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Abstract—The work presented in this paper aims to 
compare the effectiveness of different control strategies to 
improve the performance of the three-phase Induction 
Motor (IM). The Conventional Direct Torque Control 
(CDTC) was employed as the first strategy for driving the 
IM. This control strategy causes high ripples in the IM's 
torque and speed due to the hysteresis comparators and a 
variable switching frequency due to the look-up table. A 
modified DTC strategy based on Space Vector Modulation 
(DTC-SVM) was chosen as a second strategy to enhance the 
performance of the IM using the two-level inverter. This 
method, which leads to the reduction of the torque and 
speed ripples and achieves constant switching frequency. As 
the multi-level inverter becomes most popular than the two-
level inverter, the third strategy is devoted to adopting the 
three-level flying capacitor inverter (TLFCMLI) -based 
DTC-SVM. The third strategy uses the method of mapping 
the multi-level space vector based on basic two-level SVM. 
Matlab/Simulink software package is utilized to implement 
the suggested controllers. Simulation results show that the 
DTC-SVM based on TLFCMLI significantly enhances the 
IM's performance compared with the other two strategies 
from the voltage and current profiles, torque, and speed 

points of view.

 

Index Terms—Direct Torque Control (DTC), Flying 
Capacitor Multi-Level Inverter (FCMLI), Induction Motor 
(IM), Modified Direct Torque Control (MDTC), Multi-Level 
Inverter (MLI), Space Vector Modulation (SVM) 

I. INTRODUCTION 

Induction motors are the most popular electrical 
machines in the industry and other applications fields [1]. 
Its popularity is due to the low cost, reliability, and 
robustness compared to other motors, such as DC motors 
[2], [3]. The electrical machines consume most of the 
industries' electrical power; in this, more than two-thirds 
are consumed by induction motors [4]. Although the basis 
of induction motor work has been known since the 
beginning of the past century, significant progress is still 
being made due to advances in materials, power 
electronics, and high-performance microcontrollers [5], 
[6]. Therefore, with advanced power electronics switches 
and high-performance microcontrollers, induction motor 
drives have a competitive advantage compared to DC 
machines [7]. The purpose of using high-performance 
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drivers is to fulfill the standard requirements of four-
quadrant operation, minimal torque fluctuation, rapid 
speed recovery under load disturbances, and rapid 
dynamic torque and velocity responses [3], [5]. Two 
types of control methods for induction motors are 
commonly employed; are the vector control method and 
the Direct Torque (DTC) control method. According to 
its simplicity, the DTC control algorithm becomes the 
most popular method for controlling induction motors [5]. 
The DTC was first proposed in 1986 by Takahashi; this 
approach's principle does not need massive calculations 
and transformations; it consists of flux and torque 
estimators and a look-up table [8]–[10]. However, DTC 
suffers from some vital disadvantages. It presents high 
torque ripples, especially at the low switching frequency, 
producing variable switching frequency and difficulties in 
controlling flux and torque at the low speed [11]. Many 
pursuits have been proposed to overcome these 
drawbacks and improve DTC performance. The most 
widely used approach for enhancing DTC's performance 
has used the principle of space vector modulation and 
known as DTC-SVM [12]–[15]. However, modified 
methods to improve direct torque control with the two-
level inverters' presence do not contribute sufficiently to 
the improvement process[16], [17]. The two-level 
inverters produce a non-sinusoidal output voltage which 
contains considerable harmonics distortion that weakens 
the drive performance[16]. The multi-level inverter first 
proposed in [18] and employed as an alternative to the 
conventional two-level inverters; it is utilized to reduce 
the harmonic of the generated voltage or current 
waveforms and make the inverter works in higher voltage 
ratings. There are three common types of multi-level 
inverters topologies[19], [20]; these are diode clamped 
multi-level inverter, flying capacitor multi-level inverter, 
and H-bridge multi-level inverter [21].  
This paper aims to examine the effect of using the DTC-

SVM on the IMs' performance compared with the 
conventional DTC. It also explores the benefits of using a 
three-level flying capacitor inverter over the conventional 
two-level inverter.  

II. PRINCIPLE OF DIRECT TORQUE CONTROL 

The basic principle of the DTC is concerned with 

controlling the flux and torque deviations from the 

reference values by directly changing the inverter 

switching state [3]. 
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Fig. 1. Stator flux vector locus. 

 
Fig. 2. Voltage vectors of the two-level inverter and sector division in 

the d-q plane. 

The established torque can be related to the stator and 

rotor flux of the induction motor as follows: 
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Furthermore, the variation of the torque will be: 
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where LIr and LIs are the self-inductance of the rotor and 

stator, respectively, Lm is the mutual inductance, 

2

Is Ir Is mL L L L   , and  is the angle between r  and s . 

The assumption made to simplify (2) is that the rotor 

flux has no change compared with the stator flux; 

therefore, equation (2) will become: 
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The voltage applied to the induction motor (IM) will 

be represented by the following equations in a stationary 

reference frame [3], [20]: 
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The 1st term in (4) and (5) is the voltage drop of the 

stator winding; its value is minimal and can be neglected 

from the equations. Therefore, (4) and (5) can be written 

in terms of the rate of change of the stator flux as follows: 

s
s

d
V

dt


   or  s sV t                       (6) 

From (7), the stator flux can be controlled using a 

voltage vector applied to the stator, as shown in Fig. 1. 

The stator voltage vector can be determined from the 

following relation: 

2

an bn cnsV v av a v                          (7) 

where 
2 /3ja e  , vxn is the phase (line-to-neutral) 

inverters' output voltage, and x = a, b, c. 

In the case of a two-level inverter, the phase voltage is 

related to the inverters' switching state as follows: 

xn dc( )x xv V S S                              (8) 

where Sx and xS   are the single-arm switching state, and 

they complement each other. 

Substitute (8) into (7) result in: 

   2

dc ( )s a a b b cV V S S a S S a S Sc        
       (9) 

Fig. 2 shows the stator voltage vector in the d–q plane 

according to (9). 

The basic structure of the DTC presented firstly by 

Takahashi [6] is shown in Fig. 3. In this approach, the 

induction motor's line currents and the inverters' DC 

voltage are employed to determine the flux and torque's 

instantaneous values [22].  

 
Fig. 3. Conventional DTC block diagram. 
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TABLE I: VOLTAGE VECTOR SELECTION (TWO-LEVEL INVERTER) 

 Sectors 

∆ᴪ ∆T S1 S2 S3 S4 S5 S6 

1 

1 V2 V3 V4 V5 V6 V1 

0 V0 V7 V0 V7 V0 V7 

-1 V6 V1 V2 V3 V4 V5 

-1 

1 V3 V4 V5 V6 V1 V2 

0 V7 V0 V7 V0 V7 V0 

-1 V5 V6 V1 V2 V3 V4 

 

As shown in Fig. 3, the flux and torque values are 

compared with the corresponding reference values. The 

resulting deviations of the flux and torque from their 

references are applied respectively to the 2-level and 3-

level hysteresis comparators. The comparators' outputs 

and the sector calculation blocks are applied to the look-

up table to determine the following sample's inverter 

switching state [23].  

The look-up table that selects the appropriate voltage 

vector is shown in Table I. 

III. FLYING CAPACITOR MULTILEVEL INVERTER (FCMLI) 

Fig. 4 shows the basic block of a three-level one-arm 

flying capacitor inverter [24]-[26]. Each arm consists of 

four power semiconductor switches S1x, S1x', S2x, and S2x' 

(x{a, b, and c}). The switches pair (S1x and S1x') are 

complementary to each other, similarly the switches pair 

(S2x and S2x') are complementary to each other. The 

capacitors C1 establish the main dc-link; on the other 

hand, capacitor C2 is the flying capacitor facilitating 

multi-level operation. The possible switching states of the 

three-level flying capacitor per one arm are illustrated in 

Table II [21]. For the three-phase configuration, the 

three-level inverter has 27 switching states; from this 

number, there are 19 active states and eight redundant 

states, as indicated in Fig. 5.  

 

Fig. 4. One arm three-level flying capacitor inverter. 

TABLE II: SWITCHING STATES OF THREE-LEVEL FLYING CAPACITOR 

INVERTER 

S1 S1' S2 S2' Vxn 

1 0 1 0 Vdc/2 

1 0 0 0 0 

0 1 0 0 0 

0 0 1 0 0 

0 0 0 1 0 

0 1 0 1 -Vdc/2 

 
Fig. 5. Voltage vectors of the three-level flying capacitor MLI. 

IV. DIRECT TORQUE CONTROL-SPACE VECTOR 

MODULATION (DTC-SVM) 

As previously mentioned, the traditional DTC 

algorithm utilizes the hysteresis comparators for the 

torque and flux together with the sector position of the 

instantaneous flux to produce the appropriate switching 

states to the inverter. The main drawbacks associated 

with the hysteresis comparator are high torque and flux 

ripples and variable switching frequency [27], [28]. 

Different researchers conform to merge the advantages of 

the Direct Torque Control and Field Oriented Control in 

the same framework to overcome these drawbacks, 

leading to the new approach known as DTC-SVM [23] 

[29]. Unlike producing the switching state to the inverter 

based on the instantaneous values and direct calculations 

in the DTC, the DTC-SVM provides a switching state to 

the inverter based on average values and the SVM 

algorithm [23]. In the DTC-SVM, the reference voltage 

vector is estimated and is modified by the SVM technique 

to produce inverter switches, as shown in Fig. 6. The flow 

chart of the DTC-SVM is shown in Fig. 7. 

In this configuration, the aim is to control the torque 

and flux of the induction motor. The control process is 

accomplished based on controlling the voltages produced 

by the PI controllers. The SVM block is employed to 

produce the switching pulses to the inverter. The DTC-

SVM configuration eliminates the hysteresis controllers 

and the look-up table, which overcomes the drawbacks 

associated with them. 

  

Fig. 6. DTC-SVM configuration. 
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Fig. 7. Flow-chart of DTC-SVM algorithm. 

 
Fig. 8. Space vector of a two-level inverter. 

A. DTC-SVM for Two-Level Inverter 

In the case of the two-level inverter, the space vector 

switching aims to fit the sinusoidal reference voltage 

according to the six active space vectors and two zero 

voltage vectors produced by the inverter shown in Fig. 8 

[24]. 

To realize the reference voltage vector sV  to its 

adjacent vectors with the minimum switching frequency, 

the total cycle Ts should be divided into three segments Ta, 

Tb, T0. Using the simple geometry in Fig. 8 yields the 

following on-time or volt-seconds calculations:  

s s a a b bV T T v T v                             (10) 

where va=(1, 0) and vb=(0.5, h). 

0a b sT T T T                               (11) 

Take the components of sV  in quadrature axes result in: 

0 0.5s

s a bv T t t                              (12) 

0

s

s bv T ht                                      (13) 

From (11) to (13), the on-time periods can be 

determined as follows: 

0

0
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                                   (15) 

The rest of the period will be: 

0 s a bT T T T                             (16) 

Fig. 9 shows the resulting leg voltage for generating 

reference vectors in sector 1 [30].  

The sinusoidal reference space vector forms a circular 

path inside the hexagon. The most significant output 

voltage achieved with SVPWM is the radius of the largest 

circle inserted inside the hexagon [31]. 

*

dc dc

2 1
cos

3 6 3
sv V V

 
  

 
                  (17) 

 

Fig. 9. Legs voltages in sector 1. 

B. DTC-SVM for Three-Level Flying Capacitor Inverter 

The exact configuration depicted in Fig. 6 is employed 

to realize the DTC-SVM algorithm for controlling IM 

with a three-level flying capacitor inverter. As stated in 

Section III, the inverter possesses 19 active switching 

states and eight redundant states. The space vector can be 

divided into six sectors, and each sector can be divided 

into four triangles, as shown in Fig. 9. [8]-[32]. 

An extension of splitting sector 1 of Fig. 10 into four 

triangles is shown in Fig.11, in which the reference vector 

A0P of magnitude |v*| is assumed to lie in triangle ∆3, and 

it makes an angle  with the main axis α. Defining a small 

vector vs in the ∆3, which describes point P as shown in 

Fig. 11 (a) and (b). The volt-second required for the A0P 
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is the same as that required for A2P. The on-time 

calculations of the vector A2P are similar to the on-time 

calculations of the two-level inverter at the specific sector. 

Therefore, to obtain the on-time required for any 

reference voltage vector in a three-level inverter, the 

triangle in which the reference voltage vector is located 

must be defined, and the components of the small vector 

vs ( 0

sv  and 0

sv ) is determined. The calculations of the 

on-time Ta, Tb, and T0 are performed using (14)-(16).  

 
Fig. 10. Space vector of a three-level inverter. 

 
Fig. 11. Division of each sector into four triangles. 

The procedure for determining the on-time switching 

for a three-level inverter can be summarized as follows 

[8]-[26]. 

 For the required reference vector, determine the 

sector Si and  within the sector according to the 

following equations: 

 int 60 1iS                              (18) 

 rem 60                                (19) 

 To identify the triangle ∆i and the small vector vs, 

define two integers: 

 1 int 3k v v                             (20) 

 2 intk v h                                     (21) 

The map of k1 and k2 is shown in Fig. 12. 

 Determine the components of the small vector vs 

concerning virtual vertex (i.e., A1 in Fig. 12): 

1 20.5iv v k k                              (22) 

2iv v k h                                      (23) 

 
Fig. 12. Mapping of k1 and k2 in sector 1. 

 
Fig. 13. Voltage of legs for reference vector at sector 1, ∆1. 

 Determine the triangle number as follows: 

2

1 2 ,   2 0,  1,  and 3j k k j                       (24) 

2

1 22 1,   2j k k j                                  (25) 

 Determine the on-time switching according to (14) 

to (16). 

Fig. 13 shows the switching waveforms of the three-

level inverter associated with Fig. 12. 

V. SIMULATION RESULTS 

The simulation process based on MATLAB/Simulink 

has been carried out to verify the effectiveness of the 

designed DTC controllers on the performance of the 

three-phase induction motor. The parameters of the three-

phase induction motor are outlined in Table III. Fig. 14 

shows the simulation results of the conventional DTC-

based two-level inverter, the output voltage from the 

inverter is shown in Fig. 14 (a), while Fig. 14 (b) shows 

the line current. The two-level inverter produces highly 

distorted phase voltage and line currents, as indicated in 

Fig. 14 (c) and Fig. 14 (d), representing the Total 

Harmonic Distortion (THD) of these parameters. Fig. 13 

(e) shows the locus of the induction motor's stator flux 

and indicates high ripples in it. The steady-state speed 

and torque are shown in Fig. 14 (g) and Fig. 14 (f); 

respectively, it is clear they possess high fluctuations, 

which reduce the IM performance. The DTC-SVM is 

employed to drive the IM based on a two-level inverter to 
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examine the possibility of overcoming the drawbacks of 

the conventional DTC.  

TABLE III: INDUCTION MOTOR PARAMETERS 

Parameter 
Pole 4 Ls=Lr 0.17 H 
Power 3 kW Lm 0.16 H 
Speed 1415 rpm/s J 0.007 kg.m2 
Voltage 220/380 v Cosφ 0.89 
Current 6.9 A Roter flux 0.99wb 
Rs 1.84 ohm Frequency 5 kHz 
Rr 1.84 ohm   

 
(a) 

 
(b) 

   
(c)                                                         (d) 

 
(e) 

 
(g) 

 
(f) 

Fig. 14. Conventional DTC based two-level inverter; (a) phase voltage, 

(b) Line current, (c) THD of the line current, (d) THD of the phase 

voltage, (e) stator flux locus, (f) steady-state rotor speed, and (g) 

Steady-state Torque. 

The simulation process is carried out for this version of 

the control system, and the results are shown in Fig. 15. 

Fig. 15 (a) shows the output phase voltage from the 

inverter, while Fig. 15 (b) indicates the line current. 

Although this approach enhances the performance of IM 

compared with the conventional DTC, it is also produced 

a highly distorted voltage and current, as shown in Fig. 

15 (c) and Fig. 15 (d) for THD. The locus of the stator 

flux has remarkable ripples, as appear in Fig. 15 (e); the 

speed and torque possess high fluctuations at steady-state, 

as shown in Fig. 15 (g) and Fig. 15 (f).  

 
(a) 

 
(b) 

   
(c)                                                      (d) 

 
(e) 

 
(g) 

 
(f) 

Fig. 15. Modified DTC based two-level inverter; (a) phase voltage, (b) 

Line current, (c) THD of the line current, (d) THD of the phase voltage, 

(e) stator flux locus, (f) steady-state rotor speed, and (g) Steady-state 

Torque. 
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(a) 

 
 (b) 

   
c)                                                   (d) 

 
(e) 

 
(g) 

 
(f) 

Fig. 16. Modified DTC based three-level inverter; (a) phase voltage, (b) 

Line current, (c) THD of the line current, (d) THD of the phase voltage, 

(e) stator flux locus, (f) steady-state rotor speed, and (g) Steady-state 

Torque. 

So the comparison was made between a two-level 

inverter and a three-level inverter, in addition to the 

comparison between conventional DTC and DTC-SVM, 

the results were compared with this paper [10]. 

Significant enhancements of the IM performance have 

been accomplished when the DTC-SVM is employed for 

driving IM motor using a three-level flying capacitor 

inverter, as shown in Fig. 16. Fig. 16 (a) shows the phase 

voltage produced by the inverter, and the line current is 

indicated in Fig. 16 (b). The proposed control system 

achieves the most reduction in the harmonic distortion of 

the phase voltage and the line current than the previous 

two approaches, as shown in Fig. 16 (c) and Fig. 16 (d). 

The locus of the stator flux shown in Fig. 16 (e) indicates 

a significant reduction in the flux ripples, and the steady-

state responses of the speed and torque, presented in Fig. 

16 (g) and Fig. 16 (f), signify an efficient enhancement in 

the IM performance. 

Table IV summarizes the comparison of the 

performance of the induction motor based on the three 

types of the control system presented in this paper. 

TABLE IV: PERFORMANCE ANALYSIS OF THE IM BASED ON THREE 

TYPES OF CONTROLLERS 

Load Torque = 10Nm and reference speed = 1415 RPM 

Controller Current 

THD% 

Voltage 

THD% 

Speed 

error rpm 

Torque 

ripple N.m 

Field 

ripple wb 

2-Level CDTC  16.24 53.05 ±15 10  0.7 

2-Level MDTC 9.52 47.58 ±4.3 2.2 0.3 

3-Level MDTC 8.94 28.09 ±1.8 1.6 0.13 

VI. CONCLUSION 

The conventional DTC and the modified DTC (DTC-

SVM) algorithms based on a two-level inverter for 

driving three-phase IM have been realized and verified 

using MATLAB/Simulink. The switching pulses 

produced from the conventional DTC are a function of 

hysteresis comparators and a look-up table. In contrast, 

the switching pulses produced from DTC-SVM are a 

function of a space vector modulation. A comparison is 

made between these two algorithms from the voltage and 

current profiles, torque, and speed responses points of 

view. Simulation results show that the performance of the 

DTC-SVM algorithm is better than that of the 

conventional DTC algorithm due to the absence of the 

hysteresis comparators and look-up table in the DTC-

SVM. The effects of employing a multi-level inverter on 

the performance of the DTC-SVM are also considered in 

this paper. A DTC-SVM using a three-level flying 

capacitor inverter is chosen and compared with the DTC-

SVM using a two-level inverter. For the TLFCMLI, the 

DTC-SVM is modified to determine the reference vector 

and on-time switching in three-level switching states 

based on two-level states. Although this modification 

leads to more complicated calculations, the simulation 

results indicate a significant enhancement of the system 

performance, which justifies this modification 
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