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Abstract. This paper deals with an independent con-
trol of two parallel-connected five-phase induction ma-
chines (FPIM) fed by NPC three-level inverter. In
effect a direct torque control (DTC) of two parallel-
connected FPIMs has been developed to ensure a simple
and fast decoupled control over the stator flux and elec-
tromagnetic torque and high performance in event of
machine parameters disturbances. However, DTC suf-
fer from the torque and flux ripples due the hysteresis
controllers. In this context, an intelligent DTC based
on Artificial Neural Network (ANN) has been proposed
to minimize the stator flux and electromagnetic torque
ripples in a steady and transient states and therefore
reduction of the stator current harmonic THD. hence,
Intelligent ANN hysteresis controllers and switching ta-
ble of the DTC have been incorporated to select the op-
timum voltage vector of the NPC-VSI to be applied in
the control of two parallel-connected FPIM. Moreover,
a virtual current sensor (VCS) approach is proposed to
configure a fault-tolerant control scheme (FTC). The
effectiveness of the proposed (DTC-ANN) and the FTC
have been checked by an intensive simulation in differ-
ent operating conditions.

Keywords

Two-machine parallel connected drive, direct
torque control (DTC), five-phase induction
machine (FPIM), artificial neural network
(ANN), fault-tolerant control (FTC), virtual
current sensor (VCS).

1. Introduction

Regarding to reliability, reduced cost and high perfor-
mance, AC machines drives are widely used in indus-
trial applications such as: EV traction, ship propul-
sion systems, pump extruder, and locomotive traction.
Thus, many papers are interested in multiphase AC
machine drives, particularly five-phase induction ma-
chines (FPIM), due to the improved magnetic mo-
tive force (MMF) waveforms, high efficiency, lower
losses, and torque enhancement. Moreover, the FPIM
presents a promising solution in fault-tolerant opera-
tion [1–3].

Generally, the FPIMs are fed by a single volt-
age source inverter (VSI). For two parallel-connected
FPIMs, one voltage source inverter (VSI) can ensure
independent control. The vector control scheme uses
only two current components while using the remaining
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components, resulting from harmonic components, to
control the other machine with a proper phase trans-
position [4–8]. However, vector control suffers from
machine parameter variations.

In term of power electronics, power inverters are the
most crucial part of AC machine drives because of their
wide operating range. However, conventional two-level
inverters are limited, especially in high-power appli-
cations. The three-level neutral-point-clamped (TL-
NPC) inverter is the most widely accepted multi-level
topology for high-power and medium-voltage applica-
tions due to its inherent advantages, such as low stress
on power semiconductor switches and low total har-
monic distortion in current and voltage [9]. Due to
these advantages, TL-NPC inverters are also suitable
for multiphase machine drives. Various studies have
been reported in the literature for five-phase induc-
tion machine drives based on the TL-NPC inverter
to provide better power quality and increased effi-
ciency. These characteristics make them suitable for
adjustable-speed drives. Regarding to these advan-
tages, this paper proposes the three-level neutral-point-
clamped (TL-NPC) to fed the two-machine FPIM par-
allel connected drive.

In this context, the direct torque control DTC can
be providing decoupled flux and torque control of the
IM with high performance [10]. For this, hysteresis
controllers (HCs) are used [11]. Thus, the electromag-
netic torque and stator flux are kept in their prede-
fined hysteresis bands (HB). Nevertheless, the stator
flux and electromagnetic torque present more ripples
caused by the non-linear nature of the used HCs which
lead to higher harmonic content and mechanical vibra-
tion [11], [12] and [13].

Consequently, several techniques were investigated
to enhance the DTC by integrating artificial neural
networks (ANN) to replace the hysteresis controllers
(HCs) and the switching table (ST) [14–18]. Thus,
the ANN approach allows the optimum selection of
the voltage vector (VV) applied to the FPIM to en-
sure a high dynamic response, significantly reduce the
electromagnetic torque and flux ripples, and, therefore,
minimize the stator current harmonic.

On the other hand, sensorless and fault-tolerant con-
trol (FTC) for AC machines has become more recom-
mended in the literature due to hazardous operating
conditions that lead to current (CS) and speed sensor
failures, the most frequent type of failure for measure-
ment equipment. This latter can deteriorate the per-
formance of any vector control scheme, causing a loss
of accurate measurements of the state variables, the
stator flux, and electromagnetic torque [19].

The current sensor fault tolerant control (CS-FTC)
strategies in the literature can be grouped into hard-
ware and software solutions. Nevertheless, the first so-

lution whose functionality is based on the redundancy
of the CS or implementing additional equipment, i.e.,
shunt resistor [20, 21], is associated with higher com-
plexity, size, and cost [19]. On the other hand, soft-
ware solutions for current reconstruction are more at-
tractive, and a virtual current sensor (VCS) can be
implemented to replace the CS [22,23]. The VCS algo-
rithm is based on the machine model and DC link volt-
age measurement [19]. Furthermore, the DTC relies on
an open-loop estimator for the state variables estima-
tion. However, this latter especially during low-speed
operation suffers from integration problems. There-
fore, several sensorless control schemes have been de-
veloped to tackle the aforementioned drawback such
as sliding mode observer [24], model reference adap-
tive system [25], and extended Kalman filter [6]. In
this paper, a simple method is is discussed based on
the reconstructed stator currents, the machine’s state
variables, stator flux, electromagnetic torque, and rotor
speed, can be estimated, ensuring a complete sensorless
control for post-fault operation.

In this context, this paper presents FTC sensorless
ANN-based direct torque control DTC-ANN for two
parallel-connected FPIMs with a machine’s state vari-
ables reconstruction method. The developed control
can improve the stator flux and electromagnetic torque
performance in a steady and transient state, reduce the
stator flux and electromagnetic torque ripples and en-
sure a fault-tolerant control operation in event of cur-
rent sensor failure.

In this paper, the developed control is structured
in the following section: 1) mathematical modelling of
the developed system, 2) independent DTC of the dual-
machine, 3) intelligent DTC based on artificial neural
networks scheme, 4) sensorless control and 5) results
validation.

2. Parallel connected
multi-machine drive
modelling

Figure 1 illustrates the diagram of the two parallel-
connected five phase induction motors (FPIMs)
drive.The topology of the power converter is a three-
level voltage source inverter (THL-VSI) with 243
(35)possible sequence combinations (240 active and
three zeros VVs) [24]. The switching function for
these VVs is denoted by S=[SA, SB , SC , SD, SE ]T ,
where Si= 2 or 0 or 1, as state 2 denotes switch-
ing "ON" of the two upper semiconductor switches
(SA1,2, SB1,2, SC1,2, SD1,2 & SE1,2). On the other
hand, state 0 denotes turning "ON" the two lower
switches (SA3,4, SB3,4, SC3,4, SD3,4 & SE3,4); mean-
while, state 1 denotes turning "ON" only the two mid-
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dle switches (SA2,3, SB2,3, SC2,3, SD2,3 & SE2,3). The
expression of the pole voltage to the midpoint of the
dc-link for phase A as an example is:

VAZ =
SA − 1

2
Vdc, (1)

As for the phase voltages to the neutral point are
expressed as:

VAN

VBN

VCN

VDN

VEN

 =
2

5


4 −1 −1 −1 −1
−1 4 −1 −1 −1
−1 −1 4 −1 −1
−1 −1 −1 4 −1
−1 −1 −1 −1 4



VAZ

VBZ

VCZ

VDZ

VEZ

 , (2)

The following formulas map the VVs represented by
their switching combinations into and subspaces (see
Fig. 2) [5]:

V inv
αβ1 =

2

5
(V inv

AN + V inv
BN ej2π/5 + V inv

CN ej4π/5

+ V inv
DN ej6π/5 + V inv

EN ej8π/5)

V inv
αβ2 =

2

5
(V inv

AN + V inv
CN ej2π/5 + V inv

EN ej4π/5

+ V inv
BN ej6π/5 + V inv

DN ej8π/5)

, (3)

The two FPIMs have five windings spatially shifted
by 72 electrical degrees. The zero sequence voltages are
not considered since the two FPIMs are star-connected.

The phase transposition shown in Fig. 1 between the
terminals of the second machine and the inverter allows
for independent control of each one of the motors in the
drive.

The following is the relation between the voltages
and currents of the THL-VSI and the two motors:

VABCDE =


V inv
AN

V inv
BN

V inv
CN

V inv
DN

V inv
EN

 =


VSA1 = VSA2

VSB1 = VSC2

VSC1 = VSE2

VSD1 = VSB2

VSE1 = VSD2

 , (4)

iABCDE =


iinvAN

iinvBN

iinvCN

iinvDN

iinvEN

 =


iSA1 + iSA2

iSB1 + iSC2

iSC1 + iSE2

iSD1 + iSB2

iSE1 + iSD2

 , (5)

For the five-phase AC machines drive, Clark’s trans-
formation matrix describes the state variables in two
orthogonal subspaces and zero sequence components
[5].

[
C
]
=

2

5


1 cos(ϑ) cos(2ϑ) cos(3ϑ) cos(4ϑ)
0 sin(ϑ) sin(2ϑ) sin(3ϑ) sin(4ϑ)
1 cos(2ϑ) cos(4ϑ) cos(ϑ) cos(3ϑ)
0 sin(2ϑ) sin(4ϑ) sin(ϑ) sin(3ϑ)
1/2 1/2 1/2 1/2 1/2

 ,

(6)

where: ϑ = 2π/5. By applying Clark’s transformation
matrix to Eq. (4) and Eq. (5), the two machines stator
voltages and currents are expressed in the αβ1 and αβ2
planes as follows [8] and [25]:

VABCDE =


V inv
α1

V inv
β1

V inv
α2

V inv
β2

V inv
0

 = [C]V inv
ABCDE


vs1α1 = vs2α2
vs1β1 = −vs2β2
vs1α2 = vs2α1
vs1β2 = −vs2β1

0

 ,

and

iABCDE =


iinvα1

iinvβ1

iinvα2

iinvβ2

iinv0

 = [C]iinvABCDE


is1α1 + is2α2
is1β1 − is2β2
is1α2 + is2α1
is1β2 + is2β1

0


(7)

The obtained model of each of the FPIM in the sta-
tionary reference frame, under the same assumptions
as the three-phase machine, is as follows [8, 27]:

vinvs1αβ1 = Rs1is1αβ1 + Lsl1
dis1αβ1

dt + Lm1
dir1
dt

= Rs2is2αβ2 + Lsl2
dis2αβ2

dt

vinvs2αβ2 = Rs2is2αβ2 + Lsl2
dis2αβ2

dt + Lm2
dir2
dt

= Rs1is1αβ1 + Lsl1
dis1αβ1

dt

0 = Rrxirx + Lrx
dirx
dt + Lmx

disxαβx

dt − jω(Lmx

isxαβx + Lrxirx)

,

(8)

It is clear that the model obtained for each of the
FPIMs in the stationary reference frame is under the
same assumptions as the three-phase motor.

In addition, the expression of the stator flux linkages,
module, and position:

ϕsxαβx =
∫
(vsαβx −Rsxisxαβx) dt

ϕsx =
√
ϕ2
sxαx + ϕ2

sxβx

θsx = tan−1(
ϕsxβx

ϕsxαx
)

, (9)

The electromagnetic torque expression:

Temx =
5Px

2
(ϕsxαxisxβx − ϕsxβxisxαx), (10)

The mechanical equations:

jx
dωmx

dt
= Temx − TLx − fxωmx, (11)

Where: x = (Machine 1 or Machine 2), Vsαβj stator
voltages, isαβj stator currents, ϕsα, ϕsβ stator flux link-
ages, ir rotor currents, Rs stator resistance, Lsl stator
leakage inductance, Lm mutual inductance, Rr rotor
resistance, ω rotor electrical speed, ωm rotor mechani-
cal speed, Tem electromagnetic torque, TL load torque,
p pair poles, J moment of inertia, f viscous friction co-
efficient.
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Fig. 1: Circuit topology of two symmetrical FPIM Parallel connected fed by single THL-VSI.

(a)

(b)

Fig. 2: Voltage Vectors of the three Level-voltage source in-
verter: (a) VVs mapped in αβ1 plan and (b) VVs
mapped in αβ2 plan.

3. Direct torque control

Figure 3 illustrates the schematic diagram of the DTC
algorithm used to control the two-machine drive. The
DTC algorithm exploits the laws of instantaneous
space vector theory to achieve the desired control over
the machine’s stator flux and electromagnetic torque
[11]. Two distinct DTC controllers are used for each
FPIM to maintain independent control over the two-
machine drive and the decoupling between the stator
flux and electromagnetic torque.

As stated above, the primary working principle of
DTC lies in selecting the optimal VV to meet the stator
flux and electromagnetic torque requirements following
four steps. The two first steps are identical for the two
machines:

3.1. Stator flux and electromagnetic
torque estimation

Based on the stator voltage model of the FPIM in
the stationary reference frame, the stator flux linkages
component, module, and position are expressed as fol-
lows: 

ϕ̂sxαβx =
∫
(vsαβx −Rsxisxαβx) dt

ϕ̂sx =
√
ϕ̂2
sxαx + ϕ̂2

sxβx

θ̂sx = tan−1(
ϕ̂sxβx

ϕ̂sxαx
)

, (12)

The FPIM’s produced electromagnetic torque can be
expressed by the cross product of the stator flux and
currents components as follows:

T̂emx =
5Px

2
(ϕ̂sxαxisxβx − ϕ̂sxβxisxαx), (13)

3.2. Hysteresis Controllers (HC)

This step compares the control commands and esti-
mated values of the stator flux and electromagnetic
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Fig. 3: Schematic diagram of three-level DTC for two parallel-connected FPIMs.

torque. Figure 4(a) illustrates the structure of the two-
level HC utilized for the stator flux, where the error
between the reference ϕ∗

sx and estimated ϕ̂sx values is
the input of the HC, and the digital output of this con-
troller is the required action on the stator flux of the
FPIM proportional to the predefined HB. As for the
electromagnetic torque, the implemented seven-level
HC is shown in Fig. 4(b), where the error between
the reference T ∗

emx and estimated T̂emx values is the
input of the HC, and the output of this latter is the
required action on the machine torque proportional to
the predefined HB [26].

3.3. Switching table

According to the applied phase transposition in the
parallel connection of the drive placing the αβ axis
windings of the FPIM2 into the αβ2 of the THL-VSI.
While the first FPIM αβ axis windings are placed into
the αβ1 plane. Hence, an independent vector con-
trol over the two FPIMs based on DTC scheme can
be achieved; where the difference lies with the devel-
oped ST. The ST for the first FPIM’s control scheme
exploits the αβ1 plane VVs of the THL-VSI and αβ
plane VVs for the second FPIM, ensuring a current
components producing flux and torque for the first ma-
chine and non-generating for the second machine and
vice versa. i.e., if the stator flux of the FPIM1 lies
in sector VIII and the flux and torque must be in-
creased (εϕsx = 1, εTemx = 2) the applied VV is VM9
with a switching sequence of 00002 from Figure 2(a).
Moreover, if the flux of the FPIM2 needs to be de-

(a)

(b)

Fig. 4: Structure of the implemented HCs: (a) Two-level HC
(b) Seven-level HC.
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Fig. 5: Logic selection block.

creased (εϕsx = −1) and the torque to be increased
(εTemx = 3) while the stator flux is in sector V, the
selected VV is VL9 with a sequence of 22020 from Fig-
ure 2(b).

3.4. Logic selection

The structure of the logic selection block is illustrated
in Fig. 5. For each sampling period, the two DTC
controllers select the appropriate VV to be applied, and
the logic selection block chooses which VV to apply to
the THL-VSI for each of them for one sampling period
alternatively. For example, if the VM9 and VL9 are
selected for the FPIM1 and FPIM2, respectively, the
block will apply the VM9 for one sampling period then
the VL9 for the second period, and so on.

4. Artificial neural
network-based DTC

The artificial neurons are the cornerstone components
of the ANN. These computational elements are the
non-linear mathematical model of the human biolog-
ical neurons as follows [3]:yi = F1(s)

{∑N
i=1(xi ∗ wi + b)

}
oi = F2(s)

{∑N
i=1(xi ∗ wi + b)

} , (14)

Where: xi are the neuron input signals, wi the neuron
weight, bias parameter, the output of the neuron, and
F1(s), F2(s) are the activation functions.

The mean square error is a parameter computed
from difference between the target and output pattern
of the ANNS trained using the feedforward backprop-
agation algorithm as follows:

MSE =
1

N

N∑
i=1

(di(k)− oi(k)), (15)

Where: oi the ANN output, di the target output, the
number of the training data set, and the number of
iterations.

In each iteration, the neurons weights are updated
to reduce the value of the cost function (MSE):

wji(k + 1) = wji(k)− η
∂MSE(k)

∂wji(k)
, (16)

Where: wji(k+1) the updated weight, wji(k) the pre-
vious weight, and η the learning rate.

The DTC scheme, recognized for its simple struc-
ture, robustness to the machine’s parameter variations,
and faster dynamic response, suffers from influential
drawbacks that affect its performance. The stator
flux and electromagnetic torque are examples of these
drawbacks, where the primary cause lies in using the
HCs [27]. Therefore, an AI technique based on ANN is
proposed to overcome the aforementioned drawbacks.

The ANNs can approximate and further enhance the
performance of most systems without the need for a
precise mathematical model based on a series of train-
ing data sets [14]. Therefore, this manuscript proposes
three controllers based on ANNs for the stator flux
HC (ANN-HCϕs), electromagnetic torque HC (ANN-
HCTem) , and ST (ANN-ST) are proposed; Figure 6
depicts the structure of the three ANN controllers.

Figure 7 illustrates the workflow diagram used in
the training process of the three ANN controllers [14].
A supervised training method based on the back-
propagation algorithm is used in the present study.

Table 2 summarizes the proposed three ANN con-
trollers’ parameters. Figure 8 shows the overall scheme
of the drive where the ANN has replaced the conven-
tional stator flux and electromagnetic torque HCs and
the ST to improve the control scheme performance.
The rest of the drive system is identical to the DTC
scheme shown in Fig. 3.

5. Fault-tolerant sensorless
control

As shown in Figure 5, the DTC of the two-machine
drive requires a set of current sensors and encoders
providing a critical feedback signal to ensure optimum
performance. Thus, this study proposes a model-based
FTC for current and speed sensor failure. Figure 9
presents the discussed FTC block diagram.

5.1. Virtual current sensor

Real time information and measurements of the stator
currents are essential for the closed-loop control of ASD
[19]. Therefore, the adopted approach reconstructs the
five-phase currents based on the switching sequence of
the THL-VSI and the measured DC link voltage using
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Tab. 1: Switching table for the DTC.

εϕsx εTemx
Sectors
[I] [II] [III] [IV] [V] [VI] [VII] [VIII] [IX] [X]

1

3 VL2 VL3 VL4 VL5 VL6 VL7 VL8 VL9 VL10 VL1
2 VM2 VM3 VM4 VM5 VM6 VM7 VM8 VM9 VM10 VM1
1 VS2 VS3 VS4 VS5 VS6 VS7 VS8 VS9 VS10 VS1
0 V0 V0 V0 V0 V0 V0 V0 V0 V0 V0
-1 VS10 VS1 VS2 VS3 VS4 VS5 VS6 VS7 VS8 VS9
-2 VM10 VM1 VM2 VM3 VM4 VM5 VM6 VM7 VM8 VM9
-3 VL10 VL1 VL2 VL3 VL4 VL5 VL6 VL7 VL8 VL9

-1

3 VL5 VL6 VL7 VL8 VL9 VL10 VL1 VL2 VL3 VL4
2 VM5 VM6 VM7 VM8 VM9 VM10 VM1 VM2 VM3 VM4
1 VS5 VS6 VS7 VS8 VS9 VS10 VS1 VS2 VS3 VS4
0 V0 V0 V0 V0 V0 V0 V0 V0 V0 V0
-1 VS7 VS8 VS9 VS10 VS1 VS2 VS3 VS4 VS5 VS6
-2 VM7 VM8 VM9 VM10 VM1 VM2 VM3 VM4 VM5 VM6
-3 VL7 VL8 VL9 VL10 VL1 VL2 VL3 VL4 VL5 VL6

Tab. 2: Characteristic details of the proposed ANN controllers.

ANN controller parameters Methods and values details
ANN−HCϕs ANN−HCTem ANN−ST

ANN type Feed-forward neural network
ANN training algorithm BACKPROPAGATION
Adaptation learning function Trainlm
Activation function Logsig Logsig Tansig
Learning rate 0.5 0.5 0.5

ANN architecture
Input layer 1 1 3
Hidden layer 12 17 35
Output layer 1 1 5

Training data sets
The data sets, five million samples,
utilized during the training process were collected from the
simulation results of DTC in MATLAB environments.

the VCS technique even at the post fault of the CS
eliminating the need for this latter.

The VCS algorithm is based on three systems’ equa-
tions of the stator currents, the fundamental and har-
monic components, and rotor flux components in the
stationary reference frame, based on the direct mea-
surement of the DC link voltage and rotor mechanical
speed as follows:

{
d
dt ϕ̂rxα = Rrx

Lrx
(Lmxîsxαx − ϕ̂rxα)− ω̂mxϕ̂rxβ

d
dt ϕ̂rxβ = Rrx

Lrx
(Lmxîsxβx − ϕ̂rxβ)− ω̂mxϕ̂rxα

, (17)

{
d
dt îsxαx = 1

Lsxσx
(Vsxαx −Rsxîsxαx − Lmx

Lrx
ϕ̂rxα)

d
dt îsxβx = 1

Lsxσx
(Vsxβx −Rsxîsxβx − Lmx

Lrx
ϕ̂rxβ)

,

(18)

The indirect method to calculate the start flux using
the reconstructed stator currents and estimated rotor
flux has the advantage of avoiding the pure integration
problems of the direct method [19].

As for the harmonic components, the estimator equa-
tion is as follows:{

d
dt ϕ̂sxαβx = Vsxαβx −Rsîsxαβx

îsxαβx =
ϕ̂sxαβx

Lsx

, (19)

5.2. Stator flux and rotor speed
estimation

The stator flux linkages components, vector, and po-
sition, in addition to the electromagnetic torque, can
be calculated based on the VCS reconstructed currents
and estimated rotor flux components as follows:



ϕ̂sxαx = Lmx

Lrx
ϕ̂rxα +

LsxLrx−L2
mx

Lrx
îsxαx

ϕ̂sxβx = Lmx

Lrx
ϕ̂rxβ +

LsxLrx−L2
mx

Lrx
îsxβx

ϕ̂sx =
√
ϕ̂2
sxαx + ϕ̂2

sxβx

θ̂sx = tan−1(
ϕ̂sxβx

ϕ̂sxαx
)

, (20)

T̂emx =
5Px

2
(ϕ̂sxαxîsxβx − ϕ̂sxβxîsxαx), (21)

The estimated electromagnetic torque and measured
load torque, allow to calculate the rotor mechanical
speed of the machine.

ω̂mx =
1

Jx

∫
(T̂emx − Tlx − fxω̂mx)dt, (22)
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(a) (b)

(c)

Fig. 6: Structure of the implemented ANN controllers: (a) ANN-HCϕs, (b) ANN-HCTem and (c) ANN-ST.

Fig. 7: The flow chart of the Back-propagation training algo-
rithm.

6. Simulation results and
discussion

Two different simulation tests are carried out in MAT-
LAB/SIMULINK software for the two control strate-
gies, DTC and DTC-ANN, to analyze and evaluate the
drive system’s performance. Due to the five-phase sym-
metry of the FPIM, only phase "a" measured and re-
constructed is presented. In this study, a post-fault op-
eration is considered for the DTC-ANN scheme. Fig-
ures 10 to 19 illustrate the simulation results. The
parameters of each machine are preset in Appendix A.

In this test, the robustness of the drive system is
evaluated as the two machines run in opposite direc-
tions for low- and high-speed reference commands un-
der their rated loading conditions. The speed reference
for the FPIM1 is set to 1 rad/s, 20 rad/s, 100 rad/s,
and -100 rad/s at instants t = 0.05s, t = 1.1s, t = 2.4s,
and t = 4.5s, respectively. As for FPIM2, the reference
commands are set to -100 rad/s, 1 rad/s, 20 rad/s, and
100 rad/s at instants t = 0.5s, t = 2.05s, t = 3.1s, and
t = 4.4s, respectively.

This test examines a step variation in load torque
to examine the robustness of the drive system in both
motoring and generating modes. The speed reference
for both machines is set to 100 rad/s at t= 0.5s. The
load torque reference command for FPIM1 is set to 4
Nm at the start. Then, at instant t = 1s, the load
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Fig. 8: Schematic diagram of three-level sensorless DTC-ANN for two parallel-connected FPIMs.

Fig. 9: FTC schematic diagram.
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torque is set to -8 Nm. After that, at Instant t = 2.5s,
the load torque is removed. As for the FPIM2, it starts
at no load condition, then at t = 1.5s, a step change
in load torque of 6 Nm is introduced. After that, at
instant t = 3.5s, the load torque is set to -4 Nm.

Figure 10 and Figure 14 illustrate the stator flux tra-
jectory in the α− β of the two machines for DTC and
DTC-ANN methods. From the present results, the sta-
tor flux of the two motors follows their reference values
independently of the operating conditions in a circu-
lar trajectory. The DTC-ANN has greatly reduced the
stator flux ripples by 46% compared to DTC. However,
the DTC showed a better and more steady response at
the start than the DTC-ANN.

Figure 11 and Figure 15 depict the electromagnetic
torque response of the two FPIMs for the two con-
trol schemes under different operating scenarios. Com-
pared to DTC, the DTC-ANN presents a better dy-
namic response in terms of ripple reduction by 45%
and torque error both in transient and steady-state, as
well as the motoring and generating operation.

The two machines’ rotor speed responses are shown
in Figure 12 and Figure 16. The simulation tests were
carried out for different speed reference commands, and
under constant and sudden changes in loading condi-
tions, the two machines’ speeds complied with their
reference values with negligible over/undershoots due
to the application or removal of the load torque.

According to Figure 13 and Figure 17, the phase "a"
stator currents of the two FPIMs present a high content
of ripples (harmonic currents), which are significantly
reduced in the discussed DTC-ANN method.

Figure 18 and Figure 19 show the FFT analysis of
phase "a" stator currents of the two FPIMs for the
DTC and DTC-ANN schemes under the same operat-
ing conditions. It can be noticed that the DTC-ANN
technique scientifically reduced the harmonic content
in the stator current by 10% compared to DTC.

Finally, the reconstructed stator currents and esti-
mated rotor speed in the DTC-ANN method obtained
by the sensorless algorithm, presented in Figures 20
and 21, respectively, present an excellent estimation
quality for different operating scenarios such as low-
speed operation, step variation of load torque, and mo-
toring and generating mode operation with negligible
error.

From the presented results, the DTC-ANN outper-
forms the DTC method while preserving the latter’s
advantages. Moreover, the parallel-connected two-
machine drive’s independence, robustness, and stabil-
ity are verified and ensured for different operating sce-
narios, even for post-fault operation.

Table 3 gives a summarized comparison between the
two controls studied in this paper.

7. Conclusion

This paper investigates a three-level voltage source in-
verter fed a parallel-connected two FPIMs drive sys-
tem using direct torque control based on artificial neu-
ral network DTC-ANN. The validation results demon-
strate the robustness of the proposed sensorless DTC-
ANN in transient and steady-state, in large speed rang
operation and load variation. Moreover, reduction of
the stator flux, electromagnetic torque ripples, and sta-
tor current THD is achieved. In addition, the virtual
current sensor algorithm is included to form fault tol-
erant control in the case of current sensor failure.
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Fig. 10: Stator flux trajectory: (a) FPIM1 and (b) FPIM2.

(a) (b)

Fig. 11: Electromagnetic torque response: (a) FPIM1 and (b) FPIM2.

(a) (b)

Fig. 12: Rotor speed response: (a) FPIM1 and (b) FPIM2.
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Fig. 13: Phase “a” stator current: (a) FPIM1 and (b) FPIM2.

(a) (b)

Fig. 14: Stator flux trajectory: (a) FPIM1 and (b) FPIM2.

(a) (b)

Fig. 15: Electromagnetic torque response: (a) FPIM1 and (b) FPIM2.
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Fig. 16: Rotor speed response: (a) FPIM1 and (b) FPIM2.

(a) (b)

Fig. 17: Phase “a” stator current: (a) FPIM1 and (b) FPIM2.

(a) (b)

Fig. 18: Phase “a” stator current THD in DTC: (a) FPIM1 and (b) FPIM2.
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(a) (b)

Fig. 19: Phase “a” stator current THD in proposed DTC-ANN: (a) FPIM1 and (b) FPIM2.

Fig. 20: Stator current estimation error. Fig. 21: Rotor speed estimation error.
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Appendix A The parameters of
two FPIMs

• Vn = 200 V,

• In = 5 A,

• Rs = 10 Ω,

• Rr = 6.3 Ω,

• Ls = 0.4642 H,

• Lr = 0.4612 H,

• Lm = 0.4212 H,

• j = 0.03 Kg.m2,

• f = 0.0001 Nm.s−1

rad ,

• Tem = 8 N.m,

• Step time = 10−5 Sec,

• Average switching frequency = 8 KHz,

• P = 2.
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