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Abstract 

This article presents comparative studies for dynamic performance evaluation of vector- and scalar-

controlled asynchronous (induction) motor (ASM) drives based on improved control baselines. To 

compare the ASM drive responses, four control strategies including improved direct torque control 

(DTC), improved indirect field-oriented control (IFOC), feedback (FB) linearization, and scalar 

vectorized Volt per Hertz (VV/Hz) are considered with their enhanced versions based on the space 

vector pulse-width modulation (SVPWM) switching technique. The main objective of this work is to 

implement feasible dynamic computer functions of the ASM drive to assess its torque and speed 

responses over the variable low and high speeds for pure or hybrid electric vehicle traction drive 

applications using MATLAB/Simulink software. To validate the overall performance of the ASM drive, 

several case studies are developed to evaluate the transient behavior of the system from the starting 

stage to the steady state over the variable load conditions. 

Keywords: Asynchronous motor (ASM), vector control, direct torque control (DTC), field-oriented 

control (FOC), scalar control, SVPWM technique, dynamic performance. 

 

1. Introduction 

The most common type of electric 

motors employed in industries are 

asynchronous motors (ASMs), mostly 

named induction motors, due to their 

robustness, reliability, and low 

manufacturing cost. The main challenge 

with an ASM is speed control requires 

relevant controllers, power converters, and 

sensors. Advancements in switching 

devices technology soon rectified this 

challenge with suitable power electronic 

converters [1-3]. In order to evaluate an 

ASM drive performance, the motor is vastly 

modeled in a reference frame that orients 

synchronously or with magnetic flux using 

appropriate control strategies with or 

without speed sensors [4], [5]. Owning to 

the enormous application of ASM drives in 

various industrial places, simulation and 

dynamic modeling of them have been 

significant to both academia and businesses. 

The merit of dynamic modeling is that it 

accelerates understanding of ASM 

performance in dynamic mode as well as 

steady-state operations [6].  

Industries and electric vehicle (EV) 

companies frequently employ adjustable 

speed drives to link ASM actuators to the 

main power supply through a voltage 

source inverter (VSI). Several studies have 

been developed for VSI-fed three-phase 

ASM drives with different closed-loop 

control baselines for steady-state and 

dynamic operational modes. These approaches 
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include direct torque control (DTC) [7]; 

rotor field-oriented control (FOC) [8]; 

model predictive control (MPC) [9]; 

conventional or hybrid voltage per 

frequency (V/f) scalar control [10], [11]; 

and other vector control approaches to 

acquire optimal performance within user-

defined demands [12-14]. Among the 

aforementioned approaches, MPC and DTC 

output variable switching frequency to gain 

optimum torque and flux requirements. 

However, the rotor flux FOC baseline uses 

various carrier-based pulse width 

modulation (PWM) switching techniques 

[15]. To control the output voltage of three-

phase VSI and mitigate its harmonic 

distortion, different PWM control strategies 

have commonly been adopted in three-

phase ASM drives. Several of those closed-

loop PWM baselines utilize the space-vector 

PWM (SVPWM) technique to minimize 

switching losses with constant switching 

frequency owing to the higher using of DC 

link voltage in SVPWM [16].  

To better distinguish the mentioned 

control strategies responses for ASM 

drives, the four most common control 

approaches including DTC, indirect FOC 

(IFOC), vectorized V/f (VV/Hz), and 

feedback (FB) linearization are dynamically 

modeled and their responses compared in 

this article. To improve the performance of 

the DTC and IFOC techniques, the 

SVPWM scheme is also used for their 

switching method. Furthermore, the VV/Hz 

control baseline is developed instead of 

conventional V/f control to improve the 

ASM drive speed and torque requirements 

as a simple control strategy. The main 

contribution of this study is to accurately 

illustrate the differences among the ASM 

drives’ performances to give feasible 

authority for consumers to properly select 

their demanded drives. In section 2, the 

studied ASM drive systems and their 

dynamic models are described. Comparative 

case studies and simulation results are shown 

in section 3. 

2. ASM Drive Systems 

The general drive system of a three-phase 

VSI-fed ASM is illustrated in Fig. 1. From 

the figure, the main parts of an ASM drive 

system include a VSI, an ASM, a controller 

along with a switching scheme, and 

mechanical/electrical sensors for data 

acquisition. The dynamic model of a 

symmetrical three-phase ASM can be 

developed using basic mechanical and 

electrical equations of the motor vastly in 

the synchronous reference frame with d- 

and q-axis states [17] as follows 

𝑑𝜆𝑞𝑠

𝑑𝑡
= −𝑟𝑠𝑖𝑞𝑠 − 𝜔𝑠𝜆𝑑𝑠 + 𝑣𝑞𝑠  (1) 

𝑑𝜆𝑞𝑠

𝑑𝑡
= −𝑟𝑠𝑖𝑑𝑠 + 𝜔𝑠𝜆𝑑𝑠 + 𝑣𝑑𝑠  (2) 

𝑑𝜆𝑞𝑟

𝑑𝑡
= −𝑟𝑟𝑖𝑞𝑟 − (𝜔𝑠 − 𝑛𝑝𝜔𝑟)𝜆𝑑𝑟 + 𝑣𝑞𝑟 (3) 

𝑑𝜆𝑑𝑟

𝑑𝑡
= −𝑟𝑟𝑖𝑑𝑟 + (𝜔𝑠 − 𝑛𝑝𝜔𝑟)𝜆𝑞𝑟 + 𝑣𝑑𝑠 (4) 

𝑑𝜔𝑟

𝑑𝑡
=

3

2

𝑛𝑝

𝐽
(𝜆𝑑𝑠𝑖𝑞𝑠 − 𝜆𝑞𝑠𝑖𝑑𝑠) −

𝑇𝐿

𝐽
  (5) 

where 𝑣𝑠 and 𝑣𝑟 are stator and rotor 

voltages; 𝑖𝑠 and 𝑖𝑟 are stator and rotor 

currents; 𝜆𝑠 and 𝜆𝑟 are stator and rotor flux 

linkages; 𝑟𝑠 and 𝑟𝑟 are stator and rotor 

resistances referred to the stator; 𝜔𝑠 and 𝜔𝑟 

are stator angular frequency and rotor 

electrical speed in (rad/sec); 𝑛𝑝 is the 

number of pole pairs; 𝐽 is the total motor 

and load moment of inertia; and 𝑇𝐿 denotes 

load torque. 
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Fig. 1. Two-level VSI-fed three-phase ASM 

drive system. 

2.1. Improved DTC-SVPWM 

The developed DTC-SVPWM scheme of 

speed and torque control is derived from the 

conventional DTC scheme [7], which 

includes the desirable feature of employing 

the SVPWM switching scheme instead of 

the classic PWM algorithm. However, one 

of the main issues with the conventional 

DTC scheme is that it mostly contains 

hysteresis regulators for the flux and torque 

controls which lead to variable switching 

frequencies and high amounts of torque 

ripples. In this work, the implemented 

approach is improved to make the ASM 

drive with smooth operation with low 

torque ripples via using PID controllers 

instead of hysteresis regulators. Fig. 2 

shows the overall block diagram of the 

improved DTC-SVPWM scheme.  
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Fig. 2. Improved DTC-SVPWM controlled 

ASM drive system. 

From Fig. 2, the electromagnetic torque 

(𝑇𝑒) and stator linkage flux (𝜆𝑠) can be 

calculated as follows 

𝑇𝑒 =
3

2
𝑛𝑝(𝜆𝑑𝑠𝑖𝑞𝑠 − 𝜆𝑞𝑠𝑖𝑑𝑠)  (6) 

𝜆𝑠 = √(𝜆𝑞𝑠
2 + 𝜆𝑑𝑠

2 )  (7) 

The calculated 𝑇𝑒 and 𝜆𝑠 are compared 

with their reference values and the 

corresponding errors after regulating with 

the PID controllers, are utilized to 

determine the reference voltages in d-q 

terms. Consequently, the SVPWM module 

generates the proper switching signals for 

the VSI through the controlled reference 

voltages and using estimated/measured 

ASM rotor position information. 

2.2. Improved IFOC-SVPWM 

The IFOC baseline as an indirect vector 

controller originated from the dynamic 

equations of the ASM in the synchronous 

reference frame [8]. Similar to the 

conventional DTC-PWM approach with 

hysteresis regulators, IFOC-PWM also 

contains high torque ripple which leads to 

more acoustic noise during dynamic 

performance. To solve this issue, the IFOC-

SVPWM with a classic PID speed regulator 

is developed as shown in Fig. 3. From Fig. 

3, the main function is the calculation of 

stator voltage references (i.e. 𝑣𝑞𝑠
𝑠∗ and 𝑣𝑑𝑠

𝑠∗) 

in the synchronously rotating reference 

frame (indicated by variables  with 

superscript s) as follows 

𝑣𝑞𝑠
𝑠∗ = 𝜎 {−𝑛𝑝𝜔𝑟𝑖𝑑𝑠

𝑠 −
𝐿𝑚

𝜏𝑟
𝑖𝑑𝑠

𝑠 (𝑖𝑞𝑠
𝑠 𝜆𝑑𝑠

𝑠 −𝑖𝑑𝑠
𝑠 𝜆𝑞𝑟

𝑠 )

(𝜆𝑠
𝑠)2 −

𝜆𝑑𝑟
𝑠 𝜔𝑟

∗

𝜆𝑠
𝑠 +  

𝜆𝑞𝑟
𝑠 𝜆𝑠

∗

𝜆𝑟
𝑠 } −

𝐿𝑚𝑛𝑝𝜔𝑟𝜆𝑑𝑟 
𝑠

𝐿𝑟
  (8) 
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𝑣𝑑𝑠
𝑠∗ = 𝜎 {−𝑛𝑝𝜔𝑟𝑖𝑞𝑠

𝑠 −
𝐿𝑚

𝜏𝑟
𝑖𝑞𝑠

𝑠 (𝑖𝑞𝑠
𝑠 𝜆𝑑𝑟

𝑠 −𝑖𝑑𝑠
𝑠 𝜆𝑞𝑟

𝑠 )

(𝜆𝑟
𝑠 )2 −

𝜆𝑑𝑟
𝑠 𝜔𝑟

∗

𝜆𝑟
𝑠 +  

𝜆𝑑𝑟
𝑠 𝜆𝑠

∗

𝜆𝑟
𝑠 } −

𝐿𝑚𝑛𝑝𝜔𝑟𝜆𝑞𝑟 
𝑠

𝐿𝑟
  (9) 

where 𝜏𝑟 denotes the rotor time constant, 

𝜔𝑟
∗ is the reference rotor speed, 𝜆𝑠

∗ is the 

reference stator flux linkage, and 𝜎 is the 

inductance factor of ASM as follows 

𝜎 =
𝐿𝑠𝐿𝑟−𝐿𝑚

2

𝐿𝑟
                (10)  

2.3. Vectorized V/f (VV/Hz) Control 

The standard open-loop V/f control 

approach is one of the simplest scalar 

drivers of the ASM because there is no 

need for the information of motor 

parameters and no necessity for close-loop 

regulation. To smoothly operate the motor 

at a desired switching frequency and with 

appropriate voltage vectors, a VV/Hz 

control baseline is developed in this work. 

The block diagram of the VV/Hz is 

illustrated in Fig. 4. The unique aspect of 

this controller is the fact that there is no 

inherent feedback and it is an open-loop 

controller. However, the block diagram 

shows that the motor speed is given 

feedback to generate voltage vectors for 

effective switching of VSI switches, 

although this is not necessary. The major 

advantage of using VV/Hz control is its 

simple structure to the DTC and IFOC as 

well as lesser parameter sensitivity. On the 

other hand, it has not been recognized as a 

high-performance approach for ASM drives 

due to its simple dynamic model.  

According to Fig. 4, to produce the 

voltage vectors in the d-q axis, a PID speed 

controller is used to generate a d-axis 

command current along with the stator 

resistance 𝑅𝑠. 
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Fig. 3. Improved IFOC-SVPWM controlled 

ASM drive system. 
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Fig. 4. VV/Hz controlled ASM drive system. 

2.4. Feedback (FB) Linearization Control 

Unlike the VV/Hz control, FB 

linearization baseline uses the feedback of 

several variables in its control algorithm 

[18]. According to Fig. 5, the feed backed 

variables are: stator currents, stator 

voltages, and rotor speed. The rotor flux is 

estimated from these variables. Rotor flux 

in the d-q axis along with its squared and 

derivate states, stator currents in the d-q 

axis, and squared rotor speed are delivered 

to the flux and speed controllers. The 

desired voltage signals are converted from the 

flux and speed controllers to the selected 

switching scheme. Consequently, the 

switching scheme produces gate pulses that 

will control the three-phase VSI-fed ASM.  

The FB linearization approach, as a type 

of nonlinear mode feedback control, is 

completely separate input-output even in 

transient states. This control is different 
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from IFOC because IFOC is decoupled 

only when flux and speed are constant. The 

FB linearization control theoretically 

performs better than the IFOC because it 

takes into account the stator resistance 

voltage drops and other terms, allowing it 

to achieve perfect decoupling. The main 

disadvantage of this type of control is its 

additional parameter sensitivity, which 

results in a more complicated drive system. 
 

_
+

ASM
Three-phase

VSI

Switching Signals

dcV

 

Fig. 5.ASM drive system with FB linearization. 
 

Table 1. Nominal Parameters of the ASM 

Drive System  

Parameter Description Value 

mP  Output power 3 hp 

LT  Rated torque 12 N.m 

sR  Stator resistance 1.5293   

rR  Rotor resistance 0.7309   

sL  Stator inductance 201.4 mH 

rL  Rotor inductance 203.1 mH 

mL  Magnetizing 

inductance 

197.8 mH 

pn  Number of pole 

pairs  

2 

mJ  Rotor inertia  0.01 kg.m2 

mB  Viscous friction 

coefficient 

0.001 

N.m.s/rad 

dcV  VSI DC link 

voltage 

300 V 

 

In the block diagram (Fig. 4), by 

measuring the three-phase currents and the 

motor speed and using the relations running 

the motor, the electromagnetic torque and 

the rotor flux as well as the position of the 

rotor flux angles are calculated. The 

calculated values of torque and rotor flux 

are added to the corresponding reference 

values and  passing through a PI controller 

to produce the required reference stator 

currents. Using the abc to dq block whose 

inputs are the three-phase currents iabc and 

the angle of position of the rotor flux, the 

actual currents idq are calculated and 

entered into the current control block with 

the corresponding reference values of idq
∗ . 

The outputs of this block generate Vdq 

voltages, which are converted to three-

phase Vabc voltages to enter the gate signal 

generator. In this way, the input pulses of a 

three-phase inverter are obtained to 

generate and apply appropriate voltages to 

the stator terminals. 

3. Comparative Studies and Results 

The dynamic performances of the 

proposed control strategies are evaluated by 

MATLAB/Simulink R2023a functions for 

all the baselines and elements. To enable 

the switches of VSI, fixed switching 

frequency of 10 kHz at a sampling time of 5 

𝜇𝑠 is applied for all the simulations. The 

ASM drive system rated parameters that are 

used for simulations are listed in Table 1. 

Several case studies are implemented in 

dynamic modes and corresponding results 

are compared to validate the ASM drives’ 

performance during different operational 

conditions. 
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3.1. Case 1: Step Change in the ASM 

Load Torque 

The first test applies a step-down change 

from 4 to 3 N.m to the ASM load torque 

which is useful for determining which drive 

system has a better dynamic torque 

response. Considering the automobile 

industries, one application of this test can 

be the absolute acceleration control of a 

hybrid or electric vehicle from a stop or 

when entering the highways. 

Fig. 6 shows the dynamic performance 

for the torque and speed of the ASM which 

is controlled by the conventional DTC and 

IFOC both equipped with the hysteresis 

regulators for the stator flux and torque 

based on band half width of 0.01, VV/Hz 

control, and FB linearization control. 

According to Fig. 6(a), the conventional 

DTC and FB linearization control have 

almost the same performance. However, the 

conventional IFOC and VV/Hz control 

include low-performance operations. As 

discussed earlier, both implemented 

conventional IFOC and DTC contain more 

torque ripples due to using the PWM 

switching techniques based on hysteresis 

current regulators. The dynamic responses 

of ASM speed during step-change of torque 

load are shown in Fig. 6(b). It is clear that 

the conventional DTC and FB linearization 

control strategies have better performances. 

3.2. Case 2: Step Change in the ASM 

Motor Speed 

The ASM is subjected to a step-down 

change in speed during this test from 100 to 

80 rad/sec with a fixed load torque of 4 

N.m. Fig. 7 shows the ASM torque and 

speed responses under the step change in 

speed. It is observed in Fig. 7(a) that the 

conventional DTC and IFOC baselines as 

well as FB linearization control have the 

closest responses, however, the VV/Hz 

control provides low performance with a 

slow transient state response. The steady-

state error is around ±1 percent of the rated 

speed. Considering the speed response 

illustrates the DTC-PWM baseline has the 

best performance, however, its torque 

response as depicted in Fig. 7(b), includes 

huge value variations during speed change 

than the other baselines. To encapsulate the 

ASM performance during this test, the 

DTC-PWM has an acceptable response for 

the speed control, and two other baselines 

including IFOC-PWM and FB linearization 

contain desired dynamic speed and torque 

responses. 

 

 

(a) 

 

(b) 

Fig. 6. Dynamic responses of the ASM during 

load change for, a) torque; b) speed. 
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3.3. Case 3: Dynamic Performance of the 

Improved Drives 

As shown with earlier tests, two 

conventional baselines of DTC and IFOC 

with the PWM switching technique using 

hysteresis flux and torque regulators 

include low performance with more torque 

ripples leading to higher acoustic noises. 

Regarding the aforementioned solution for 

these issues, here, improved DTC and 

IFOC strategies with the SVPWM scheme 

are implemented to evaluate the impact of 

the PID regulators with the fixed switching 

frequency on the ASM drive system.  

Fig. 8 shows the dynamic performance of 

the improved vector controlled ASM drive 

under the variable speed and torque loads. It 

is clearly illustrated in Fig. 8(a) that there 

are no remarkable ripples in the motor 

torque responses in comparison to their 

conventional versions with the PWM 

scheme leading to the smooth operation of 

the motor. From Fig. 8(b), the settling time 

of the improved control strategies is 

significantly reduced. By considering the 

SVPWM switching technique for the DTC 

and IFOC approaches, in identical test 

conditions, it seems that the IFOC baseline 

can be the best choice for the ASM drives 

in industries. However, if precise torque 

control is demanded, the DTC is a more 

feasible baseline than the other three 

approaches. 

To practically compare the dynamic 

performance of the ASM drive under the 

aforementioned control strategies, two main 

operational criteria are chosen for speed 

including steady-state (S.S.) error after 2 s 

of running and settling (St.) time as listed in 

Table 2. These values are obtained under 

the command speed of 100 rad/s over a 

constant load torque. Based on Table 2, the 

FB linearization, IFOC-PWM, and DTC-

PWM approaches have similar performance, 

while the VV/Hz approach includes a 

weaker performance. Moreover, the DTC is 

the fastest motor controller that can drive 

the ASM to 100 rad/s in 0.1 s. It is clear 

from Table 2 that the IFOC has a very 

similar performance with DTC by a time of 

0.102 s to reach steady-state operation. 

 

 
(a) 

 

(b) 

Fig. 7. Dynamic responses of the ASM during 

speed change for, a) speed; b) torque. 

 

Table 2. Performance Comparison of 

 the ASM Drive 
       Baseline 

 

Criterion 

IFOC DTC FB 

Linearization 

VV/Hz 

S.S. Error (%) 0.28 0.29 0.20 0.41 

St. Time (s) 0.102 0.100 0.270 0.545 



H.Naghizadeh Ghishlagh , H.Nasiraghdam , M.Ebadpour  : Dynamic Performance Comparison for Improved … 

 

8 

 

 

(a) 

 

(b) 

Fig. 8. Dynamic responses of the improved 

vector-controlled ASM, a) torque; b) speed. 

4. Conclosions 

This paper concentrated on the 

development of improved vector and scalar 

control strategies for three-phase ASM 

drive dynamic behavior assessment using 

MATLAB/Simulink functions. The 

computer-aided simulations were performed 

on the three-phase VSI-fed ASM to 

demonstrate the overall performance of the 

four aforementioned control approaches. 

The simulation results showed that DTC 

and FB linearization control strategies have 

the best torque dynamic performance. On 

the other hand, The IFOC has comparable 

torque performance when SVPWM is used 

as the switching scheme instead of standard 

current hysteresis regulators with the PWM 

technique. Based on the speed test, it is 

clarified that the FB linearization, DTC, 

and IFOC perform similarly, while the 

vectorized V/f control includes poor 

responses. Furthermore, the robustness of 

the developed DTC-SVPWM and IFOC-

SVPWM strategies have been evaluated 

over variable speeds and load torque 

profiles. 
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