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Abstract: In the scope of this work, a new structure of the direct torque control (DTC) technique scheme of permanent 
magnet synchronous motors (PMSMs) is proposed using a seven-level neutral point clamped (NPC) inverter and artificial 
neural networks (ANNs) controllers. This intelligent strategy was used to replace, on the one hand the integral proportional (PI) 
speed controller, on the other hand and the traditional switching table in order to reduce total harmonic distortion (THD) of 
voltage/current, stator flux ripple and electromagnetic torque ripples. The modeling and simulation of the proposed control 
scheme were carried out in Matlab/Simulink environment. The simulation results show that the proposed strategy scheme 
reduced harmonic distortion of stator voltage/current, stator flux and electromagnetic torque ripples compared to traditional 
DTC control scheme, DTC control scheme with space vector pulse width modulation (SVPWM) and three-level DTC control 
scheme. It was found that the stator current waveform becomes purely sinusoidal with a reduction in the harmonic distortion 
rate to 11.77%.  
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1. Introduction 

PMSMs for Permanent Magnet Synchronous Motors are 
one of the most proper and efficient motors in electricity 
industry. these motors are good candidate for applications 
such as naval and space systems, electric vehicles and etc. 
The most important advantages of such motors are: high 
efficiency and power density, low loss, low maintenance cost, 
easy construction and etc [1]. Various control strategies have 
been proposed for regulate the electromagnetic torque of the 
PMSM drives. Most existing techniques used a field oriented 
control (FOC) [2], robust control [3], intelligent control [4], 
and DTC control [5]. Stator FOC control using proportional-
integral (PI) regulators is the traditional strategy used for 
PMSM drives. However, PI regulators performance is highly 
dependence on tuning of parameters and accurate tracking of 
angular information of stator voltage/flux. Moreover, the 
FOC control strategies need accurate values of machine 
parameters and rotor speed.  

The DTC strategy has been introduced in the 1980s by 
Noguchi and Takahashi as an alternative to FOC control, 
with the two ofold objective of simplifying the control 
algorithms and achieving similar or even better performances 
[6]. In this strategy, two hysteresis comparators, namely flux 
and torque controllers are selected to determine the inverter 
instantaneous switching state. The DTC strategy is simple 
and alternative approach technique formulation that does not 
require decomposition into symmetrical components.  

To ensure the robustness and good performance of the 
DTC strategy using hysteresis comparators, several 
approaches have been recently proposed. In [7], the authors 
proposed a new DTC strategy based on sliding mode 
controller (SMC) to control the PMSM. In [8], the authors 
proposed a DTC strategy with space vector modulation 
(SVM) to regulate the electromagnetic torque and stator flux 
ripples. DTC and fuzzy logic controlled (FLC) are combined 
to control PMSM [9]. SMC and fuzzy logic are combined to 
control PMSM [10]. In [11], a seven-level neural DTC with 
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fuzzy speed controller of induction motor (IM) was presented. 
A four-level DTC control with ANN is proposed to regulate 
the stator flux and electromagnetic torque of the IM drives 
[12]. DTC and NN controller are combined to regulate the 
torque of PMSM [13]. In [14], the modified DTC strategy 
which is based on fractional sliding mode has been proposed. 
In this paper, we propose a new DTC control scheme based 
on ANN method of a PMSM fed by seven-level inverter. The 
simulation studies have performed with Matlab/Simulink 
board to performance testing of the proposed DTC algorithm. 
The section II is dedicated to the modeling of the PMSM 
machine. In section III of this paper, the basic principles of 
the conventional DTC control scheme has shortly introduced. 
In section IV, detailed information of the proposed strategy 
based on ANN controller has presented. Section V presents 
the simulation results of the both strategies. Finally, 
conclusion has given in section VI.  

2. Model of PMSM 

The mathematical model of the three-phase PMSM can be 
expressed in the (q-d) synchronous rotating frame by the 
following nonlinear equations [15, 16]: 

ds d ds f
L IΨ = +Ψ                              (1) 

Where: Ѱds: is the stator flux linkage of d-axis.  
Ids: is the stator current of d-axis.  
Ѱf: is the permanent magnet flux.  
Ld: is the inductance of d-axis. 

qs q qs
L IΨ =                               (2) 

Where: Lq: is the inductance of q-axis.  
Isq: is the stator current of q-axis. 

ds
ds s ds qsr

d
V R p

dt wI= + −Ψ Ψ                 (3) 

Where: Vsd: is the stator voltage of d-axis.  
Ѱsd: is the stator flux linkage of d-axis.  

Rs: is the stator resistance.  
Vsq: is the stator voltage of q-axis. 

qs

qs s qs dsr

d
V R p

dt wI= + −Ψ Ψ                           (4) 

Where: Vsq: is the stator voltage of q-axis.  
wr: is the rotor mechanical speed. 
The electromagnetic torque equation is expressed as: 

3

2e ds qs ds qs
T p I I = +

  Ψ Ψ                       (5) 

Where: p: is the number of pole paire.  
Te: is the electromagnetic torque  
So the dynamic equation is given as: 

e r

d
T T J f

dt

Ω= + ⋅ + ⋅ Ω                                    (6) 

Where: Ω: is the mechanical rotor speed.  
J: is the moment of inertia.  
Tr: is the motor torque load.  
f: is the coefficient of viscous friction.  

3. Traditional DTC Control 

The goal of the DTC control is to control the 
electromagnetic torque and stator flux by the application of 
the optimal voltage vector synthesized from the 
determination of the suitable sequences to be applied to the 
power switches devices of the two-level inverter [17]. The 
principle of the DTC strategy is illustrated in Figure 1. The 
estimated value of electromagnetic torque and stator flux are 
compared with references values using the hysteresis 
comparators [18]. 

 
Figure 1. Block diagram of the DTC control for PMSM. 

The stator flux can be obtained, in a stationary reference frame (α, β), as follows [19, 20]: 
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The stator flux amplitude is given by: 
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The stator flux angle is calculated by: 

2 2
s s sα β= +Φ Φ Φ                                     (8) 

The stator flux angle is calculated by: 
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The stator voltage is calculated by: 

s s sV V Vα β
= +                                       (10) 

And: 
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The stator current is calculated by: 

2

3

1
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
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                              (12) 

With: Is = Isα + j Isβ  
Electromagnetic torque (Te) can be calculated using the 

components of the estimated flux and measured currents: 

3

2
p i iT e s ss sα ββ α = −Φ Φ                        (13) 

The representation of the space voltage vectors of the 
traditional inverter for all switching states is given by Figure 
2. 

 

Figure 2. Two-level inverter vectors representations. 

In traditional DTC a two-level hysteresis comparator is 
used for the stator flux (HSF) and a three-level hysteresis 

comparator for the electromagnetic torque (HET) (See Figure 
3 and Figure 4). Finally, based on the values of constants 
HSF and HET and the position of the stator flux (six region 
control), the inverter switching algorithm is as shown in 
Table 1 [21].  

Table 1. Switching table of traditional DTC control. 

N 
1 2 3 4 5 6 

��� ��� 

1 
1 2 3 4 5 6 1 
0 1 2 3 4 5 6 
-1 6 1 2 3 4 5 

0 
1 3 4 5 6 1 2 
0 4 5 6 1 2 3 
-1 5 6 1 2 3 4 

 
Figure 3. Stator flux hysteresis comparator. 

 
Figure 4. Electromagnetic torque hysteresis comparator. 

4. Seven-level DTC Control 

The DTC strategy is one of the actively researched control 
which is based on decoupled control of torque and stator flux. 
Among all techniques of torque control of PMSM, DTC 
achieves robust and fast torque response without the need of 
speed or position sensors, coordinate transformation, current 
regulators and PWM pulse generation. In this paper, the 
feeding of the PMSM is assured by seven-level NPC inverter. 
However, the NPC inverter is one of the most interesting 
solutions, to increase power levels and voltage. The 
representation of the space voltage vectors of a seven-level 
NPC inverter for all switching states is given by Figure 5. 
Tables 2-5 shows the proposed look-up table for seven-level 
DTC control in terms of the electromagnetic torque 
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hysteresis comparators output, the stator flux hysteresis 
comparator output and the zone (N) of stator flux vector. In 
this proposed DTC algorithm a three-level hysteresis 

comparator is used for the stator flux and a 13-level 
hysteresis comparator for the torque is shown in Figure 6 and 
Figure 7 respectfully. 

 

Figure 5. Space vector diagram of seven-level NPC inverter. 

Table 2. Switching table of seven-level DTC control (N1 to N13). 

N 
1 2 3 4 5 6 7 8 9 10 11 12 13 

HSF HET 

1 

6 27 28 33 37 40 42 48 49 54 58 61 63 69 
5 21 27 28 33 37 40 42 48 49 54 58 61 63 
4 19 21 27 28 33 37 40 42 48 49 54 58 61 
3 16 19 21 27 28 33 37 40 42 48 49 54 58 
2 12 16 19 21 27 28 33 37 40 42 48 49 54 
1 7 12 16 19 21 27 28 33 37 40 42 48 49 
0 6 7 12 16 19 21 27 28 33 37 40 42 48 
-1 126 6 7 12 16 19 21 27 28 33 37 40 42 
-2 124 126 6 7 12 16 19 21 27 28 33 37 40 
-3 121 124 126 6 7 12 16 19 21 27 28 33 37 
-4 117 121 124 126 6 7 12 16 19 21 27 28 33 
-5 112 117 121 124 126 6 7 12 16 19 21 27 28 
-6 111 112 117 121 124 126 6 7 12 16 19 21 27 

0 

6 37 40 42 48 49 54 58 61 63 69 70 75 79 
5 37 40 42 48 49 54 58 61 63 69 70 75 79 
4 33 37 40 42 48 49 54 58 61 63 69 70 75 
3 33 37 40 42 48 49 54 58 61 63 69 70 75 
2 28 33 37 40 42 48 49 54 58 61 63 69 70 
1 28 33 37 40 42 48 49 54 58 61 63 69 70 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-1 100 103 105 111 112 117 121 124 126 6 7 12 16 
-2 100 103 105 111 112 117 121 124 126 6 7 12 16 
-3 96 100 103 105 111 112 117 121 124 126 6 7 12 
-4 96 100 103 105 111 112 117 121 124 126 6 7 12 
-5 91 96 100 103 105 111 112 117 121 124 126 6 7 
-6 91 96 100 103 105 111 112 117 121 124 126 6 7 

-1 

6 48 49 54 58 61 63 69 70 75 79 82 84 90 
5 47 47 50 55 59 62 68 68 71 76 80 83 89 
4 46 46 51 56 56 60 67 67 72 77 77 81 88 
3 45 45 52 52 57 57 66 66 73 73 78 78 87 
2 5 5 8 13 17 20 26 26 29 34 38 41 47 
1 68 68 71 76 80 83 89 89 92 97 101 104 110 
0 26 26 29 34 38 41 47 47 50 55 59 62 68 
-1 88 88 93 98 98 102 109 109 114 119 119 123 4 
-2 89 89 92 97 101 104 110 110 113 118 122 125 5 
-3 90 91 96 100 103 105 111 112 117 121 124 126 6 
-4 84 90 91 96 100 103 105 111 112 117 121 124 126 
-5 82 84 90 91 96 100 103 105 111 112 117 121 124 
-6 79 82 84 90 91 96 100 103 105 111 112 117 121 
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Table 3. Switching table of seven-level DTC control (N14 to N30). 

N 
14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

HSF HET 

1 

6 70 75 79 82 84 90 91 96 100 103 105 111 112 117 121 124 126 
5 69 70 75 79 82 84 90 91 96 100 103 105 111 112 117 121 124 
4 63 69 70 75 79 82 84 90 91 96 100 103 105 111 112 117 121 
3 61 63 69 70 75 79 82 84 90 91 96 100 103 105 111 112 117 
2 58 61 63 69 70 75 79 82 84 90 91 96 100 103 105 111 112 
1 54 58 61 63 69 70 75 79 82 84 90 91 96 100 103 105 111 
0 49 54 58 61 63 69 70 75 79 82 84 90 91 96 100 103 105 
-1 48 49 54 58 61 63 69 70 75 79 82 84 90 91 96 100 103 
-2 42 48 49 54 58 61 63 69 70 75 79 82 84 90 91 96 100 
-3 40 42 48 49 54 58 61 63 69 70 75 79 82 84 90 91 96 
-4 37 40 42 48 49 54 58 61 63 69 70 75 79 82 84 90 91 
-5 33 37 40 42 48 49 54 58 61 63 69 70 75 79 82 84 90 
-6 28 33 37 40 42 48 49 54 58 61 63 69 70 75 79 82 84 

0 

6 82 84 90 91 96 100 103 105 111 112 117 121 124 126 6 7 12 
5 82 84 90 91 96 100 103 105 111 112 117 121 124 126 6 7 12 
4 79 82 84 90 91 96 100 103 105 111 112 117 121 124 126 6 7 
3 79 82 84 90 91 96 100 103 105 111 112 117 121 124 126 6 7 
2 75 79 82 84 90 91 96 100 103 105 111 112 117 121 124 126 6 
1 75 79 82 84 90 91 96 100 103 105 111 112 117 121 124 126 6 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-1 19 21 27 28 33 37 40 42 48 49 54 58 61 63 69 70 75 
-2 19 21 27 28 33 37 40 42 48 49 54 58 61 63 69 70 75 
-3 16 19 21 27 28 33 37 40 42 48 49 54 58 61 63 69 70 
-4 16 19 21 27 28 33 37 40 42 48 49 54 58 61 63 69 70 
-5 12 16 19 21 27 28 33 37 40 42 48 49 54 58 61 63 69 
-6 12 16 19 21 27 28 33 37 40 42 48 49 54 58 61 63 69 

-1 

6 91 96 100 103 105 111 112 117 121 124 126 6 7 12 16 19 21 
5 89 92 97 101 104 110 110 113 118 122 125 5 5 8 13 17 20 
4 88 93 98 98 102 109 109 114 119 119 123 4 4 9 14 14 18 
3 87 94 94 99 99 108 108 115 115 120 120 3 3 10 10 15 15 
2 47 50 55 59 62 68 68 71 76 80 83 89 89 92 97 101 104 
1 110 113 118 122 125 5 5 8 13 17 20 26 26 29 34 38 41 
0 68 71 76 80 83 89 89 92 97 101 104 110 110 113 118 122 125 
-1 4 9 14 14 18 25 25 30 35 35 39 46 46 51 56 56 60 
-2 5 8 13 17 20 26 26 29 34 38 41 47 47 50 55 59 62 
-3 7 12 16 19 21 27 28 33 37 40 42 48 49 54 58 61 63 
-4 6 7 12 16 19 21 27 28 33 37 40 42 48 49 54 58 61 
-5 126 6 7 12 16 19 21 27 28 33 37 40 42 48 49 54 58 
-6 124 126 6 7 12 16 19 21 27 28 33 37 40 42 48 49 54 

 

 

Figure 6. Stator flux hysteresis comparator. 
 

Figure 7. Torque hysteresis comparator. 
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5. Seven-level DTC with ANN Controller 

In order to improve the seven-level DTC performances a 
complimentary use of ANN controller is proposed. The 
principle of neural direct torque control is similar to 
conventional DTC strategy. The difference is using an ANN 

controller to replace the switching table and classical PI 
regulator of speed. As shown in Figure 8. This proposed DTC 
control is simple control scheme and easy to implement. This 
proposed control scheme reduced harmonic distortion of 
stator current, electromagnetic torque and stator flux ripples 
compared to traditional DTC strategy. 

 
Figure 8. Block diagram of the neural DTC for PMSM. 

Table 4. Switching table of seven-level DTC control (N31 to N36). 

N 
31 32 33 34 35 36 

HSF HET 

1 

6 6 7 12 16 19 21 
5 126 6 7 12 16 19 
4 124 126 6 7 12 16 
3 121 124 126 6 7 12 
2 117 121 124 126 6 7 
1 112 117 121 124 126 6 
0 111 112 117 121 124 126 
-1 105 111 112 117 121 124 
-2 103 105 111 112 117 121 
-3 100 103 105 111 112 117 
-4 96 100 103 105 111 112 
-5 91 96 100 103 105 111 
-6 90 91 96 100 103 105 

0 

6 16 19 21 27 28 33 
5 16 19 21 27 28 33 
4 12 16 19 21 27 28 
3 12 16 19 21 27 28 
2 7 12 16 19 21 27 
1 7 12 16 19 21 27 
0 0 0 0 0 0 0 
-1 79 82 84 90 91 96 
-2 79 82 84 90 91 96 
-3 75 79 82 84 90 91 
-4 75 79 82 84 90 91 
-5 70 75 79 82 84 90 
-6 27 28 33 37 40 42 

-1 

6 27 28 33 37 40 42 
5 26 26 29 34 38 41 
4 25 25 30 35 35 39 
3 24 24 31 31 36 36 
2 110 110 113 118 122 125 
1 47 47 50 55 59 62 
0 5 5 8 13 17 20 
-1 67 67 72 77 77 81 
-2 68 68 71 76 80 83 
-3 69 70 75 79 82 84 

N 
31 32 33 34 35 36 

HSF HET 

-4 63 69 70 75 79 82 
-5 61 63 69 70 75 79 
-6 58 61 63 69 70 75 

5.1. ANN Control Based Speed Controller 

The block diagram for neural based proportional-integral 
(PI) regulator is shown in Figure 9. The neural PI (PIN) 
controller design is based on intuition and simulation. The 
training used is that of the retropropagation of Levenberg-
Marquardt (LM). The Table 5 shows the parameters of ANN 
controller. 

 
Figure 9. Neural control of speed regulation. 

Table 5. Parameters of the LM algorithm. 

ParametersoftheLM Values 

Number of hidden layer 8 
TrainParam.Lr 0.02 
TrainParam.show 50 
TrainParam.eposh 300 
Coeff of acceleration of convergence (mc) 0.9 
TrainParam.goal 0 
TrainParam.mu 0.9 
Functions of activation Tensing, Purling, gensim 

Such a neural controller contains three layers: input layers, 
hidden layers and output layers. Each layer is composed of 
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several neurons. The block diagram of the ANN controller of 
the speed regulation is given by Figure 10. The structure of 

layer 1 and layer 2 is shown in Figure 11 and Figure 12 
respectively. 

 

Figure 10. Block diagram of the neural speed regulator. 

 

Figure 11. Layer 1. 

 

Figure 12. Layer 2. 

5.2. ANN Based Switching Table 

In the conventional DTC strategy, stator flux and 
electromagnetic torque can be directly controlled by using 
hysteresis comparators and switching table. In this approach, 
we replaced the switching table by a single ANN controller 
with stator flux hysteresis comparator, torque hysteresis 
comparator and sector as inputs. The switching (Sa, Sb and 
Sc) of the inverter will be the control output. The proposed 
ANN controller is the retropropagation of Levenberg- 
Marquardt (LM). The parameters of the LM algorithm is 
shown in Table 6. The structure of neural switching table is 
illustrated in the Figure 13. 

Table 6. Parameters of the LM for switching table. 

Parameters Values 

Number of hidden layer 30 
TrainParam.Lr 0.02 
TrainParam.show 50 
TrainParam.eposh 3000 
Coeff of acceleration of convergence (mc) 0.9 
TrainParam.goal 0 
TrainParam.mu 0.9 
Functions of activation Tensing, Purling, gensim 

 
Figure 13. Blockdiagramoftheneuralswitchingtable. 

6. Simulation Results 

The simulation results of seven-level DTC-ANN with 
neural speed controller (DTC-ANN-PIN) of sensorless 
PMSM are compared with traditional DTC (DTC-2N) 
strategy. The performance analysis is done with harmonic 
distortion of stator current, sector, torque, flux and speed. 
The stator flux and torque references used in the simulation 
results of the classical DTC and DTC-ANN with the neural 
speed controller are 0.3 wb and 5 N.m→-5 N.m respectively. 
The machine is running at 100 rad/s→-90 rad/s→100 rad/s.  

The PMSM used in this case study is a 1,5Kw, 220/380V, 
three poles, 50Hz, with the following parameters: Rs= 1.4Ω, 
Lq=0.0066 H, Ld=0.0058 H, Ѱf=0.1546 Wb.  

The system has the following mechanical parameters: J = 
0.00176 Kg.m2, fr= 0.00038818 Nm/s.  

Output
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A. Reference tracking test (RTT) 
Figures 20-21 shows the THD of stator current of the 

PMSM obtained using FFT (Fast Fourier Transform) method 
for conventional DTC strategy and seven-level DTC-ANN 
with neural speed controller one respectively. It can be 
clearly observed that the THD is minimized for seven-level 
DTC-ANN-PIN when compared to conventional DTC 
control scheme. Table 7 shows the comparative analysis of 
THD value.  

For the conventional DTC strategy and seven-level DTC-
ANN with PIN controller, the speed, stator flux and 
electromagnetic torque, tracks almost perfectly their 
references values (see Figures 14-16).  

Electromagnetic torque response comparing curves are 

shown in Figure 17. See figure the torque ripple is 
significantly reduced when the seven-level DTC-ANN with 
neural speed controller is in use.  

Figure 18 shows the flux responses of both the 
conventional DTC strategy and seven-level DTC-ANN with 
PIN controller. It is found that the proposed DTC exhibits 
smooth response and lesser ripple in flux as compared to the 
conventional DTC strategy and three-level DTC control 
scheme in ref. [22].  

Table 7. Comparative analysis of THD value (RTT). 

 
THD (%) 

DTC DTC-ANN-PIN 

Stator current 22.26 11.77 

 

Figure 14. Speed. 

 

Figure 15. Torque. 

 

Figure 16. Stator flux. 

 

Figure 17. Sector. 
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Figure 18. Zoom in the torque. 

 

Figure 19. Zoom in the stator flux. 

 

Figure 20. Spectrum harmonic of stator current (DTC). 

B. Robustness test (RT) 
In this section, the nominal value of the Rs is multiplied by 

2, the values of inductances Ld and Lq are multiplied by 0.5. 
Simulation results are presented in Figures 22-27. As it’s 
shown by these figures, these variations present an apparent 

effect on the stator flux and electromagnetic torque curves 
and that the effect appears more significant for the 
conventional DTC strategy compared to seven-level DTC-
ANN control with neural speed controller (See Figures 26-
27). 

 

Figure 21. Spectrum harmonic of stator current (Seven-level DTC-ANN-

PIN). 
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Figure 22. Speed. 

 

Figure 23. Torque. 

 

Figure 24. Stator flux. 

 

Figure 25. Sector. 

 

Figure 26. Zoom in the torque. 
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Figure 27. Zoom in the stator flux. 

7. Conclusion 

In this paper, the seven-level neural DTC with neural PI 
controller is presented and it is compared with traditional 
DTC control. The simulation results obtained for the 
proposed control scheme illustrate a considerable reduction 
in electromagnetic torque ripple, harmonic distortion of stator 
current and stator flux ripple compared to the conventional 
DTC utilizing two-level inverter and even compared with 
results presented in other recent works such as [14] and [22].  
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