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Abstract 
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In this paper, a speed-sensorless direct torque control (DTC) 
drive for induction motor (IM) is developed using three-level 
inverter and a comprehensive study is presented. Firstly, 
three-level neutral-point clamped (NPC) inverter is handled 
and the switching vectors used in DTC based on switching 
table are defined. Second, the adaptive flux observer is 
utilized to estimate the rotor speed and load torque. 
Observer model of IM is obtained from the equations of IM 
in stationary reference frame and adaptive scheme for speed 
estimation is given in detail. The objective of this study is to 
present a drive system implemented simply and easily. The 
proposed drive system is verified by the simulation results. 
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1. Introduction 
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Recently, induction machines (IMs) are commonly used in 

the fields of electric vehicle and industrial application. In these 
variable speed applications, speed and torque control are 
required, however the control of IMs is considerably more 
complicated due to the lack of a linear relationship between the 
machine current and the resulting torque. Up to now, various 
control techniques have been developed for IMs. In 1971, Field 
Oriented Control (FOC) of IMs was introduced by F. Blaschke. 
A recent development in IM control is Direct Torque Control 
(DTC) developed and presented by I. Takahashi in 1986 [1]. 
DTC is different in terms of the operation principle from FOC. 
In principle, DTC-based drives control the torque and flux 
applying the optimum voltage vectors selected using switching 
table to inverter directly. So, a very quick and precise torque 
response is provided and it is preferable in many applications as 
opposed to FOC. Moreover, DTC does not require the complex 
frame transformation, current controllers and pulse-width 
modulation (PWM) modulator in comparison with FOC-based 
drives. 

The concept of DTC based on switching table (ST-DTC) 
strategy is widely researched and commercialized because it is 
very simple and easy to be implemented [2]. However, ST-DTC 
has some drawbacks. Variable switching frequency and 
occurring ripples in the torque are the main disadvantages of 
ST-DTC. The torque ripples can be reduced by using various 
techniques. A popular method among them is DTC based on 
space vector modulation (SVM-DTC) that ensures to reduce the 
torque ripples and also obtain a constant inverter switching 
frequency. Alternatively, some of them involve the use of high 
switching frequency or changed inverter topology [3]. If high 
switching frequency is used, switching losses and stress on the 
semiconductor devices will significantly increase, but it is 
possible to solve many of these problems when changed inverter 
topology is used. Multilevel inverter topologies have gained 

popularity in medium and high power applications because their 
semiconductor devices are exposed to a much lower voltage 
change rates ሺ݀ݒ ⁄ݐ݀ ሻ and also the output voltage includes less 
harmonic contents. Furthermore, multilevel inverters enable to 
produce a greater number of voltage vectors in contrast with 
conventional inverters. It means that the choices of voltage 
vectors are increased such that it provides more options to select 
the most appropriate voltage vectors to generate the exact stator 
voltage. So, the desired changes in the torque and flux are 
produced with less ripples than traditional inverter. 

There are three different topologies for multilevel inverter, 
but diode-clamped or neutral-point clamped (NPC) multilevel 
inverter is widely used for ac-drives. In literature, many papers 
about DTC [4-8] have been performed using three-level NPC 
inverter. In these studies, different switching tables for three-
level inverter are developed by taking into consideration the 
hysteresis band levels of torque and flux. On the other hand, 
there are several studies based on fuzzy controller [4,5] instead 
of using the hysteresis comparators and switching table for the 
inverter state selection. Additionally, [6] is focused on SVM-
DTC method and also discrete SVM-DTC is studied in [7] for 
IMs fed three-level inverter. 

In recent years, speed sensorless drives are attracted more 
attention because it makes drive systems more robust, reliable 
and economic due to not require encoder to obtain speed 
feedback. For a speed-sensorless DTC drive, various techniques 
have been developed; especially observers and adaptive systems 
are commonly used to estimate the flux, torque and speed. Some 
studies about speed-sensorless DTC drive with three-level 
inverter are given as follows. Speed adaptive flux observer is 
studied in [7]. As reported in [8], model reference adaptive 
system (MRAS) is also studied. 

The aim of this paper is to achieve high-performance 
sensorless ST-DTC for a three-level inverter-fed IM drive. This 
paper is organized as follows. Firstly, three-level NPC inverter 
is introduced in Section 2, Secondly, induction motor model, 
mathematical background of speed estimation and ST-DTC is 
briefly studied in Section 3. Finally, simulation results and 
conclusions are given in Section 4 and 5, respectively. 
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2. Three-Level Neutral-Point Clamped Inverter 
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The simplified circuit diagram of a three-level NPC inverter 

is shown in Fig. 1. Each inverter leg is composed of four 
switches ܵ௫ଵ to ܵ௫ସ with four antiparallel diodes ܦ௫ଵ to ܦ௫ସ The 
dc bus voltage ௗܸ௖  is split into two equal parts by the dc bus 
capacitors ܥௗଵ  and ܥௗଶ , providing a neutral-point ܼ . The 
clamping diodes ܦ௭௫ଵ  and ܦ௭௫ଶ  are connected to the neutral-
point. The operating status of the switches in the three-level 
NPC inverter can be represented by switching states shown in 
Table 1. 
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Fig. 1. The circuit diagram of a three-level NPC inverter 

1 blank line using 9-point font with single spacing 
Table 1. Switching states of three-level NPC inverter 
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Switching 
State ܵ௫ 

Device Switching Status Inverter Terminal 
Voltage ݒ௫௓ ܵ௫ଵ ܵ௫ଶ ܵ௫ଷ ܵ௫ସ p 1 1 0 0 ൅ ௗܸ௖ 2⁄  o 0 1 1 0 0n 0 0 1 1 െ ௗܸ௖ 2⁄  
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It can be observed that switches ܵ௫ଵ  and ܵ௫ଷ  similarly, ܵ௫ଶ 

and ܵ௫ସ operate in a complementary manner. Switching state p 
denotes that the upper two switches ܵ௫ଵ and ܵ௫ଶ are on and the 
inverter terminal voltage ݒ௫௓  is equal to ൅ ௗܸ௖ 2⁄ , whereas n 
indicates that the lower two switches ܵ௫ଷ  and ܵ௫ସ  conduct, 
leading that ݒ௫௓  is equal to െ ௗܸ௖ 2⁄ . Final switching state o 
represents that the inner two switches ܵ௫ଶ  and ܵ௫ଷ  are on and ݒ௫௓ is clamped to zero through the clamped diodes. Thus, three 
possible levels of ݒ௫௓ are obtained depending on the choice of 
switching states. 
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Fig. 2. Space vector diagram for three-level inverter 
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A three-level inverter generates 3ଷ ൌ 27 switching states as 
indicated in Fig. 2. In these switching states, although there are 24  active and 3  zero states, some of them apply the same 
voltage vector. Therefore, 19  different voltage vectors are 
available as shown in Fig. 2. According to the modulus of each 
vector, the 19 vectors are classified into four groups: zero vector ଴ܸ , short vectors ଵܸ െ ଺ܸ , medium vectors ଻ܸ െ ଵܸଶ  and long 
vectors ଵܸଷ െ ଵ଼ܸ. As shown in Fig. 2, the possible switching 

configuration of long and medium vectors is one, but the 
possible configuration of short vectors are two that is ݌ and ݊-
type. ݌-type small vector contains p switching state and ݊-type 
contains n switching state. Zero vector has three possible state. 

The space voltage vector diagram for the three-level inverter 
is divided into twelve sectors ሺ ଵܵ, ܵଶ, … , ܵଵଶሻ and the first sector 
is located in െ15° to ൅15° based on flux angle. 
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3. Mathematical Background 
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3.1. Induction Motor Model 
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The space vectors for the voltage and flux equations of IM in 

stationary reference frame are given as follows. 
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where ݒҧ௦  is the stator voltage, ଓҧ௦ , ଓҧ௥  are the stator and rotor 
current, respectively, ത߰௦ , ത߰௥  are the stator and rotor flux, 
respectively, ܴ௦ , ܴ௥ ௦ܮ , ௥ܮ , ௠ܮ ,  are the motor parameters, ݌ is 
the number of pole-pairs and ߱௠ is the angular velocity. 

The electromagnetic torque ௘ܶ is 
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௘ܶ ൌ 32 ݌ ത߰௦ ൈ ଓҧ௦ (5) 
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and also the equation of motion is 
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௘ܶ ൌ ௅ܶ ൅ ௅ܬ ݀߱௠݀ݐ ൅ ௗ݂߱௠ (6) 
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where ௅ܶ is the load torque, ܬ௅ is the moment of inertia and ௗ݂ is 
the damping coefficient. 
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3.2. Flux Observer Model of Induction Motor 
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An IM can be described by the following state equations 

obtained from Eqns. (1)-(4) in the stationary reference frame. 
1 blank line using 9-point font with single spacing ݀݀ݐ ൤ ଓҧ௦߰ത௦൨ ൌ ൤ܣଵଵ ଶଵܣଵଶܣ ଶଶ൨ܣ ൤ ଓҧ௦߰ത௦൨ ൅ ൤ܤଵܤଶ൨ ҧ௦ݒ ൌ ݔܣ ൅ ଓҧ௦ ݑܤ ൌ  ݔܥ

(7) 
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where ݔ ൌ ሾଓҧ௦ ത߰௦ሿ் and ଓҧ௦ ൌ ሾ݅௦ఈ ݅௦ఉሿ், ത߰௦ ൌ ሾ߰௦ఈ ߰௦ఉሿ். 
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ଵଶܣ ൌ ௦ܮߪ1 ௥ܶ ܫ െ ௠߱݌ ௦ܮߪ1 ܬ ൌ ܽ௥ଵଶܫ ൅ ܽ௜ଵଶܣ ܬଶଵ ൌ െܴ௦ܫ ൌ ܽ௥ଶଵܣ   ,   ܫଶଶ ൌ ଵܤ 0 ൌ ௦ܮߪ1 ܫ ൌ ܾଵܤ   ,   ܫଶ ൌ ܫ ൌ ܾଶܫ 

ܥ ൌ ሾܫ 0ሿ , ܫ ൌ ቂ1 00 1ቃ ܬ   ,    ൌ ቂ0 െ11 0 ቃ 
(8) 



where ߪ ൌ 1 െ ௠ଶܮ ⁄௥ܮ௦ܮ  is the total leakage factor and ௥ܶ ൌܮ௥ ܴ௥⁄  is the rotor time constant. ݑ is the input column vector, ݑ ൌ ҧ௦ݒ ൌ ሾݒ௦ఈ  is the state matrix and is dependent on ܣ ,௦ఉሿ்ݒ
angular velocity ߱௠. ܤ is the input matrix and ܥ is the output 
matrix. 

The state observer, which estimates both the stator current 
and flux, can be described as follows [9]. 

1 blank line using 9-point font with single spacing ݀ݔො݀ݐ ൌ ොݔመܣ ൅ ݑܤ ൅ ሺଓҧመ௦ܩ െ ଓҧ௦ሻ (9) 

1 blank line using 9-point font with single spacing 
where ^ denotes estimated values. The estimated state variables 
are ݔො ൌ ൣଓҧመ௦ ത߰෠௦൧்

 and ଓҧመ௦ ൌ ሾଓ௦̂ఈ ଓ௦̂ఉሿ் , ത߰෠௦ ൌ ൣ ෠߰௦ఈ ෠߰௦ఉ൧்
 ܩ .

is the observer gain matrix, which is selected so that the system 
will be stable. 
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3.3. Adaptive Scheme for Speed Estimation 
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In a speed-sensorless drive, the speed must be estimated. In 

this case, the estimated speed is considered as an unknown 
parameter in the observer model given in Eqn. (9). By adding an 
adaptive scheme, both states and unknown parameters in the 
observer can be estimated simultaneously. The speed adaptation 
has been obtained by using the error dynamics of the system. To 
obtain the error dynamics, Eqn. (9) is subtracted from Eqn. (7). 

1 blank line using 9-point font with single spacing ݀݁݀ݐ ൌ ሺܣ ൅ ሻ݁ܥܩ ൅  ො (10)ݔܣ∆
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where ݁ ൌ ݔ െ ොݔ  is the estimation error vector and the error 
state matrix is 

1 blank line using 9-point font with single spacing Δܣ ൌ ܣ െ መܣ ൌ ൥݌Δ߱௠ܬ െ݌Δ߱௠ ௦ܮߪ1 0ܬ 0 ൩ (11) 
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where ∆߱௠ ൌ ߱௠ െ ෝ߱௠. To guarantee the stability of the error 
dynamics, Lyapunov’s stability theorem is utilized. We define 
the following Lyapunov function ܸ. 
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where ܿ is a positive constant. The time derivative of ܸ becomes  

1 blank line using 9-point font with single spacing ܸ݀݀ݐ ൌ ்݁ሾሺܣ ൅ ሻ்ܥܩ ൅ ሺܣ ൅ ்݁ܣො்Δݔሻሿ݁         ൅ሺܥܩ ൅ ்݁Δݔܣොሻ െ 2 ݀ ෝ߱௠݀ݐ Δ߱௠ܿ  
(13) 
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A sufficient condition for uniform asymptotic stability is that 

the derivative Lyapunov function is negative definite. If the 
observer gain matrix ܩ is chosen such that the first term of Eqn. 
(13) is negative semi-definite, then the adaptive scheme for 
speed estimation can be found by equating the second and third 
term in Eqn. (13). 

1 blank line using 9-point font with single spacing 2 ݀ ෝ߱௠݀ݐ Δ߱௠ܿ ൌ ்݁ܣො்Δݔ ൅ ்݁Δݔܣො (14) 
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The error term ݁ఠ is derived from Eqn. (14) as 
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݁ఠ ൌ ݁௦ఈ ቆ ෠߰௦ఉܮߪ௦ െ ଓ̂௦ఉቇ െ ݁௦ఉ ቆ ෠߰௦ఈܮߪ௦ െ ଓ௦̂ఈቇ (15) 
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where ݁௦ఈ ൌ ݅௦ఈ െ ଓ௦̂ఈ  and ݁௦ఉ ൌ ݅௦ఉ െ ଓ̂௦ఉ . Then, the adaptive 
scheme for the speed estimation is 
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where ܭ ൌ  is an arbitrary positive gain. The block diagram ݌ܿ
of the adaptive flux observer is shown in Fig. 3. 
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Fig. 3. Block diagram of speed adaptive flux observer 
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However, in Fig. 3, the following simple mechanical model 
of the drive is used to improve the response of the speed 
estimation. This mechanical model is obtained from Eqn. (6) as 

1 blank line using 9-point font with single spacing ෝ߱ሶ ௠ ൌ ௅ܬ1 ൫ ෠ܶ௘ െ ෠ܶ௅൯ ෠ܶሶ௅ ൌ 0 

(17) 
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where ෠ܶ௘ is the estimated torque from the adaptive observer and ෠ܶ௅  is the estimated load torque. In this model, the damping 
coefficient is neglected, so the load is modeled by a constant 
load torque [10]. The speed adaptive scheme is used as a 
correction term for the mechanical model. Thus 

1 blank line using 9-point font with single spacing ෝ߱௠ ൌ ௅ܬ1 න൫ ෠ܶ௘ െ ෠ܶ௅൯ ݐ݀ ൅ ఠܭ න ݁ఠ  ݐ݀

෠ܶ௅ ൌ െ்ܭ න ݁ఠ  ݐ݀
(18) 
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where ܭఠ and ்ܭ are arbitrary positive gains. 

Now, we design the observer gain matrix ܩ  such that all 
eigenvalues of ܣ ൅ ܥܩ  have real negative parts. To ensure 
stability at all speed range, the observer poles are selected in 
proportional to the machine poles. If the poles of IM are given 
by ߣூெ, the observer poles ߣ௅ை are selected as 

1 blank line using 9-point font with single spacing ߣ௅ை ൌ ݇௣ߣூெ (19) 
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where ݇௣ is the proportionality constant and ݇௣ ൐ 1. This makes 
the observer dynamically faster than IM. When the direct 
substitution method is used for pole-placement, the gain matrix 
is obtained as 



  

(a) (b) 
Fig. 4. (a) Block diagram of speed sensorless ST-DTC with 3-level NPC inverter, (b) Flux and torque hysteresis bands 

ܩ  ൌ ൤ ଵ݃ܫ ൅ ݃ଶ݃ܬଷܫ ൅ ݃ସܬ൨ (20) 
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where ଵ݃, ݃ଶ, ݃ଷ and ݃ସ are the observer gains and found as 
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(21) 
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3.4. DTC for Three-Level Inverter 
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The principle of DTC is briefly discussed and a torque 

control for three-level inverter system is studied in this section. 
The electromagnetic torque can be obtained from Eqn. (5) as 
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௘ܶ ൌ 32 ݌ ௥ܮ௦ܮߪ௠ܮ ሬ߰Ԧ௥ ൈ ሬ߰Ԧ௦ ൌ 32 ݌ ௥ܮ௦ܮߪ௠ܮ ฮ ሬ߰Ԧ௥ฮฮ ሬ߰Ԧ௦ฮ sin  (22) ߛ
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where ߛ  is the angle between the stator and rotor flux space 
vectors. When the amplitude of the stator flux is kept constant, 
the developed torque can be changed by angle ߛ. From Eqn. (1), 
if the stator ohmic voltage drops can be neglected, then the 

inverter voltage directly controls the stator flux. 
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Thus, the required stator flux locus will be obtained by using 
the appropriate switching vectors. At every sampling period, the 
switching vectors are selected on the basis of keeping the stator 
flux error in the 3-level hysteresis band and keeping the torque 
error in the 5-level hysteresis band. The flux and torque 
hysteresis bands are depicted in Fig. 4.b. The switching vector 
selection is tabulated in Table 2 that is taken from [5]. This 
gives the optimum selection of the switching vectors for all the 
possible stator flux positions and the desired control inputs 
which are the reference value of the stator flux modulus and the 
electromagnetic torque as shown in Fig. 4.a. The estimation of 
flux, torque and speed used in DTC is carried out by utilizing 
the adaptive observer illustrated in Fig. 3. 
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4. Simulation and Results 
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In this section, the validity of the proposed control scheme is 

examined under different conditions. The sampling frequency is 
50 kHz and Runge-Kutta method is used to realize the 
simulation. The stator flux reference is set to 0.8 Wb. During the 
simulation, the variable reference speed is applied to the system 
as shown in Fig. 5.a. A step change of torque command is  
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Table 2. Switching table of three-level NPC inverter 
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൅1 
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0 
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െ1 
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(a) Actual and estimated rotor speed 

 
(b) Stator current 

Fig. 5. Simulation results of the proposed scheme 
1 blank line using 9-point font with single spacing 

 
Fig. 6. The stator flux trajectory of machine 
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is applied at the beginning of the simulation from 0 to 5 Nm and 
this command is changed during simulation. Fig. 7.b shows the 
load torque applied to the system and the estimated load torque. 
They are given in the same graph for better comparison. The 
stator current and developed electromagnetic torque of the 
machine is given in Fig. 5.b and Fig. 7.a, respectively. Fig. 6 
shows the trajectory of stator flux.  
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5. Conclusions 

1 blank line using 9-point font with single spacing 
This paper presents speed-sensorless ST-DTC method for a 

three-level inverter-fed IM drive. Three-level NPC inverter is 
used to reduce the torque and flux ripples occurred inherently in 
ST-DTC drive. The speed is estimated using the adaptive flux 
observer and the load torque is also estimated to improve the 
speed estimation during speed transients. The proposed scheme 
is validated by the simulation results. It can be seen that this 
scheme exhibits fast torque and speed response and very good 
transient performance is obtained.  

 
(a) Electromagnetic torque 

 
(b) Actual and estimated load torque 

Fig. 7. Simulation results of the proposed scheme 
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