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ABSTRACT 
 

Direct Torque Control with Multilevel Inverter (DTC-MLI) has emerged recently in high dynamics AC 
drives fields for induction machines or permanent magnet machines application. In this paper, a review on a 
variety of techniques and concepts of direct torque control of multilevel inverter-fed induction machines is 
presented.  The techniques and concept involved are classified as follows: Look-up table hysteresis based 
DTC-MLI, DTC-MLI with space vector modulation, predictive control strategy of DTC-MLI, hybrid 
modulation and hybrid inverter strategy of DTC-MLI and DTC-MLI with fuzzy logic controller. From this 
review, the properties of the discussed controller techniques together with advantages and disadvantages are 
presented. 

Keywords: Direct Torque Control (DTC), multilevel inverter, look-up table, Space Vector Modulation 
(SVM), predictive, Fuzzy Logic Controller (FLC) 

 
1. INTRODUCTION  
 

Induction Machines (IMs) have been widely used 
in the industry due to the fact that it is maintenance 
free, simple in terms of construction, reliable and 
rugged.  In contrast to the commutation DC motors, 
induction machines can be used in an explosive, 
corrosive or any harsh environment.  This is 
because the latter has no problem with spark and 
corrosion which is due to the commutator and the 
brushes as in the former. Despite these advantages, 
IM however, suffers from control problems when 
used in high performance Adjustable Speed Drive 
(ASD) applications. Based on the commonly 
adopted space phasor dynamics model [1-3], 
equations related to the dynamics modeling of an 
IM are :- 

s
G

G
s

G

s
G

ss
G j

dt

d
iRv ψωψ

++=   (1) 

 

( ) r
G

rG
r

G

r
G

r j
dt

d
iR ψωωψ −++=0   (2) 

 

r
G

ms
G

ss
G iLiL +=ψ    (3) 

 

s
G

mr
G

rr
G iLiL +=ψ    (4) 

 

s
G

s
G

e iPT ×= ψ
2

3    (5) 

 

dt

d

P

J

dt

d
JTT rm

Le

ωω
==−   (6) 

where vs, ψs, ψr, is and ir are the stator voltage, 
stator flux, rotor flux, stator current and rotor 
current vectors respectively; ωr and ωm are the 
rotor speed in rad/s and mechanical speed in rpm; 
Ls, Lr and Lm are the stator, rotor and magnetizing 
inductances; Te, TL,J and P are the electromagnetic 
torque, load torque, system inertia and the number 
of pole pairs, respectively. These space phasor 
quantities are expressed in the general reference 
frame which rotates at a general speed, ωG. The 
super-script ‘G’ denotes that the quantities are in 
the general reference frame.  

Controlling IM is considerably more complex 
than that of DC machines. There are several ways 
of controlling IM. It can be classified into two 
general control methods; Scalar and Vector 
Control. In scalar control, only the magnitude and 
frequency, which is based on the steady state model 
of IM of a space vector variable such as current, 
voltage and flux linkage, are controlled. Contrarily, 
in vector control, the torque developed in the motor 
together with the magnitude and frequency of space 
vectors of three-phase motor variables are 
manipulated in the control algorithm. These space 
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vectors represent the instantaneous values of the 
corresponding three-phase variables which are 
based on an IM dynamic model. 

Various methods have been discovered to 
implement vector control for IM. One of the well-
known vector control method is Field Oriented 
Control (FOC) that has been proposed by F. 
Blaschke [4] and K. Hasse [5] This type of control 
is rotor-flux oriented based which means the rotor 
flux vector is the orienting vector of the controller.  
This method enables IM to emulate the separately 
excited DC machines and gives it high dynamic 
performance. In FOC, the position sensor is 
employed for coordinate transformation of the IM 
equations. FOC can be divided into two types; 
Direct and Indirect. 

In the case of Direct FOC (flux-feedback 
control), the rotor flux linkage vector is determined 
by direct measurement of the air-gap flux. It is the  
only parameter that can be measured directly from 
the motor (using a Two Hall sensor or search coils 
or tapped stator windings of the machine [2]) 
together with the stator current and calculated 
directly by a so-called flux model. For Indirect 
FOC (flux-feedforward control), the rotor flux 
linkage vector is determined indirectly by utilizing 
the monitored stator current and rotor speed. The 
rotor flux linkage angle that is used in the 
coordinate transformation is obtained as a sum of 
the rotor angular position that is measured by a 
shaft position sensor and the slip angular position. 

Other than rotor-flux oriented based, FOC can be 
controlled based on stator-flux orientation which is 
known as Stator Flux Oriented Control (SFOC) [6]. 
In contrast to the rotor-flux FOC, SFOC does not 
require the knowledge of rotor speed. Instead, only 
the stator resistance, voltage and current values are 
required. Therefore it is more robust to parameter 
variations and easier to implement [7].  

In early 1980s, an innovation on FOC has been 
made by Isao Takahashi and Noguchi [8] and 
Depenrbrock [9] in which case the coordinate 
transformation block is omitted. The block is 
replaced with the bang-bang or hysteresis controller 
[1] for the developed torque and stator flux. In 
addition, the approach in controlling the inverter is 
clearly different from that of FOC. This control 
strategy is referred to as Direct Torque Control 
(DTC). DTC has been experiencing continuous 
improvement and further development by many 
other researchers throughout the years. The 1990s 
sees the emergence of technologies that require 
higher level of power and voltage. Multilevel 
inverters have then been highlighted as the solution 

at such level of operation. Multilevel inverters are 
known to offer several advantages such as very low 
harmonic distortion, low dv/dt, no output filter 
requirement etc. [10]. Due to the continuously 
evolving industrial applications that need high 
power and voltage operating level as well as high 
performance of machines applications, researchers 
have proposed to extend or adapt the traditional 
DTC scheme to multilevel inverter topologies. This 
means that the multilevel inverters are replacing the 
conventional three-phase inverters that have been 
previously used in the traditional DTC 
configuration to supply the stator voltage for the 
IM.   

This paper presents a review on the development 
and improvement of DTC with multilevel inverter 
control techniques for IM. The basic concept of 
conventional DTC and DTC-MLI are given in 
Section 2. Various techniques and concepts of 
DTC-MLI such as look-up table strategy space 
vector modulation strategy, predictive strategy, 
hybrid strategy and fuzzy logic strategy are 
discussed from sections 3 to 7 respectively, before 
forwarding the conclusion of the review.   

 

2. DTC BASIC CONCEPT 
 

Fig. 1 shows the general DTC block diagram. 
The instantaneous values of flux and torque are 
calculated from the measured variables of the IM 
and directly controlled by selecting an optimum 
switching state of the inverter so that the required 

optimum voltage vector is generated.  
 
In stationary reference frame, the stator voltage 

vector as in (1), can be written as, 
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Fig. 1.  General DTC block diagram 
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If it is assumed for over a small period of time 
and the voltage drop across the stator resistance can 
be neglected, (7) can be rewritten as, 

 

  
t
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ψ     (8) 

 
which clearly shows that the variation of stator 
voltage vector is directly affected by  the stator flux 
linkage vector. Thus the stator flux locus can be 
controlled by selecting the appropriate voltage 
vector. In DTC scheme, the radius of the locus 
which is also known as the stator flux magnitude is 
forced to follow a circular path by limiting its 
magnitude within the hysteresis band. When the 
stator flux touches the upper or the lower hysteresis 
band, an appropriate voltage vector is selected 
either to decrease or increase the stator flux 
magnitude, respectively. Contrarily, variation of the 
stator voltage over the rotor flux linkage is filtered 
by the rotor and stator leakage inductances. 
Therefore over a small period of time, the rotor flux 
is assumed to have a slower rotation compared to 
the stator flux. For that reason when the voltage 
vector is applied, the stator flux will have a quick 
movement. Hence the angle between both flux 
vectors, θsr will increase and that will cause an 
increase in the electromagnetic torque, Te. The 
relations between the stator-rotor flux angle and the 
electromagnetic torque can be expressed as 
 

    
srrssse PiPT θψψψ sin

2
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where |ψs| and | ψr| are the magnitude of stator flux 
linkage and the magnitude of rotor flux linkage 
respectively and this expression is in the stationary 
reference frame. In other words, the variation of the 
stator voltage will affect both stator flux and stator-
rotor angle movement. This principle is used in 
DTC to achieve the desired torque response and to 
correct the flux trajectory of the induction 
machines.  

 

A. DTC with Multilevel Inverter (DTC-MLI) 
 

When a multilevel inverter is used in the DTC 
configuration to feed the IM, the number of 
available voltage space vectors is increased 
proportionally to the voltage levels of the inverter. 
By having this extra flexibility in selecting the 
optimum voltage vector, a more precise control of 
both torque and flux can be obtained. To feed a 

three-phase IM, a three-phase multilevel inverter is 
required. The three-phase multilevel inverter is 
composed of three multilevel inverter legs.  

There are three prominent multilevel inverter 
topologies: Diode-clamped multilevel inverter 
(DCMI) or neutral-point clamped (NPC) inverter, 
Flying Capacitor multilevel inverter (FCMI), and 
Cascaded H-Bridge multilevel inverter (CHMI).      

Fig. 2 (a), (b), and (c) show one of the three 
multilevel inverter legs that are required in feeding 
a three-phase IM.  

 
In Fig. 3 the general block diagram of a three-

phase IM fed by a three-phase multilevel inverter is 
shown. The control strategy block generates the 
appropriate voltage vector in order to keep the 
reference (torque, speed or position) at the right 
values. Fig. 4 (a), (b), and (c) show a set of voltage 
space vectors that can be generated by an NPC 
inverter, FCMI, and CHMI respectively. By 
injecting the required value of the voltage vector to 
the inverter control block, the switching state is 
generated accordingly for each multilevel inverter 
legs. 

    
Fig. 2.  Multilevel inverter leg for single phase. (a) 
Neutral-point Clamped (NPC) topology (b) Flying 
Capacitor (FCMI) topology (c) Cascaded H-Bridge 

topology 
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Several control strategies have been proposed for 
DTC-MLI such as look-up table strategy (LUT), 
space vector modulation strategy (SVM), predictive 
control strategy, fuzzy logic control strategy (FLC) 
and hybrid control strategy. The details of these 
controllers are described in the following section. 

    
3. LOOK-UP TABLE STRATEGY OF DTC-
MLI (LUT-DTC) 

 
A general block diagram for DTC with Look-up 

Table (LUT-DTC) is shown in Fig. 5.  

 
The stator flux, ψs*  and torque, Te*  reference is 

compared to stator flux, ψs and torque, Te by using 
the flux and torque hysteresis controller, 
respectively. In the classical DTC which uses a 
conventional three-phase inverter, the d-q flux 
plane is divided into 6 sectors. The flux and torque 

  
 
Fig. 3.  General block diagram of three-phase IM 

fed by three-phase multilevel inverter 
  

 
                                      

         (a) 
 

 
 

       (b) 
 

 
         (c) 

 
Fig. 4.  Set of voltage vector that can be generated 
by multilevel inverter topology. (a) 3-level Neutral-
point Clamped (NPC) topology (b) 5-level Flying 

Capacitor (FCMI) topology (c) 5-level Cascaded H-

 

  
Fig. 5.  General block diagram for DTC with 

look-up table strategy (DTC-LUT) 



Journal of Theoretical and Applied Information Technology 
31st July 2012. Vol. 41 No.2 

    © 2005 - 2012 JATIT & LLS. All rights reserved.  

 
ISSN: 1992-8645                                                       www.jatit.org                                                          E-ISSN: 1817-3195 

 
185 

 

hysteresis controller consist of two- and three-level 
comparator respectively that generate the digitized 
output signal which can be defined as, 

 
0=errorψ    for    

upperss H ,
*

ψψψ >−   

1=errorψ    for    
Lowerss H ,

*
ψψψ <−  

 
for flux and  
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HTT ,
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for torque, where ψerror and Terror is the stator flux 
and electromagnetic torque error; Hψ,upper , Hψ,Lower, 
HT,upper, HT,Lower, are the flux and torque hysteresis 
upper and lower band, respectively.  

However when DTC is adapted or extended to 
the multilevel inverter, the hysteresis controller 
need to be modified to suite the multilevel inverter 
topology. Adaptation of DTC on a FCMI or NPC 
inverter is presented in [11] and [12]. In both cases, 
the d-q flux plane is divided into 12 sectors. But 
when it comes to selecting the appropriate voltage 
vector to correct the actual flux and torque, 
different approaches have been proposed.  

In [11], balancing of the neutral-point voltage 
needs to be taken into account when selecting the 
voltage vector. Therefore the virtual vectors 
concept which employs an optimum look-up table 
for a switching strategy has been adopted in 
selecting the suitable voltage while at the same time 
the neutral-point voltage is remained balanced. In 
the virtual vectors concept, a similar hysteresis 
control as the classical DTC is employed. 
. On the contrary, in [12], the flux control is 
composed of a two-level hysteresis comparator that 
is defined in three regions; Negative Flux error, 
Zero Flux error, and Positive Flux error. As for the 
torque control, it employs a five-level hysteresis 
comparator that is defined in five regions; Negative 
Large Torque error, Negative Small Torque error, 
Zero Torque error, Positive Small Torque error, and 
Positive Large Torque error. For the switching 
strategies, two different approaches have been 
proposed. Thus, based on12 sectors in the d-q flux 
plane, two types of switching table where by each 
of it holds one approach are developed. 

Similar to the NPC inverter, the switching 
strategy in an FCMI as presented in [13] must be 
capable of balancing the capacitor voltage and the 
required voltage levels. In the FCMI switching 
strategy, the d-q flux plane is divided into 12 

sectors with the mechanical rotor speed taken into 
consideration in the voltage vector selection. 
Therefore, four switching tables are used. Each 
table corresponds to the specific range of rotor 
speed. When the speed is lower, low amplitude 
voltage vector is selected while at higher speed, 
high amplitude of voltage vector is selected. In this 
switching table, flux and torque are identified using 
3 different states; ‘0’ means the flux and torque is 
within the limits of the hysteresis controller, ‘1’ 
means the values are greater than the upper limits; 
and ‘-1’ means the values are smaller than the 
lower limits.   

 
4. SPACE VECTOR MODULATION 

STRATEGY OF DTC-MLI (DTC-SVM) 
 
The use of a hysteresis comparator in classical 

DTC is known to cause variations in switching 
frequency that is undesirable since it can lead to 
dynamics resonance excitement in the load and 
hence constitute a serious drawback to DTC. This is 
because; the switching frequency is a function of 
motor speed, stator and rotor fluxes, and stator 
voltage which always vary with time. In addition 
the inverter switching capability is not fully utilized 
and also results in current and torque distortion due 
to sector change [14, 15].  

A combination of DTC and Space Vector 
Modulation (SVM) avoids the use of look-up tables 
in selecting the voltage vector. SVM is used to 
synthesize a required voltage vector that has been 
calculated by the controller in the DTC scheme. By 
using a space vector modulator, the torque ripple is 
reduced and the switching frequency of the 
component is constant. When extending the classic 
DTC-SVM scheme to the multilevel inverter, some 
modifications have been made since the inverter is 
capable of generating more available voltage 
vectors proportional to its voltage levels. 

 

A. Phase-Shifting SVM Strategy of DTC-MLI 
 
In the Phase-Shifting SVM (PSSVM) strategy as 

proposed in [16], a CHMI has been employed. An 
N-cell cascaded H-bridge multilevel inverter 
(CHMI) generally has 2N arm vectors per phase 
with N left arm vectors and N right arm vectors. 
The output voltage vector, U, of the inverter is 
defined as, 

 
Ui = ULi - URi   (10) 
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where ULi  and URi are the total left and right arm 
voltage vectors of phase i (i = a, b, c) respectively. 
As for the N-cell CHMI, ULi and URi are defined as, 
 

ULi = UL1i + UL2i + UL3i +…..+ ULNi (11) 
 

URi = UR1i + UR2i + UR3i +…..+ URNi (12) 
The vectors ULi and URi for each cell are generated 
based on the SVM strategy of traditional two-level 
inverters. This SVM strategy decomposes the 
desired generated vector into two vectors with the 
same amplitude but different phase. By assuming 
the sampling period of the SVM is Ts, if four-part 
of modulating strategy is adopted, the phase 
shifting time of each cell is Ts/N, and if seven-part 
of modulating strategy is adopted, the phase 
shifting of each cell is Ts/2N. The effecting time of 
the left arm or the right arm vector of each cell is 
the same as the sampling time. Therefore the phase 
shifting time as mentioned earlier is the phase 
difference between the H-bridge vectors. To 
calculate the vector amplitude, the phase difference 
can be neglected since the sampling time period is 
commonly short. Hence the amplitude of every  

 
vector can be expressed as, 
 

iRiLi U
N

UU
2

1≈=   (13) 

 
Fig. 6 shows the block diagram of the PSSVM-
DTC. 

 

B. Nearest Voltage Vector Strategy of DTC-
MLI 

 
The Nearest Voltage Vector strategy is another 

further modification of the SVM technique. This 
approach is close to DTC-SVM with closed-loop 
flux and torque control. In this strategy, the desired 
voltage that has been generated by the flux and 

torque controller is synthesized by choosing the 
nearest voltage vector that can be delivered by the 
multilevel inverter. There are two types of nearest 
voltage vector strategy. The first one is the nearest 
voltage vector that is determined by means of 
calculating the minimum distance of the voltage 
vector that can be generated by the multilevel 
inverter, which in this case the NPC inverter is 
used. This strategy has been proposed by X. del 
Toro Gracia et al [17].The second strategy is 
determining the closest or nearest voltage level 
instead of the nearest voltage vector.  This strategy 
has been proposed by Kouro et al [18] and an 
asymmetry CHMI has been used. In this strategy, 
the reference voltage vector is transformed into a 
three-phase voltage reference in time domain using 
a three-phase coordinate transformation. Then by 
using the round{x} function, where x is the voltage 
reference, the voltage reference is rounded to the 
nearest integer. In this case the nearest integer is the 
nearest voltage level that can be delivered by the 
multilevel inverter.  

 
5. PREDICTIVE CONTROL STRATEGY OF 

DTC-MLI 
 
A predictive controller is one of the control 

algorithms that uses the foreknowledge of a system 
to predict the next state of a system which is the so-
called one-step ahead prediction [19]. In electrical 
drives point of view, predictive control is based on 
the fact that the switching behavior of an inverter 
can be predicted. In addition, mathematical 
equations can be used to express the responses of 
the drive to determine a certain switching state. 
Hence the cascaded structure of the controller in the 
previous DTC control schemes can be eliminated as 
all of the measured system variables can be 
considered in one controller. Therefore the 
predictive controller offers a better dynamic 
performance and a better representation of a non-
linear system.  

There are a numbers of papers that report the 
application of predictive control in DTC with 
multilevel inverter schemes. Different predictive 
algorithms have been introduced in meeting 
specifications of reduced torque ripple and constant 
switching frequency. 
 

A. DTC-MLI with Imposed Switching 
Frequency Strategy 

 
In the literature, three types of multilevel 

inverters have been used in DTC with Imposed 

 

 
 

Fig. 6.  DTC block diagram with PSSVM strategy  
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Switching Frequency strategy; FCMI [20], CHMI 
[21], and asymmetry/hybrid CHMI [22]. In general, 
the switching frequency imposition strategy is 
performed by taking into account the instantaneous 
values of torque and flux and their derivatives for 
the selection of space vector. A predictive model is 
determined by deriving the estimated values of 
torque and flux, which are calculated from the 
measured values of IM variables, versus time. 
Considering at the sampling instant, tk, the actual 
space vector position is Qk. By using the knowledge 

on the actual position, Qk, and also from the torque 
and flux and their derivatives, the next point of the 
space vector position, Qk+1 can be obtained. In the 
same sampling instant, tk the commutation time tk 
com that will ensure the zero torque and flux error on 
the next sampling time is calculated. The Qk+1 is 
applied at tk com. Fig. 7 shows the general block 
diagram of DTC with imposed switching 
frequency.  

 

B. DTC-MLI with PI and Dead-beat Controller 
 
The combination of a PI controller and a dead-

beat controller has been shown to improve both 
steady state and dynamic behavior of DTC-MLI 
[23]. The difference between the reference torque 
and the estimated torque is the input for the PI 
controller to obtain the slip angle variation (stator 
and rotor flux angle difference), ∆θ12. As the PI 
controller can only offer a moderate dynamic 
performance, a dead-beat controller is employed to 
give a faster dynamic response. This is possible by 
predicting the slip angle variation using the value of 
the reference torque as given by (14) and 
preloading the PI controller part in the next 
sampling time. 

 














=

+

+
+ )().(.

.).(

3

2
arcsin)(

'
21

*
1

'
211

*

112
kkh

ke
k ttLp

LLtT
t

ψψ
σθ  (14) 

 
where ψ1*  and Te*  are the stator flux and torque 
reference respectively; L1, L2’ and Lh are stator, 
rotor, and mutual inductance respectively; σ, p, and 
ψ2’  are leakage factor, number of pole pairs and 
rotor flux referred to the stationary reference frame 
respectively. Thus, the output of the dead-beat 
controller is obtained as follows. 
 
    ( ) ( ) ( )kkk ttt 1211212 θθθ −=∆ +    (15) 

 
By using the knowledge of a variation angle of 

rotor flux, ∆θ2 as a feed-forward [23], which can be 
calculated by using a measured value of the 
machine, and the slip angle variation, the stator flux 
variation angle is determined by the following 
equation. 

 
( ) ( ) ( )kkk ttt 2121 θθθ ∆+∆=∆   (16) 

 
Finally the appropriate stator voltage space 

phasor can be obtained by using the knowledge on 
the stator flux variation angle and the estimated 
stator flux linkage. This voltage space phasor then 
need to be synthesized to switching states using a 
modulator in order to ensure the multilevel inverter 
produces the appropriate voltage output. As in [23], 
this predictive control strategy for DTC has been 
adapted to the CHMI topology. Hence the space 
phasor modulator (SPM) has been considered to 
synthesize the voltage space phasor. 

C. Output Regulation Subspace (ORS) based of 
Switching Control for DTC-MLI Schemes 

 
The use of the Output Regulation Subspace 

(ORS) concept which introduces a hyperplane that 
partitions the input space and a quadratic criterion 
is one of the further improvements of the predictive 
control concept. The incorporation of these 
concepts has been shown to assist in the reduction 
of the computational load [24]. Adapting a classical 
DTC scheme with the controller concept as 
mentioned earlier, avoids the use of look-up table, 
guarantees the regulation task and reduces the 
torque ripple. In the middle of 2003, this method 
has been adapted to DTC with an NPC inverter in 
selecting the voltage vectors [25]. In this 
application, ORS defines two straight lines that 
divide the vector space (input space) plane into four 
quadrants corresponding to different combination 
of signs for torque and flux time derivatives. Both 

 
 
Fig. 7.  General DTC block diagram with imposed 

switching frequency strategy 
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ORSs (torque and flux) are perpendicular and 
intersect each other at the origin. Therefore it is 
found to reduce the space where the vectors are 
selected. In other words, the search of suitable 
voltage vector is restricted to a certain quadrant. 
Hence it reduces the mathematical computation 
while evaluating them in energy function. 

 
6. HYBRID MODULATION AND HYBRID 
INVERTER CONFIGURATION STRATEGY 
OF DTC-MLI 

 
The development in the improvement of DTC 

performance not only focuses on seeking for new 
solutions in the multilevel inverter switching 
control strategy but also in the configuration of the 
multilevel inverter itself. In [26], a hybrid 
modulation strategy has been proposed for DTC 
with asymmetric CHMI. The DTC scheme is 
accomplished by using a torque error (the 
difference between the reference torque and the 
estimated torque) to generate a reference load 
angle, δ*, which is necessary to correct the torque 
behavior. Then the desired load angle is used to 
produce an appropriate stator flux reference which 
is determined by, 

 

( ) ( )rsrss j θδψθδψψ +++= ***** sincos  (17) 

 
where |ψs*| is the stator flux reference amplitude 
and θr is the rotor flux vector angle.  By subtracting 
the stator flux reference with the estimated stator 
flux, a variation of stator flux (∆ψs) is obtained. 
Then the appropriate voltage vector is determined 
as follows, 

s

s
s T

v
ψ∆

≈*    (18) 

 
The appropriate voltage vector is then 

synthesized by the hybrid modulation strategy to 
produce a switching state for the multilevel 
inverter. This type of modulation strategy helps to 
reduce switching losses and improve the converter 
efficiency since the highest power cell needs only 4 
commutations per reference cycle, which means 
that the switches turn ON and OFF only once 
during a half cycle. The un-modulated part left by 
the square shape of the highest power cell output is 
then modulated by the next power cell and so on 
until the final un-modulated part of the reference is 
modulated by the smallest power cell at high 
switching frequency using PWM. This modulation 
strategy then produces a multilevel stepped 
waveform with a high frequency component but 

lesser switching losses in producing it. Fig. 8 shows 
a hybrid modulation operating principle for a 3 cell 
asymmetric CHMI 

As proposed in [27], a modified three-phase 
cascaded of two inverters has been used in DTC 
implementation. Fig. 9 shows the configuration of a 
modified three-phase inverter in cascaded topology. 
The new inverter topology as in Fig. 9 can produce 
a maximum of 9 levels or 11 levels of output 
voltage depending on the correlation between the 
voltage of isolated sources, Ud, Ud1, Ud2, and Ud3. 

In this case, a DTC scheme is performed by using a 

 
 
Fig. 8.  Hybrid modulation operating principle for 

3 cell asymmetric cascaded multilevel inverter 

 
Fig. 10.  DTC system fed by modified multilevel 

inverter block diagram 

 

Fig. 9.  Modified three-phase inverter 
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predictive model of IM together with the flux and 
torque estimator to obtain an optimal stator voltage 
vector as a function of torque and stator flux, Vsα

opt 
and Vsβ

opt, in α and β plane respectively. From this 
optimal voltage vector, the closest voltage vector 
that may be delivered by the modified multilevel 
inverter is chosen through the switching function 
algorithm in an inverter control block. Fig. 10 
shows a DTC system fed by the modified 
multilevel inverter as proposed in [27].   

 
 

7. DTC-MLI WITH FUZZY LOGIC 
CONTROLLER 

 
The employment of Fuzzy Logic Controller 

(FLC) in DTC has provided some improvements in 
torque and stator flux control and switching 

frequency [28]. In the literature, FLC can be either 
added to one part of the DTC-SVM scheme [29] or 
replacing the hysteresis controller and the look-up 
table used in DTC-LUT [30] for switching 
synthesization and neutral-point-voltage balance 
since a 3-level NPC inverter is used. As in [31], the 
FLC is located at the outer speed loop and some 
modification has been made in vector selection 
such as introducing 2 types of DTC with FLC 
algorithm in one system in order to suite it with the 
SVM method. Fig. 11 shows the block diagram of 
the DTC scheme with FLC at the outer speed loop.  

 
As in [29], the FLC is added to both the 

hysteresis controller and the torque and stator flux. 
By using this modification, the hysteresis cycle 
becomes wider. It provides a more precise selection 
of the voltage vector, hence enhancing the 
performance of torque and stator flux control in a 
DTC and neutral-point-balance in the NPC inverter. 
Fig. 12 illustrates the modification of the DTC 

conventional hysteresis controller. Fig. 12 
illustrates the modification of DTC hysteresis 
controller. 

In [30], the hysteresis controller and the look-up 
table has been replaced by FLC. The switching 
state selections were done by FLC. Some 
modification has been made to the look-up table in 
order to suite it with the FLC rules. By using this 
scheme, the DTC performances are enhanced in 
terms of reducing flux and torque ripples, and 
harmonic distortion. Fig. 13 shows the block 
diagram of DTC system with FLC.  

 
8. CONCLUSION 

 
In this paper, a theoretical review on DTC 

strategies with multilevel inverter for induction 
machines has been presented. DTC is a viable 
alternative solution to FOC in AC drive. It is 
known to offer a simple configuration of DTC due 
to the absence of coordinate transformation block. 
It is also capable of performing with both fast 
torque response and harmonics reduction. However 
this classic DTC scheme has some disadvantages 
such as high torque ripple, variable switching 

Fig. 11.  Block diagram for the DTC scheme with 
FLC at the outer speed loop 

 
Fig. 12.  Hysteresis Controller with additional fuzzy 

controller 

Fig. 13.  Block diagram for the DTC scheme with fuzzy 
logic controller 
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frequency and harmonic losses which are still 
considered as high. Adapting DTC to multilevel 
inverters is one of the improvements that can be 
made for fast torque response during transient, 
torque ripple reduction, constant switching 
frequency operation and lower harmonics losses. 
This is because a multilevel inverter offers a nearly 
sinusoidal voltage output, lower dv/dt, and extra 
degrees of freedom in voltage vector selection in 
order to ensure the minimization of torque and flux 
ripple.  

DTC strategies with multilevel inverters have 
been divided into five groups: switching table 
(look-up table) strategy of DTC-MLI, space vector 
modulation strategy of DTC-MLI, predictive 
control strategy of DTC-MLI, Hybrid modulation 
and hybrid inverter configuration strategy of DTC-
MLI and FLC strategy of DTC-MLI. The basic 
principle, advantages and limitation of each 
strategy has been systematically presented. Also 
their latest progress and the application fields have 
been indicated. As a conclusion, it is believed that 
the research on DTC strategy with multilevel 
inverters will continue to develop in line with the 
continuous search for a high performance motion-
sensorless AC drives for induction machines. 
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