑜 + 𝑉𝑐𝑜) − (𝑒𝑎𝑛 + 𝑒𝑏𝑛 + 𝑒𝑐𝑛)}                                         (10) 

                                                        𝑉𝑎𝑛 = 𝑉𝑎𝑜 − 𝑉𝑛𝑜                                                                            (11) 

                                                        𝑉𝑏𝑛 = 𝑉𝑏𝑜 − 𝑉𝑛𝑜                                                                           (12) 

                                                        𝑉𝑐𝑛 = 𝑉𝑐𝑜 − 𝑉𝑛𝑜                                                                            (13) 

2.1.2.  Current Measurement 

From equation (1) the relationship between the voltage and the current equations is being obtained. 

And, upon integration of the equation (14), the value of current across each phase of the stator of the 

BLDC motor is obtained. Similarly, different block is used to find the current at different phases𝑖𝑎, 𝑖𝑏 

and 𝑖𝑐 [33].                                                                     𝑑(𝑖𝑎)𝑑𝑡  =  (𝑉𝑎𝑛 − 𝑅. 𝑖𝑎 − 𝑒𝑎𝑛)(𝐿𝑠 + 𝑀)                                                        (14) 

2.1.3.  Electromagnetic Torque Measurement 

The electromagnetic torque, which has a unit of N-m, is measured using the help of the equation (15). 

Normalized Back EMF function,𝑓𝑎(θr), 𝑓𝑏(θr) and 𝑓𝑐(θr) are trapezoidal function. Thus from 

equation (15) to equation (17), the generalized electromagnetic torque equation is determined. And 

using the help of the supporting equation (15) to equation (17), the final electromagnetic equation is 

determined using equation (19).                                                          𝑇𝑒 = {(𝑒𝑎𝑛𝑖𝑎) + (𝑒𝑏𝑛𝑖𝑏) + (𝑒𝑐𝑛𝑖𝑐)} (𝜔𝑟)⁄                                       (15)                                                         𝑒𝑎𝑛 = 𝐸 𝑓𝑎(θr),𝑒𝑏𝑛 = 𝐸 𝑓𝑏(θr) , 𝑒𝑐𝑛 = 𝐸 𝑓𝑐(θr)                             (16) 

                                                                                𝐸 = 𝐾𝑏𝜔𝑟                                                                       (17) 

                                    𝑇𝑒 = (𝐸. 𝑓𝑎(θr). 𝑖𝑎) + (𝐸. 𝑓𝑏(θr). 𝑖𝑏) + (𝐸. 𝑓𝑐(θr). 𝑖𝑐)𝜔𝑟                                             (18) 

                                      𝑇𝑒 = 𝐾𝑏 . {𝑓𝑎(θr). 𝑖𝑎 + 𝑓𝑏(θr). 𝑖𝑏 + 𝑓𝑐(θr). 𝑖𝑐}                                                         (19) 

2.1.4.  Angular Velocity Measurement 

The general torque equation for the rotating objects is expressed in equation (20), and upon 

simplification with the help of equation(21) the final angular velocity measurement is obtained using 

equation (22). [34]                                                                         𝐽 𝑑𝜔𝑑𝑡 +  𝐵.𝜔 = 𝑇𝑒 − 𝑇𝑙                                                                 (20) 

                                                                          𝜔𝑟 = ω . 𝑃2                                                                    (21) 

                                                           𝑑𝜔𝑟𝑑𝑡 =  𝑃2 (𝑇𝑒 − 𝑇𝑙  − 𝐵.𝜔𝑟𝐽 )                                                                   (22) 
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2.1.5.  Creation of Back EMF (Trapezoidal Function)  

Based on the angle of rotation 𝛉𝑟, the value of the normalized back EMF is taken out using the look up 

table in the Matlab environment, as shown in table 2. 

Table 2. Logic for Look up table for rotor position. 

Rotor Position Signal Normalized Back EMF 

θr ean ebn ecn 

0° - 60° E −E (6E/π)(π-θr) -E 

60° - 120° E (6E/π)(θr-2π) +E −E 

120° -180° (6E/π)(π-θr) -E E −E 

180° - 240° −E E (6E/π)(θr-2π) +E 

240° - 300° −E (6E/π)(π-θr) -E E 

300° - 360° (6E/π)(θr-2π) +E −E E 

2.2.  Mathematical Model of Hysteresis Current Controller and Reference Current Generator 

The reference current controller takes in the input of the controller. The controller gives the required 

torque for the corresponding input. It uses look up table as shown in table 3, to find the reference 

current 𝑖𝑎, 𝑖𝑏 and 𝑖𝑐 (reference) response, based on the theta (angular position) response of the motor 

[35],[36],[37]. The hysteresis current controller is one of the current control strategies to control the 

inverter. While modeling it, a relay is used for generating the square pulses, as shown in figure 2, 

where the switch on point is 0.01, switch off point is -0.01. Output from the generator is on when its 

value 1 and the output is off when its value is -1. 

 

Figure 2. Reference Current model 

Table 3. Look-up table for 3 phases of current. 

Rotor Position Signal Reference Currents (amps) 

θ r (deg) Ia Ib ic 

0° - 60° I∗ −I∗ 0 

60° - 120° I∗ 0 −I∗ 

120° -180° 0 I∗ −I∗ 

180° - 240° −I∗ I∗ 0 

240° - 300° −I∗ 0 I∗ 

300° - 360° 0 −I∗ I∗ 

2.3.  Mathematical Model of the 3-Phase BLDC Motor with FOC using Space Vector Pulse Width 

Modulation (SVPWM) 

SVPWM is a technique used in FOC control, to determine the pulse-width modulated (PWM) signals 

for the inverter switches in order to generate the desired 3-phase voltage supply to the motor. Here the 

3 phase current (𝑖𝑎, 𝑖𝑏 and 𝑖𝑐)is converted into 2 phase (𝑖𝑑, 𝑖𝑞) by using park transform, as shown in 

equation (23). The frequency domain is converted into time domain here. This is done with respect to 
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the rotating reference frame, here motor rotation angle is considered as the rotating frame. Then the PI 

controller is used for stabilizing the current in the d and q axis. 

                                         [𝑑𝑞0] = 23 [  
  sin(𝜃) sin(𝜃 − 2𝜋3 ) sin(𝜃 + 2𝜋3 )cos(𝜃) cos(𝜃 − 2𝜋3 ) cos(𝜃 + 2𝜋3 )1/2 1/2 1/2 ]  

  [𝑎𝑏𝑐]                                         (23) 

     The error for the PI controller of q axis is taken as the difference between the input of the speed 

controller and actual magnitude of value of Id, and the error for the PI controller of d axis is taken as 

the difference of reference Id as 0, and the actual Id. Since the d axis current is the key component for 

torque production, this process of setting 0 as the reference helps in reducing the torque ripple from 

the BLDC motor. The conversion of the reference Id and Iq currents into α and β axis currents need to 

be carried out for simplification of mathematical representation. As the SVPWM requires the α and β 
axis as the input for generating switching pattern. Hence inverse park transform is being used here. 

Where Iα and Iβ, the angle between them is determined as shown in equation (24), and the sector is 

allocated according to the angle. Using this approach the mathematical model was developed as shown 

in figure 3. 

                                                [IαI𝛽] = [cos(𝜃) − sin(𝜃)sin(𝜃) cos(𝜃) ] [IdI𝑞]                                                               (24) 

     The total number of possible switch configurations is 23=8. Where, the 6 of these configurations 

(001,011,010,110,100,101) correspond to different voltages, called as the basic vector. And the last 

two (000,111) are referred to as zero vector, as they represent zero volts on the terminals. Where 0 

represent off state of switch and 1 represent on state of switch. 

 

Figure 3. FOC with SVPWM Simulink Model. 

     Now based on the sector, Iα and Iβ, the timing for each sector is determined using the Matlab 

function in the simulink environment. The switching frequency of the switches is kept 10 kHz. And 

the switching period is ΔT = 0.0001 sec. The geometric summation from the figure 4 corresponding to 

the phase angle, can be expressed as shown in equation (25), where Tsv1 and Tsv2 are the time period 

during which space vector SV1 and SV2 are selected respectively. They can be expressed in cartesian 

form as shown in equation (26). 
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Figure 4. Space Vector Diagram.                                             𝑉𝑜 < θo = 𝑇𝑆𝑉1𝛥𝑇/2  𝑆𝑉1 + 𝑇𝑆𝑉2𝛥𝑇/2 𝑆𝑉2                                                                       (25)                Vo  (cos(θo) +   𝒋 ∗  sin(θo)) 𝛥𝑇2 = T𝑆𝑉1Vm + TSV2Vm (cos (𝜋3) +  𝐣 ∗  𝐬in (𝜋3))            (26) 

Table 4. Equations for Space Vector Control. 𝛚𝟎𝐭 =  𝛉𝟎 (𝐝𝐞𝐠) Space Vector with  Active Times 

0° - 60° T𝑆𝑉1 = 𝑉0𝑉𝑑𝑐 √32 cos (𝜃0 + 𝜋6) . ∆𝑇2  T𝑆𝑉2 = 𝑉0𝑉𝑑𝑐 √32 cos (𝜃0 − 𝜋2) . ∆𝑇2  

60° - 120° T𝑆𝑉2 = 𝑉0𝑉𝑑𝑐 √32 cos (𝜃0 − 𝜋6) . ∆𝑇2  T𝑆𝑉3 = 𝑉0𝑉𝑑𝑐 √32 cos (𝜃0 − 5𝜋6 ) . ∆𝑇2  

120° -180° T𝑆𝑉3 = 𝑉0𝑉𝑑𝑐 √32 cos (𝜃0 + 𝜋2) . ∆𝑇2  T𝑆𝑉4 = 𝑉0𝑉𝑑𝑐 √32 cos (𝜃0 − 7𝜋6 ) . ∆𝑇2  

180° - 240° T𝑆𝑉4 = 𝑉0𝑉𝑑𝑐 √32 cos (𝜃0 − 5𝜋6 ) . ∆𝑇2  T𝑆𝑉5 = 𝑉0𝑉𝑑𝑐 √32 cos (𝜃0 − 3𝜋2 ) . ∆𝑇2  

240° - 300° T𝑆𝑉5 = 𝑉0𝑉𝑑𝑐 √32 cos (𝜃0 − 7𝜋6 ) . ∆𝑇2  T𝑆𝑉6 = 𝑉0𝑉𝑑𝑐 √32 cos (𝜃0 − 11𝜋6 ) . ∆𝑇2  

300° - 360° T𝑆𝑉6 = 𝑉0𝑉𝑑𝑐 √32 cos (𝜃0 − 3𝜋2 ) . ∆𝑇2  T𝑆𝑉1 = 𝑉0𝑉𝑑𝑐 √32 cos (𝜃0 − 𝜋6) . ∆𝑇2  

 

    On equating the real and imaginary parts, the solution of TSV1 and TSV2 is obtained. The table 4 

shows the arbitrary target output for any phase angle, which was created from the two closest space 

vector components. Therefore, along with relevant expressions, these define the active time intervals 
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for each space vector. Based on these time intervals the active pulse duration is determined and is then 

compared with a repeating sequence to generate the PWM waveform, which sends the supply pulses to 

the inverter.The inverter converts DC to AC supply, as the BLDC motor is an AC motor. Based on the 

switching pulses sequence the output waveform of AC supply is generated. This voltage is directly fed 

into the motor, for the efficient operation of the motor. As the switches in the inverter at bottom 

section operates exactly opposite in supply to the top section. And as the top section consists of 3 

switches and bottom section consists of 3 switches for the 3 phase 2 level inverter.When the load on 

the motor is of unpredictable nature, as in case of Electric Vehicle (EV) the supply current from the 

battery keeps varying, which increases the THD. And if this parameter increases, the torque ripple 

increases. This is the only limitation of this mode of operation. 

2.4.  Total Harmonic Distortion (THD) 

Harmonics or harmonic frequencies of a periodic voltage or current are frequency components in the 

signal that are at integer multiples of the frequency of the main signal. This is the basic outcome that 

fourier analysis of a periodic signal shows. Harmonic distortion is the distortion of the signal due to 

these harmonics. 

    A voltage or current that is purely sinusoidal has no harmonic distortion because it is a signal 

consisting of a single frequency. A voltage or current that is periodic but not purely sinusoidal will 

have higher frequency components in it contributing to the harmonic distortion of the signal. In 

general, the less that a periodic signal looks like a sine wave, the stronger the harmonic components 

are and the more harmonic distortion it will have. So, a purely sinusoidal signal has no distortion while 

a square wave, which is periodic but does not look sinusoidal at all, will have lots of harmonic 

distortion. In the real world, of course, sinusoidal voltages and currents are not perfectly sinusoidal; 

some amount of harmonic distortion will be present. Figure 5 provide visual comparisons, in the time 

domain and the frequency domain, of a sinusoidal voltage and a square wave voltage.THD could be 

defined as ratio of the RMS voltage of all the harmonic frequencies (from the 2nd harmonic on) over 

the RMS voltage of the fundamental frequency (the fundamental frequency is the main frequency of 

the signal, i.e., the frequency that you would identify if examining the signal with an oscilloscope) as 

shown in equation (27) and equation (28). 

                                            THD = ∑ Vn_rms
2∞

n=2
Vfundamental_rms

                                                                                          (27) 𝑣𝑠𝑞𝑢𝑎𝑟𝑒 (𝑡) = (4𝜋) sin(2𝜋𝑓𝑡) + ( 43𝜋) sin(6𝜋𝑓𝑡) + ( 45𝜋) sin(10𝜋𝑓𝑡) + ⋯+( 4𝑛𝜋) sin(2𝑛𝜋𝑓𝑡)(28) 

THD is important in several types of systems, including power systems, where a low THD means 

higher power factor, lower peak currents, and higher efficiency; audio systems, where low THD 

means that the audio signal is a more faithful reproduction of the original recording; and 

communication systems, where low THD means less interference with other devices and higher 

transmit power for the signal of interest. Generally the EV is a miniature power system, it has various 

audio-video instruments and network connectivity, therefore or this system, the lower the THD, better 

the power factor and lower is the interference with the system. 

 
Figure 5. System that introduces crossover distortion into a signal. 
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2.5.  Tuning of PID Controller 

The designed plant is so complicated that its mathematical model cannot be easily obtained, therefore 

the experimental approaches to tune the PID controller is carried out. By varying the proportional gain 

(Kp), integral time (Ti) and derivative time (Td) to different values, the optimal value has been 

estimated. This optimal value is based on the desired output from the system. For EV applications, the 

rise time and the settling time should be as minimum as possible, so the desired speed from the throttle 

to the wheel, is achieved as quick as possible. And the overshoot percentage should not be too high, as 

it creates sudden load to the drive wheel, which decreases the life cycle of the power train. The general 

layout for plant system using PID control is shown in figure 6. 

 
Figure 6. PID Control Loop for the model. 

 

While tuning the following observations was noted down like, as the value of Kp, increased, the rise 

time decreases, the overshoot increases, and settling time is not having much influence. Similarly, with 

the increase the value of Ti, the rise time decreases, the overshoot increases, and settling time 

increases. Similarly, when Td increases, the rise time increases, overshoot decreases and settling time 

decreases. By trying different iterations, the optimal value of the gains was determined, as showed in 

table 5. 

Table 5. PID Tuning for finding optimum gain values for the PID Controller of the BLDC motor. 

Sl. No. Kp Ti Td Rise Time (ms) Over shoot(%) Settling Time (ms) 

1 0.4 6 0 26.747 26.747 186.701 

2 0.5 7 0.00001 22.643 3.716 120 

3 0.5 4 0.0001 41.804 1.622 205.496 

4 0.5 4 0.001 51.613 1.183 120.327 

5 0.5 4 0.01 92.612 1.482 272.247 

6 0.4 4 0.01 85.676 3.55 317.905 

7 1 4 0.04 109.04 0.5 174.108 

8 0.6 4 0.01 59.691 3 275.863 

9 0.8 7 0.001 25.444 1.05 174.042 

10 0.9 8 0.001 23.669 2.5 221.19 

11 0.8 6 0.001 26.063 1.2 167.721 

12 0.8 8 0.001 22.366 1.006 110.482 

3.  Results and Discussion 

3.1.  Tuning of PID Controller 

The input was given as step response of 100 to 150 rpm. Then the error from this reference to the 

actual speed of the motor is given as the feed to the PID controller. Then the controller sends the 

optimal signal to the reference current generator, to send the optimal current supply to the inverter, 

with the help of PWM technique the pulse width is being controlled for regulating the speed of the 

motor. The Sinusoidal PWM technique sends the signals to the inverter, which in turn sends the 
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voltages, Va, Vb and Vc to the motor. Then the actual speed of the motor is compared with the 

reference speed for minimization of error as shown in figure 7. Based on experiment when the 

Proportional gain as 0.8, integral gain as 8 and derivative gain as 0.001. the rise time is 22ms, 

overshoot is 1% and settling time is 110ms. These optimal gains can be directly implemented into the 

motor controller. 

 
Figure 7. Speed Response chart of motor after PID tuning. 

3.2.  Reduction of THD 

Based on the comparison between different types of control strategy used for controlling the speed of 

the motor, when the predefined parameters are fundamental frequency is 60 Hz, switching frequency 

of the inverter is 10kHz. The figure 8 shows the Total harmonic distortion of the supply current of 

phase A. And the value of the THD was found minimum for the SVPWM technique. 

 
Figure 8. Clockwise from top left: PWM control based on Hall sensor, Hysteresis control and 

SVPWM control with FOC, SVPWM control with FOC. 
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4.  Future Scope of Implementation of PID with Modified SVPWM Control in DSPACE 

Controller 

 

Using the DSPACE MicroLabBox version 1202, the control of the speed of the BLDC motor can be 

carried out. Using the help of Real Time Interface (RTI) tool block which is present inside the Matlab 

Simulink Environment as shown in figure 9. The model in the Simulink environment was carried out, 

but it couldn’t be tested, due to time constraint to visualize the results. [38],[39],[40],[41] 

 
Figure 9. BLDC motor model integrated with the D-space controller to control the hardware directly 

with MATLAB. 

5.  Appendices 

5.1.  Motor Parameters used for Modelling 

The constants that are used in the mathematical modelling of the BLDC motor using MATLAB / 

Simulink was developed according to the table 6 and table 7. 

 

Table 6. Motor Parameters used for Modelling 

Parameters Value Units Description 

Kb 1.23 (const.) Field Flux due to permanent magnet of Rotor (Ferrite Magnet, 

rare earth alloys are used to make the permanent magnet pole 

pieces) 

J 0.013 Kg – m2 Equivalent Moment of Inertia of Motor and Load on Motor 

shaft   

P 4 (const.) Number of Poles of Rotor (can vary from 2 to 8 poles) 

R 2.8 Ohm Resistance of stator winding 

Ls + M 0.00521 Hendry Inductance (M - Mutual inductance and Ls -Self-inductance) 

B 0.005 N-m-

s/rad 

Damping Co-efficient 

DC power 

Supply 

250 volts Applied Voltage 
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5.2.  Notations used in this paper 

Table 7. Notations used in this paper. 

Symbol Units Meaning 

Ra,Rb, Rc Ohm Stator Resistance of phase A, B, C 

La, Lb, Lc Hendry stator inductance of phase A, B, C 

Van, Vbn, Vcn Volt Stator voltage in phase A.B,C 

ia, ib, ic Ampere Stator Current in phase A, B,C 

ean, ebn, ecn volt Back EMF in phase A,B, C 

ωr rad/sec Rotor speed in electrical 

ω Rad/sec Mechanical rotor speed 𝝀𝒂, 𝝀𝒃, 𝝀𝒄  flux linkage of phase windings a, b and c 
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