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In this work, the direct torque control (DTC) is applied to the five-phase permanent
magnet synchronous motor (FP-PMSM). The DTC method based on classical space
vector pulse width modulation (SVPWM) is a common solution used to overcome
traditional problems; such as stator flux ripple, electromagnetic torque ripple and gives
more total harmonic distortion (THD) of the stator current. The actual paper is based on
improving the performance of DTC-SVPWM by using the feedforward neural networks

(FNNs) instead of the proportional-integral (PI) regulators and hysteresis comparators
(HCs) of the conventional SVPWM strategy. This algorithm can solve the traditional Pl
regulators and HCs problems which are represented in responses dynamic and reduce the
torque ripple, flux ripple, and the THD of stator current of FP-PMSM drives. The
proposed strategy was tested in different tests with simulation using Matlab software.

1. INTRODUCTION

In multi-phase motors (MPMs), the five-phase permanent
magnet synchronous motor (FP-PMSM). It is the most used
and famous. This type of motor provides greater torque than
conventional electric motors. Among the characteristics of
these electric motors, we mention: lowering of the stator
current per phase, reduced electromagnetic torque ripples,
improved fault tolerance, greater efficiency, and minimized
stator flux ripples compared to three-phase PMSMs (TP-
PMSMs) [1, 2]. Despite these positives, the FP-PMSMs are
quite large, and controlling it is very difficult compared to
TP-PMSMs.

To control electrical machines there are several different
types of controls. The most famous of them is direct torque
control (DTC). This strategy was first introduced to control
induction motors in the early 1980s. Among the
characteristics of this type is that it is very simple and
inexpressive materials and improves the performances of the
electric motor. Compared with the field-oriented control
(FOC), the DTC control is best in all respects. However, this
method has several disadvantages, as is all other controls.
Among its drawbacks are the following: frequent
electromagnetic torque and stator flux ripples, the values of
total harmonic distortion (THD) are great, fall in
electromagnetic torque in the event of low frequencies and it
is affected by the change of the parameters of the electric
motor [3, 4]. Several articles addressed the negatives of the
DTC method, using the latest technologies. Among these
new technologies, we mention the following: fuzzy logic
(FL), sliding mode controller (SMC), multi-level inverter
(MLI), space vector pulse width modulation (SVPWM),
artificial neural networks (ANNS), super-twisting sliding
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mode algorithm (STSM), adaptive-network-based fuzzy
inference system algorithm (ANFIS), Second-order sliding
mode control (SOSMC) and genetic algorithm (GA).

A new DTC control based on the ANN controller was
proposed to control the induction motor (IM) [3]. The seven-
level hysteresis comparator (HC) of the DTC control was
proposed based on the ANN [5]. A new DTC method was
proposed to regulate the stator flux and electromagnetic
torque of IM drives, where the switching table (ST) is
replaced by the ANN algorithm and the proportional-integral
(P1) controller of speed was replaced by the FL controller [6].
This proposed method is robust and reduced the THD value
of stator current compared to classical DTC. DTC control of
PMSM was proposed for low-speed operation [7]. The 3-
phase IM drive is controlled by sensorless DTC control using
the ANN selector table [8]. Four-level DTC-ANN control
based on the ANFIS controller of speed is designed to control
the IM drives [9]. A novel DTC strategy using STSM was
proposed to control a DFIG [10]. SMC algorithm and FL
controller are combined to minimize the torque and stator
flux ripple of the IM controlled by DTC control [11]. The
neural DTC-STSM method is proposed to regulate the active
and reactive powers of the DFIG based wind turbines [12].
Five-level DTC control based on fuzzy logic is proposed to
control the IM drives, where the torque HC was replaced by
the fuzzy controller. This proposed strategy is a simple
structure and minimizes the torque ripple compared to the
traditional DTC control [13]. DTC with neural ST minimized
the torque ripples of IM compared to DTC with fuzzy PI of
speed and DTC method with neural HCs [14]. Speed control
of FP-PMSM through fractional integral terminal sliding
mode control (FITSMC), SMC, and PI controller is presented
[15]. The authors [16] propose a DTC-ANN method with
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ANFIS controller of speed for IM fed by 3-level NPC
inverter, where a comprehensive analysis is provided. A
hybrid control was proposed based on ANN and ANFIS of
the DTC to control IM [17]. The authors [18] propose a Dual
DTC for DFIM using ANN. A novel STs of 12 sectors DTC
was proposed for IM drive [19]. Four-level DTC based on the
ANN algorithm was proposed to control 3-phase PMSM
using neural PI of speed [20].

On the other hand, some papers deal with DTC of MPMs,
among them: a novel DTC method is proposed to control
five-phase induction motor (FPIM) using open-phase fault
[21]. Classical DTC strategy is proposed to regulate the stator
flux and electromagnetic torque of the FPIM drives [22].
DTC strategy with common-mode voltage is proposed to
minimize the current harmonics of FPIM [23]. A modified
DTC strategy was proposed to control FPIM drives [24].
DTC method and FL controller are combined to regulate the
torque of FPIM [25]. The FPIM drive is controlled by the
DTC-SVM method using the MRAS estimator [26]. ANNs
algorithm and DTC-SVM method are combined to regulate
the flux/torque of FPIM, where the PI controllers of the
DTC-SVM are replaced by ANN algorithms and this
proposed DTC control improved 17% the performances of
FPIM compared to DTC with PI controllers [27]. DTC
method with a sinusoidal stator current waveform was
proposed to regulate the current of FP-PMSM [28]. DTC
technique with load capacity enhancement was proposed to
control FP-PMSM drives [29]. DTC technique with
optimized vector tables of FP-PMSM is introduced [30].
Modified ST of DTC strategy controlled six-phase PMSM
drives [31]. DTC-SVM strategy was proposed to control the
FP-PMSM by using the biogeography based optimization
(BBO) algorithm [32].

In this work, the DTC-SVPWM system with the
application of the feedforward neural networks (FNNs)
algorithms has been considered. The original contribution of
this work is the application of the FNN algorithms in the
DTC-SVPWM system with FP-PMSM and simulation
investigation of this new structure.

This work is divided into seven sections. The 5-phase
neural SVPWM strategy has been discussed in Section 2. In
Section 3, the classical DTC method of the FP-PMSM s
described. In Section 4, the DTC-SVPWM technique is
presented. Section 5 deals with the description of the DTC-
SVPWM technique with the application of FNN algorithms.
Simulation studies are presented and discussed in Section 6.
The work is concluded with a summary.

2. FIVE-PHASE NEURAL SVPWM STRATEGY

The SVPWM technique is based on the principles of the
spatial vector for the control of pulse width modulation
(PWM) and requires a calculation of the sector and time
duration [33]. It is mainly used for AC machines. In this
paper, we propose a simple strategy of five-phase SVPWM
based on calculating the voltages min, max (Va, Vb, V¢, Vd,
and Ve) and find the switching states. Figure 1 shows the
principle of the five-phase SVPWM strategy of the 2-level
inverter. On the other hand, a new SVPWM strategy based
on FNN (NSVPWM) is proposed to control the 2-level
inverter of the FP-PMSM. The principle of the NSVPWM
strategy is similar to the conventional SVPWM technique
simplified [34]. The difference lies in replacing the HC with
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a neural controller. Figure 2 shows the principle of the five-
phase NSVPWM strategy. This proposed NSVPWM strategy
reduced the flux ripples, torque ripples and the THD value.
The FNNs algorithm consists of 3 layers: hidden layers (HL),
input layers (IL) and output layers (OL). Each layer is made
up of several neurons [34].
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Figure 1. Five-phase SVPWM strategy
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Figure 2. Five-phase NSVPWM strategy

To make the five-phase NSVPWM strategy, we used the
gradient  descent w/momentum & adaptive LR
backpropagation (W/MALRB). This technique is a network
learning function that updates bias and weight values
according to gradient descent with an adaptive training rate.
Figure 3 shows the structure of the FNNs of HC used in the
Five-phase NSVPWM technique, which consists of 8
neurons in the HL, neurons in the OL, and a linear input node.

The gradient descent W/MALRB has 2 layers, layer 1, and
layer 2. The HL is given in Figure 4. The parameters of the
gradient descent W/MALRB algorithms are shown in the
Table 1.

—O——

Input  Process Input 1 Layer 1

O

a{1}
Layer 2
Process Output 1 Output

a{1}

Figure 3. Structure of FNNSs of the HC
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Figure 4. Structure of the hidden layer

Table 1. Parameters of the gradient descent W/ MALRB
algorithm

Parameters Values
TrainParam.eposh 600
Functions of activation Tensing, Purling, gensim

Number of layer 1 1

Number of layer 2 1
Number of hidden layers 1
Number of neurons in layer 1 2
Number of neurons in layer 2 1
Number of neurons in HL 8
Performances Mean Squard Error (mse)
TrainParam.mu 0.8
Coefficient of acceleration of 0.9
convergence (mc)
TrainParam.Lr 0.005

TrainParam.goal 0
TrainParam.show 50

3. CONVENTIONAL DTC TECHNIQUE

Traditionally, DTC control is robust and simple control
scheme used to control any machines. This strategy of
control is based on the ST to control the inverter. The latter
feeds the electric motor. In our article, we will pay attention
to FP-PMSM. In DTC control, we use the 3-level HCs to
control the torque and 2-level HCs to control the stator flux.
The sector level is 10. On the other hand, mathematical
equations of an FP-PMSM are expressed in the park
reference (d-q-x-y) [2]:

The stator voltage:

Vi = Rslxs +aq)xs (1)
. d

Vys _Rslys Eq)ys
. d

Vos = RSIOS +aq)so
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The magnetic equations:

Dy = Lyig +
as = Lalgs
D, =L, 2)
D=Ly,
@, = L,

For the FP-PMSM, the expression of the electromagnetic

torque is:
5 . .
Tem ZEP((Ld - Lq)ldslqs +¢f|qs) (3)
The dynamic equation is:
J aw, = pT,, — pT, — fw, 4)

dt

The main objective of the DTC strategy is to directly
control @; and Tem. The flux and torque are controlled
quantities. The errors between the reference values (&s* and
Tem*) and the actual values (®s and Tem) are introduced into
two HC which determine the switching state of the switch. In
classical DTC method, the switching table of multi-phase
machine is proposed by Listwan and Krzysztof [26]. This
table contains the error flux ¢®s, the error torque &7em, and
the sector number (Ss,..S10). The optimal vector stator voltage
of the FP-PMSM is presented in Table 2 [35].

Table 2. Switching table of the classical DTC of FP-PMSM

e®Ds elTem S1 S22 S3 S4 S5 Se& S7 Sg S9  Sw
-1 17 25 24 28 12 14 6 7 3 19
1 1 24 28 12 14 6 7 3 19 17 25
0 0 313 0 3@ 0 31 0 31 0 31
-1 7 3 19 17 25 24 28 12 14 6
0 1 14 6 7 3 19 17 25 24 28 12
0 3. 0 33 0 31 0 3 0 31 0

The stator flux components can be written by the stator
currents and the voltage in the reference frame (a, B):

®, = [(v,~Rii, it

, )
@, = I(Vﬁ_RSIﬁ)jt
The amplitude of the stator flux is determined by:
O, =D+, (6)

The torque formula of the FP-PMSM is expressed in terms
of flux and stator current as:

5 . .
T =>P(@,i, ~0,i,) ™

Position of the stator flux:



)
9, =tan" L
(O}

a

®)

4. DTC METHOD WITH SVPWM STRATEGY

The disadvantage of the traditional DTC command is the
use of the ST and the CHs. To improve the performance of
this control technique, we offer a new control structure based
on SVPWM simplified. This proposal consists of replacing
the CHs and the ST by 2 PI regulators and an SVPWM
algorithm.

The block diagram of the DTC-SVPWM applied to FP-
PMSM is shown in Figure 5.

|—|E
Vs X ] = ¢ = -
* y J—> S Ss
s —P®—P E > S V= S%=
Tem* 1 Vys S P =S 4@
== ==
, Fabcde |l M = Se = -
; s DAL abcde<J E
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< af
D Tems Ds i =
Sector |- abcdel
Tem /< Iy af
Five-phase
E 4—? PMSM
w, W

Figure 5. Diagram of DTC-SVPWM of the FP-PMSM

The stator flux equations of the FP-PMSM in the
stationary reference x,y frame are expressed as [35]:

VXS = RSiXS +%(DS
p ©)
Ve = Rslys +acl)S

The torque can be expressed as:

T =§pCDi

em =5 PPy (10)
From (9) and (10), the flux and torque of the FP-PMSM
can be expressed as:

EQS =VXS
dt

T

em

—R,i

S XS

; an
pch(Vys _Wrch)

2R

S

In this control structure, the Ten" value and the amplitude
of &;" are compared respectively to the Tem and @ values.
The error flux @ and the error torque ¢7en are sent to the Pl
regulators, which generate the voltage components (Vys, Vys).

5. NDTC-NSVPWM STRATEGY OF THE FP-PMSM

DTC using PI regulators is a traditional technique used to
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control FP-PMSM. However, PI regulators for application to
an FP-PMSM have some drawbacks, where this technique
gives more flux and torque ripples and thus reduces the
robustness of the system. The VC technique based on the
hybrid control of an FP-PMSM has been proposed [36],
where the PI controller of the speed of an FP-PMSM has
been replaced by an FLC and SMC controller. The DTC
based on an SVM using the FL algorithm is proposed to
minimize the flux and torque ripple of the FP-PMSM [37].
The authors [35] used a DTC-SVM technique for the FP-
PMSM drive, where the PI controllers of the speed are
replaced by SMC algorithms and this proposed DTC control
improved the performances of systems compared to DTC
with PI controllers.

In this part, the DTC based on the FNNs of the FP-PMSM
drive was proposed, where the SVPWM was replaced by the
NSVPWM technique and the PI regulators of the flux, speed
and torque were replaced by the FNNs algorithm. This
proposed new DTC structure is a simple command and easy
to implement. The block diagram of the NDTC-NSVPWM
applied to FP-PMSM is shown in Figure 6.

The structure of the FNNs controller is shown in Figure 7.
On the other hand, the gradient descent W/MALRB
characteristic and the training performance of the rotor speed
are shown in Figure 9 and Figure 10. The FNNs consists of
an IL comprises 02 neurons (See Figure 8); one HL has 06
neurons (See Figure 11), and an OL 01 neuron (See Figure
12).
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Figure 6. Block diagram of the NDTC-NSVPWM applied to
FP-PMSM
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Figure 7. Block diagram of FNNs
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6. SIMULATION RESULTS

The simulation model is developed in a Matlab/Simulink.
The FP-PMSM parameters are as follows: P=2, R=0.7 Q,
f=0.005 Nm/rad.s, #+=0.5 web, J= 0.0025 Kg/m?, Lq=0.0018
H, Ls=0.0042 H [35]. Three control structures: NDTC-
NSVPWM, DTC-SVPWM and DTC-ST are compared and
discussed to test the robustness and performance of the
system.

6.1 Performance tests

To test the performance of the proposed DTC strategy for
FP-PMSM, we apply a resistance torque T, =10 Nm at t =
[0.2s, 0.4s]. The reversal of rotation from 150 rad/s to -50
rad/s at t=0.6s. In Figure 13, the proposed control schemes
response time is very fast compared to the DTC-SVPWM
and DTC-ST control. Besides, a speed disturbance rejection
(approximately 3% of NDTC-NSVPWM method).
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Figure 13. Rotation speed

Figure 14 illustrates that the Tem returns to ON.m at the end
of the transitory mode. For the proposed DTC strategy, we
also observe that when the introduction of a T, at t=0.2s the
Tem follows its reference value and reduced torque ripple
compared to DTC-SVPWM and DTC-ST. A comparative
study is presented in Table 3.
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Figure 14. Electromagnetic torque



Table 3. Amplitude of ripples

NDTC-NSVPWM DTC-SVPWM DTC-ST

Torque 8.9-10.7 8-12.1 6.2-13.6

ripples (1.8 Nm) (4.1 Nm) (7.4 Nm)
Flux 0.398-0.401 0.397-0.403 0.393-0.407

ripples (0.003 Wh) (0.006 Wh) (0.014 Whb)

Figure 15 shows the stator flux response. The NDTC-
NSVPWM method can reduce flux ripples and improve
system performance (see Table 3). The trajectories in the a-f3
axis of the stator flux vector for the three strategies are
presented in Figure 16.
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Figure 15. Stator flux
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Figure 16. Trajectories in o-f axis of the stator flux vector
when: (a) DTC-ST, (b) DTC-SVPWM, (c) NDTC-

NSVPWM
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Figures 17-19 represents the THD of the one phase stator
current of FP-PMSM using the FFT method for the three
strategies. We can clearly see that THD is minimized using
the NDTC-NSVPWM (THD=9.49%) compared to DTC-
SVPWM (THD=17.43%) and DTC-ST (THD=27.37%).



6.2 Robustness test

To evaluate the robustness of the proposed DTC strategy,
the nominal value of the Lq and Lq are reduced by 30%, J,and
Rs are increased by 150%. The results of the simulation are
represented in Figures 20-25. These variations have a clear
effect on electromagnetic torque, stator flux, and speed
response. The effect appears to be greater for the DTC-
SVPWM and the DTC-ST technique compared to the NDTC-
NSVPWM method (see Table 4). On the other hand, the
THD value of stator current in the NDTC-NSVPWM strategy
has been greatly reduced. A comparative study is presented
in Table 5. Thus, it can be concluded that the NDTC-
NSVPWM strategy is more robust than the DTC-SVPWM
and the DTC-ST technique.
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Figure 25. Phase a current THD (NDTC-NSVPWM)

Table 4. Amplitude of ripples

NDTC- DTC-
NSVPWM SVPWM DTC-ST
Torque 8.7-10.9 75-12.9 4.2-156
ripples (2.2 Nm) (5.4 Nm) (11.4 Nm)
0.389-
Flux rioples 0.397-0.402 0.395-0.405 0.410
PP (0.005 Wh) (0.010 Wb) (0.021
Wb)
Table 5. Comparative of THD [%]
THD [%]
NDTC- DTC- DTC-
NSVPWM SVPWM ST
Stator 10.04 20.52 37.54
current

7. CONCLUSIONS

In this work, a novel structure of DTC based on FNNs of
the FP-PMSM drive fed by an NSVPWM inverter is
presented. The proposed control design to improve the
performance and robustness of the DTC method. The
simulation results confirmed the good static and dynamic
performance, the reduction of stator flux ripples, torque
ripples, and robustness of the proposed control structure
compared to the DTC-SVPWM and conventional DTC.
Indeed, we proposed a new modulation 5-phase NSVPWM
strategy; it was clear in the stator current THD that the use of
the NSVPWM minimizes the THD more and more than the
traditional SVPWM and PWM technique. Therefore, the
NDTC-NSVPWM structure is simple and easy to implement.
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NOMENCLATURE

FP-PMSM Five-phase permanent magnet synchronous

motor

DTC Direct torque control

NDTC Neural direct torque control

ANN Artificial neural network

W/MALRB gradient descent W/momentum & adaptive
LR backpropagation

SVPWM Space vector pulse width modulation

FNNs Feedforward neural networks

NSVPWM Neural space vector pulse width modulation

THD Total harmonic distortion

Pl Proportional-Integral

Rs Stator resistance

Vs Stator voltages

Lg, Lg stator inductance in d and q axis

ot Magnetic flux

is Stator currents

f Viscous damping

p Number of pairs poles

Ly Ly x and y axis stator inductance
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J Inertia moment

Greek symbols

Tem Electromagnetic torque
s Position of the stator flux
T, Load torque

Ds Stator flux

O Electrical angle
APPENDIX

1. Block diagram of the SVPWM

The block diagram of calculating the maximum and
minimum voltages is shown in Figure 26.
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Figure 26. Block diagram of calculate the voltages





