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Abstract-Three-level neutral-point-clamped (NPC) 

inverters are very appropriate for high-power 

adjustable-speed drive applications. Direct torque control is 

characterized by the merits of fast response, simple 

structure and strong robustness to motor parameters 

variations. This paper presents a 3-level inverter-fed direct 

torque controlled (DTC) induction motor (IM) drive based 

on optimized switching table. The problems of high voltage 

jump, smooth vector switching and neutral point balance 

are investigated and solved by introducing appropriate 

intermediate vectors. Induction machine drive based on 

Direct Torque Control (DTC) allows high dynamic 

performance with very simple hysteresis control scheme. 

Conventional Direct Torque Control (CDTC) suffers from 

some drawbacks such as high current ripple, flux ripple and 

torque ripple, difficulties in torque as well as flux control at 

very low speed. In this paper an intelligent approach of 

artificial neural network to improve the direct torque 

control of induction machine. Comparison study is carried 

out between direct torque neural networks control 

(ANNDTC) and (CDTC). Both simulation and experimental 

results are presented to verify the effectiveness of the 

proposed schemes introduced in this paper.  

Keywords: AC motor drives ,speed sensorless, three-level 

inverter, CDTC, ANNDTC, Space vector, Torque ripple. 

I. INTRODUCTION 

Three-level inverters have become widespread in high 

power industrial applications since they were first 

proposed by Nabae in 1981 [1]. Compared to 2-level 

inverters, they have better performance in terms of lower 

voltage stress across the semiconductors, less harmonic 

content and lower switching frequency [2]. Direct torque 

control (DTC) is a kind of high performance control 

strategy characterized by fast torque response, simple 

structure (without complicated rotary transformation) and 

strong robustness against motor parameter variation. 

Three-level inverter-fed DTC motor drives are very 

attractive in high power applications because they 

combine the merits of both 3-level inverters and DTC. 

Most papers [3-4] related to DTC concentrate on 2-level 

inverters; there are few papers related to 3-level DTC [5]. 

To make 3-level DTC practicable, an appropriate vector 

should be selected to maintain the neutral point voltage 

balance and avoid high voltage jump. The principles of a 

commercial 3-level DTC adjustable speed drive (ASD), 

as manufactured by ABB, was introduced in [6]; however, 

there were undesirable high voltage jumps in the line 

voltage. To reduce the oscillation in the flux and torque, a 

LC filter was employed which increases the complexity of 

flux observation. Ref[5] improves the low speed 

performance of the 3-level DTC by applying the correct 

intermediate voltage; however, the problems of voltage 

jump and neutral point balance were not addressed. This 

paper focuses on the problems of voltage jump and 

neutral point balance by incorporating an optimized 

switching table. There is usually large starting current in 

conventional DTC [7] schemes and this paper solves this 

problem by introducing the pre-excitation of stator flux. 

The proposed schemes are simulated and experimentally 

verified. 

 

 

Fig. 1. Main circuit of three-level inverter. 
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II. DTC FOR 3-LEVEL INVERTER 

A.  Basic Principle of DTC 

The mathematical model of an induction motor described 

by space vectors in a stationary frame by the following set 

of equations: 

 

ssss piRU             2.1 

rrrrr jpiR  0               2.2 

 rmrss iLiL            2.3 

rrsmr iLiL               2.4 

 

where us, is, ir, ψs and ψr are the stator voltage vector, 

stator current vector, rotor current vector, stator flux 

linkage vector and rotor flux linkage vector, respectively; 

Rs, Rr, Ls, Lr, Lm and Np are the stator resistance, rotor 

resistance, stator inductance, rotor inductance, mutual 

inductance and motor pole-pair number; ωr is the rotor 

speed. 

From the stator voltage equation (1), it can be seen that, 

by omitting the stator resistance voltage drop, the stator 

flux can be controlled directly from the stator voltage. 

This is a crude analysis and may cause error at low speed. 

The electromagnetic torque can be expressed as 

Te = sr
LrLs

Lm
Np 


*

2

3
                                                       

 Te = srSinsr
LrLs

Lm
Np 

2

3
    2.5 

where δsr is the spatial angle between stator flux and rotor 

flux and Te is the electromagnetic torque. In the DTC, the 

amplitude of the stator flux is kept constant and a fast 

torque response is obtained by changing angle δsr 

quickly. From (1)-(4), the relationship between the stator 

flux and the rotor flux can be obtained from 

s
TrLs

Lm
rjWr

Tr
rP 





  )

1
(    2.6 

where σ = 1− L2 m/(LsLr ) and Tr = Lr/Rr . Equation (2.6) 

indicates that the dynamic response of the rotor flux is a 

first-order lag with respect to the stator flux, so the torque 

can be changed quickly by changing the angle of stator 

flux. 

B.  Vector Selection and Switching 

1) DTC Method I 

For a 2-level DTC, the sector division and vector 

selection methods are relatively mature. However, for a 

3-level DTC, because of the increased number of vectors, 

vector selection is more complicated, and in this paper we 

will solve the problem step by step. 

Firstly, the vector is selected according to the demand of 

flux and torque; vector switching and neutral point 

balance will be considered later. Fig. 1 shows the space 

vector diagram for a 3-level DTC control strategy and its 

sector division. There are 12 sectors and the shadowed 

area is the first vector, which is different from that of the 

conventional 2-level DTC. The basic principles of the 

vector selection are shown in Table I and these meet the 

demands of the flux and torque; k represents the stator 

flux located in kth sector. In addition, “↑” means increase 

while “↓” means decrease, and “=” means no change is 

needed. It should be noted that more than two vectors may 

exist to meet the demands of the flux, and a vector which 

meets the torque response better is preferred. 

 

 
Fig. 1. Space vector diagram for the three-level dtc. 

 

However, in most cases, the selected vector usually 

cannot meet the requirements of the vector switching and 

neutral point balance, which means the selected vector 

cannot be applied to the 3-level inverter directly. For 

example, suppose the stator flux is located in the first 

sector, and the current vector is V1 (200). To increase the 

stator flux and torque, according to Table I, V3 (220) 

would be the appropriate vector. But there is a high 

voltage jump in phase B from 0 to 2, which should be 

avoided. In this case, V2 (210) will be inserted as an 

intermediate vector to smooth the high voltage jump. 

There are three aspects to voltage jumps: 1) phase voltage 
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jump, 2) line voltage jump, 3) 3-phase jump at the same 

time. High voltage jump increases harmonic content and 

the stress across power semiconductors, which negates the 

advantages of the 3-level inverter. To overcome this 

problem, an appropriate intermediate vector should be 

inserted to meet the requirement of the voltage jump. 

TABLE 1 

VECTOR SELECTION TABLE FOR THREE-LEVEL 

DTC 

 
 

Another issue is the problem of neutral point balance, 

which is very important for a 3-level inverter, because 

neutral point unbalance will cause higher voltage in the 

power semiconductors. This increases the demand of 

capacity so that the cost increases. Many papers have 

investigated this problem. Neutral point balance is mainly 

controlled by selecting appropriate small vectors; this is 

because of the opposite effects of redundant vectors. In 

this paper, we also adopt the redundant states of small 

vector to keep neutral point balance. 

The final vector selection rules are obtained by 

considering the aspects introduced above, and the 

principles are summarized as follows: 

Step I: select vector according to the demands for flux and 

torque, which are listed in Table I; 

Step II: if the selected vector cannot meet the requirement 

of voltage jump and neutral point balance, an appropriate 

intermediate vector will inserted, and principles for 

selecting the intermediate vector are: 

 Large vectors or middle vectors should be selected 

preferably to increase the utilization ratio of DC 

bus; 

 Middle vectors can switch to adjacent small 

vectors and large vectors freely; 

 Large vectors can switch to the small vectors in the 

same spatial orientation; 

 Small vectors can switch to zero vectors freely; 

 When small vectors are available, select the one 

which can meet the requirement of neutral point 

balance. 

Using to the steps above, an appropriate vector can be 

selected to meet the demand of flux and torque, as well as 

the requirement of voltage jump and neutral point 

balance, which ensures the safe operation of the 3-level 

inverter. 

2)  DTC Method - II 

In DTC method -I, by inserting the appropriate 

intermediate vector, the problems of neutral point balance 

and smooth vector switching were solved. However, it 

may degrade the performance of torque and increase the 

complexity of vector selection, so another scheme is 

proposed here.  

Method - II makes use of synthesizing vectors, which is 

termed discrete space vector modulation (SVPWM). This 

was first proposed in two-level DTC. The two-level 

SVPWM-DTC incorporates a more complicated and 

accurate switching table by dividing one sampling period 

into two or three intervals, and thus, more vectors are 

obtained.  

Speed is also taken into account and more levels of 

hysteresis are adopted to make the switching table more 

accurate. The benefits of SVPWM-DTC are reduced 

torque and flux ripple at a little extra expense of 

computational time. 

This paper extends SVPWM to three-level DTC by using 

synthesizing vectors and the main aim of introducing 

SVPWM is to solve the problems of neutral point balance 

and smooth vector switching. To reduce the complexity of 

the algorithm, the same structure as Table 1 is adopted 

and the speed was not taken into account in the switching 

table. First, we should synthesize some vectors, which are 

expected to solve the problems of neutral point balance 

and smooth switching between any two vectors 

simultaneously.  

This means that the vector selection, according to the need 

of the torque and flux, is decoupled from the circuit 

limitation introduced by the three-level topology. A series 

of novel synthesizing vectors are produced, which are 

illustrated in Fig. 2 and marked by V s1, V s2,…., V s12.  

Take Vs1, for example, it is synthesized by the nearest 

three vectors, namely, V1(200), V2 (210), and V13/V14 

(100/211). The duration time of each vector can be 

calculated easily by utilizing the principle of volt-second 

balance. To smooth the vector switching, zero vector 

V26(111) is incorporated at the beginning and ending of 
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each synthesize sequence, taking up 10% or less duty of 

the whole period.  

The 12 synthesizing vectors are distributed uniformly in 

the fixed-angle space (15◦ for V s1 ) with constant or 

variable amplitude.  

In this paper, constant amplitude for the synthesis vector 

is selected for simplicity, so the duration of each vector in 

Vs1 ,V s2 , . . . ,V s12 can be obtained offline and stored in a 

look-up table for real time implementation. The final 

synthesizing vectors are listed in Table 3.2 and the sector 

division for three-level DTC is presented in Fig. 3.2, 

which has a 15◦ shift compared to that in Fig. 3.1. From 

Table 3.1, it is seen that the switching between any 

arbitrary two vectors or adjacent vectors in a synthesis 

sequence are smooth. The neutral point balance can be 

solved by adjusting the “lasting time” of the small vectors 

in one sampling period. Taking Vs1 as an example, 211 

and 100 are a pair of small vectors and their total “lasting 

time” is fixed during one sampling period, but their 

individual working time can be arranged according to the 

requirement of neutral point balance. 

 

Fig. 2 Synthesis vector diagram. 

TABLE 2 -NOVEL VECTOR SYNTHESIS 

 

DTC method-II employs the same switching table, as 

shown in Table 1, except that the selected vector is 

replaced by the novel synthesis vector listed in Table 2. 

For example, if the selected vector number is k according 

to Table 1, the synthesized vector Vsk will be selected as 

the output vector, and number 26 means the zero vector 

111. 

For DTC method - I, a further step- II should be taken 

before the final vector is selected; however, this process is 

not needed in method-II, which simplifies the selection of 

vector. An example of switching pattern for the two kinds 

of DTC method is illustrated in Fig. 3. It is seen that for 

DTC method- I, there is only one vector in one sampling 

period, while there is a sequence of vectors for DTC 

method - II, with 111 as the beginning and ending. 

 

Fig. 3  Example of switching pattern. (a) DTC method I. 

(b) DTC method II. 

C. Decreasing Starting Current 

To decrease starting current and maintain sufficient 

starting torque, the scheme of pre-excitation of stator flux 

is proposed in this paper. The stator flux will firstly be 

established by applying an appropriate vector, and during 

the pre-excitation process, the starting current is sampled 

and when it reaches the limit, zero vectors will be selected 

to decrease the current, which acts in a bang-bang fashion. 

When stator flux enters the range of demand, the process 

of pre-excitation is terminated and motor can start with 

sufficient torque, because there is enough flux to produce 

torque. 

III PRINCIPLE OF ARTIFICIAL NEURAL 

NETWORK 

Artificial neural networks use a dense interconnection of 

computing nodes to approximate nonlinear functions 

[15][16].Each node constitutes a neuron and performs the 

multiplication of its input signals by constant weights, 

sums up the results and maps the sum to a nonlinear 

activation function g; the result is then transferred to its 

output. A feed forward ANN is organized in layers: an 

input layer, one or more hidden layers and an output layer. 



International Journal on Mechanical Engineering and Robotics (IJMER) 

_______________________________________________________________________ 
 

_______________________________________________________________________ 
  ISSN (Print): 2321-5747, Volume-2, Issue-1, 2014 

34 

 

A MLP consists of an input layer, several hidden layers, 

and an output layer [18]. 

Node i, also called a neuron, in a MLP network is shown 

in Fig. 4. It includes a summer and a nonlinear activation 

function g. 

The inputs kkxk .......1  to the neuron are multiplied 

by weights kiW  and summed up together with the constant 

bias term i  

The resulting i n is the input to the activation function g. 

The activation function was originally chosen to be a relay 

function, but for mathematical convenience a hyberbolic 

tangent (tanh) or a sigmoid function are most commonly 

used 

[11] [18]. The mathematical model of a neuron is given by 

(3.1). 









  

N

i iiiii ixWggy
1

      3.1  

 

 

Fig.4 A multilayer perceptron network with one hidden 

layer 

Simulation Model and Structure of DTC System Based 

ANN 

The ANN is trained by a learning algorithm which 

performs the adaptation of weights of the network 

iteratively until the error between target vectors and the 

output of the ANN is less than an error goal. The most 

popular learning algorithm for multilayer networks is the 

back propagation algorithm and its variants [15]. The 

latter is implemented by many ANN software packages 

such as the neural network toolbox from MATLAB. 

 

Fig. 5 Basic direct torque control scheme based ANN 

To use ANN two variable input p and training t first 

defined in MATLAB work space. Where p & t are as  

p= [0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1;0 0 0 0 0 0 1 

1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1;1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 

6 1 2 3 4 5 6]; 

t= [0 1 0 1 0 1 0 0 0 1 1 1 1 0 1 0 1 0 1 0 0 0 1 1;0 1 0 1 0 1 1 1 

0 0 0 1 1 0 1 0 1 0 1 1 1 0 0 0;0 1 0 1 0 1 0 1 1 1 0 0 1 0 1 0 1 0 

0 0 1 1 1 0]; 

In Matlab command we generate the Simulink block ANN 

of switching table by „‟gensim (network1)‟‟ given this 

model show Fig. 6. 

 

Fig. 6 Simulink block for ANN . 

Block neural network contain layer-1 and layer-2 are 

given  by Fig. 7 

 

Fig.7 Block of layer-1 and layer-2 
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Where the Layer1 and Layer2 given by Fig..8. 

 

Fig. 8 Block Layer1 and Layer2 

IV. SIMULATION AND EXPERIMENTAL 

RESULTS 

To validate the effectiveness of the proposed techniques 

introduced in this paper, a system is simulated then 

validated experimentally, and the results are presented 

here. Fig. 5 illustrates the arrangement of the sensorless 

3-level DTC drive based on ANN is implemented. The 

parameters for the simulation are listed. 

V. SIMULATION AND EXPERIMENTAL 

PARAMETERS 

The parameters for 1.5 hp, 4-pole, and 50Hz induction 

motor are given below 

Supply voltage =310 Volts   

Stator circuit resistance = 7.83 ohms 

Rotor circuit resistance = 7.55 ohms 

Inductance of stator circuit = 0.4751H 

Inductance of rotor circuit = 0.4751H 

Mutual inductance = 0.4535H 

Moment of inertia = 0.013 Kg.m
2 

Load torque =25Nm 

 

Fis.8 Simulation Results for id,iq,flux,speed,torque                    

with PI controller 

 

Fis.9 Simulation Results for id,iq,flux,speed,torque                         

with ANN controller 

VI. CONCLUSION: 

A  3-level inverter-fed induction motor drive is presented 

in this paper, which incorporates an optimal vector table . 

Some aspects, including voltage jump, neutral point 

balance and large starting current, are investigated to 

assess the practicality of  the 3-level DTC. The principles 

of the vector selection procedures are established and the 

pre-excitation technique is proposed to decrease the 

starting current. In this paper a ANNDTC of induction 

machine have been proposed. An improved torque 

response in terms of  decreased torque ripple was 

achieved with the ANNDTC than the CDTC. The 

performance has been tested by simulations. The main 

improvements shown are reduction of torque ripples in 

transient and steady state response. 
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