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1. Introduction

The multiphase induction machines are a promising solution
for critical and high-power industrial applications. They re-
tain the advantages of the well-known three-phase machines
and additional features such as reduced current rating per
phase. They are more adaptable for higher fault-tolerant
applications [1-3]. Furthermore, the multiphase machines
offer a higher torque density, lower torque pulsation, and
better noise characteristics [3, 4].

Today, a wide range of applications have been proposed for
this drive, namely Aerospace, marine, hybrid, and electric
vehicle applications [3].

The five-phase induction machines FPIM have a growing
interest in the literature because they offer a fair compro-
mise between advantages of the multiphase machines, such
as the additional degree of freedom DOF and complexity of
the drive.

Given that the FPIM has additional DOFs, in other words,
two sets of current components, and in response to the cost,
weight, and compactness criterion, independent control of

the two-motor parallel-connected drive fed by a single VSI
is possible since the control of any AC machine requires
only two current components under different working con-
ditions (speed and load torque).

In the last point and from the control scheme point of view,
the direct torque control scheme has garnered interest for
its well-known excellent transient and steady-state perfor-
mance. The DTC scheme selects the inverter voltage vectors
VV based on the flux and torque HCs and the stator flux
position based on a predefined look-up table; however, the
conventional scheme results in considerable flux and torque
ripples [5].

To overcome the drawbacks mentioned above, the research
community proposed several improvements, including in-
troducing artificial intelligence techniques, for instance, the
artificial neural network ANN [6-8]. This control technique
is known as an expert system and one of the most potent Al
techniques in the field of electrical engineering for its ability
to adapt to most operating conditions and its robustness to
the system’s nonlinearity [9—12].
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Moreover, estimating the stator flux and torque is critical for
DTC since these quantities determine the control scheme’s
performance. In the DTC, the method for estimating these
variables is based on an open-loop estimator; nevertheless,
this method is inefficient, especially in low-speed regions
[13]. As a result, several sensorless control strategies are
used in conjunction with DTC drives, such as the Extended
Kalman Filter [14-16], Model reference adaptive system
[17], and SMO [18-20]. These techniques have the advan-
tages of reducing costs and increasing drive efficiency and
reliability.

Therefore, the primary intention of this paper is to dis-
cuss a sensorless DTC-ANN based on SMO. The suggested
method outperforms the conventional method regarding dy-
namic behavior.

The present paper consists of eight sections. Section 2
presents the model of the two motors. The basis of DTC
for two motor drive is described in section 3. Section 4
discusses the combined DTC and ANN schemes for the
drive. Section 5 presents a sliding-mode flux and speed
observer. The load torque estimator is detailed in section 6.
Simulation results and comparative study of the proposed
two control techniques are given in section 7. Finally, the
conclusion is reached in section 8.

2. The two FPIMS model

Figure 1 shows the two-motor parallel-connected drive
schematics. The utilized converter topology is a two-level
inverter. Table 1. describes the two possible switching func-
tions for the inverter semiconductor switches constituting
the 32 VV.

The inverter phase voltages are given as:

Vi 4 1 -1 —1 —117TS,
Vel oy |14 -1 -1 1] s
Vel =241 —1 4 —1 —1]|se|
i 2 =1 =1 -1 4 —1|]sp
Vi S1o—1 -1 -1 4 |sg

The voltage space vector decomposition of the inverter into

S.;lE_ S Ser S
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P1 and B planes is given by:

Vop, = %(VA +vpe! S +veels +vpels +vpels)

Vop, = %(VA + vcejoﬂ + vEej45l + vBejﬁT’r + vDejsT”)

2
The 32 VV of the inverter mapping in and in figure 2 using
Eq. (2).
These VVs are grouped into three types, i.e., large, medium,
and small VVs, with amplitudes of 0.6472V,., 0.4V,., and
0.2,472V,., respectively.
The five-dimensional system is decomposed, using Clark’s
transformation matrix [C], into two orthogonal subspaces,
af; and af,, and zero sequence component [21]:

1 cos(%Z) cos(*E) cos(®Z) cos(®E)
5 |0 sin(3%) sin(%”) sin(%”) sin(is—”)
[C]= 3 1 cos(%Z) cos(E) cos(ZE) cos(°E)
0 sin(%”) sm(%ﬂ) sin(%”) sin(%”)
52 3 > :
3

The two five-phase squirrel cage induction motors have five
windings spatially shifted by 72 electrical degrees. As the
motors are star-connected, the zero-sequence component is
omitted. The two FPIMs model, in the stationary reference
frame, under the same assumption as the three-phase motor

Table 1. Two-level inverter switching functions.

Switching  State of the ~ The output
function  upper switch voltage
1 On Vie
0 OFF —Vae

S,

FPIM 1

Figure 1. Two-motor drive schematic.
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Figure 2. VVs switching sequences (a) VVs mapped in af3; plane, (b) VVs mapped in af3; plane.

[22, 23], is given by: where: j =1 or2, V,p; stator voltages, iy;qp; stator cur-

rents, Qg (/Jsﬁ stator flux linkages, i,, rotor currents, Rj

. diiap, di, stator resistance, L; stator leakage inductance, L,, mutual
Vsiap, = Rstisiap, +Lst —g— + L 57 = Ji inductance, R, rotor resistance, L, rotor leakage inductance,
Iy . .
Roipagp, +L5231217‘txﬁz @, rotor electrical speed, w,, rotor mechanical speed, 7,,
electromagnetic torque, 7; load torque, p pair poles, j mo-
. digap, diny ment of inertia, f viscous friction coefficient.
Vs2aB, = Rs2ls2(xﬂ2 +Lg ar +Lm i =
Rs1is10p, + L. 1di“aﬁ'
sltslo A d
: ' 3. The two FPIMS model
. diy; digigpi . . . . . .
0=R,jirj +L,j% +Lnj l’é‘;‘ﬂ’ — j@rj(Lmjisjapj+ Lrjin;) Figure 3 gives a representation of the two-level DTC for

(4)  two parallel-connected FPIMs. In DTC, the flux orienta-

The mechanical and electromagnetic torque expressions are  tion is determined through the instantaneous magnitude of

given as follows: the applied VV established on the processed error between

the electromagnetic torque and stator flux actual and ref-

erence values through the seven-level and two-level HCs,

respectively, in addition to the stator flux position using a

®) predefined look-up table, Table 1 [23]. Following four basic
Temj = 5%(¢Sj0€jisjﬁj_¢sjﬁjisj0tj) steps:

dwy,
Ji=grt = Temj = Toj = fiOnj

Look-up I—{ |—|
table
SABCDE
Logic
selection
S

ABCDE
Look-up
table  [S s
ABCDE 2
1 SACEBD
A¢-V2 « Stator flux and v ACEBD|! SACEBD
. ———9
AT omz «—roy  Torque 52082 | o8
AN )
52 ~— I
S2ap2 E
» a)rnZ
A ¢.s‘ I*— Stator flux and ap, Second FPIM
Y p— Tf)rq".c V\']agl Ig
0 estimation 'ABCDE ’ABCDE
51 -— I
Slapl T S
ABCDE Mm%%
a)ml

First FPIM

Figure 3. Schematic diagram of DTC for a two-motor drive.
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3.1 Step one

The estimation of the stator flux vector and position and
electromagnetic torque are based on the open-loop estimator
expressed in Eq. (6) as follows:

(z;sjocﬁj = [(vsjapj — Rsjisjap;)dt
0sj = /950 + O,

ésj = tanfl ((M)
Osjaj

S Spjx . 2 .
Temj = TJ((sttlesjﬁj - ‘psjﬁjlsjaj)

(6)

3.2 Step two

The required actions on the stator flux and electromag-
netic torque, either increasing or decreasing, are deter-
mined based on the digital response of the two-level and
seven—level HCs for the stator flux and electromagnetic
torque to the error between the reference and actual values
as described in Eqgs. (7) and (8), respectively. Figure 4
shows the structure of the two HCs.

HBgs1 >= 95— §s;  €psj = 1
(N

—HBys1 <=9, —0s; €p5j=—1

&, .
£
1
HB1 0 K
HB 1 ; — Py
| -1
ngnj,r'
3
2l

...,

-HB3-HB2-HB1 0

T *

HB1 HB2 HB3  f 1 oy

enyj

Figure 4. Structure of HCs: (a) Two-level HC, (b) Seven-
level HC.
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where: HB gy is the hysteresis band for the stator flux.

HB7ep3 > T;nj — Temj ETemj = 3
HBrem» <T,,; — Lomj <= HBTem3 Eemj =2
HB7em < T, — Tomj <= HBremn Eremj = 1
—HBremt < Tjp; = Tomj <=HBremi  €remj =0
—HBremr < T, — Tomj <= —HBrem1  &remj = —1
—HBrems < Ty ;= Tomj <= —HBremy  €remj = —2
—HBrem3 <= efnj - femj ETemj = -3
®)

where: £HB7.;1.2and3 are the hysteresis bands for the
electromagnetic torque.

3.3 Switching table

The two-motor drive requires the implementation of two dis-
tinct DTC controllers for independent control of each motor.
Besides the phase transposition indicated in Figure 1, the
control of the FPIM1 is developed in the ¢t 3] plane and o3,
for the second motor. So, the resulting current components
are flux/torque generating for one motor and non-generating
for the other [21].

i.e., assuming that the flux of the first FPIM must be de-
creased (&y5; = —1), torque to be increased (€ren; = 1),
while the stator flux lies in sector V, the selected VV from
Table 2 is VS9 with a sequence of 10010 according to Fig-
ure 2 (a). Furthermore, if the flux module of FPIM2 lies in
sector X and the torque and flux need to increased (&¢5; = 1,
€remj = 3) the applied VV is VL1 with a sequence of 10110
from Figure 2 (b). The employed look-up table is given in
Table 2.

3.4 Step four

The logic selection block permits alternatively applying the
two control commands, VYV, in every sampling period, e.g.,
the VV VS9 shall be applied for one period. Afterwards,
the VV VLI will be applied in the next period. Figure 5
depicts the schematic of the logic selection block.

Table 2. Look-up table for FPIM.

€psj
ETem;
-1 1
3 VL(Gi+4) | VL@GE+1)
2 VM(Gi+4) | VM(@i+1)
1 VS@i+4) | VSGi+1)
0 VO VO
-1 VS(@i+6) | VSGi+9)
-2 VM(@i+6) | VM(i+9)
-3 VL(i+6) | VLG+9)
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Figure 5. Structure of the implemented ANN controllers: (a) HCys—ANN, (b) HCr,,—ANN, (¢) ST—ANN.

4. Artificial neural network-based TORQUE
direct control

A feed-forward back-propagation neural network controller
is a universal approximator of complex functions. In our
study case, the ANN is used to imitate the DTC working
principle of the two HCs and the look-up table; in other
words, it calculates the digital response corresponding to
the errors between the flux and torque actual and reference
values, as well as, determine the applied VV [6-8]. The
ANN controller’s structures are shown in Figure 5.

Figure 6 depicts the training process of the three ANN
controllers, located parallel to the conventional scheme con-
trollers to be imitated.

At first, random weights are applied to initiate the training
process, resulting in a significant mismatch between the
desired and calculated outputs for a given input. The error
between the output patterns is used in the back-propagation
algorithm to adjust the weights of the controllers. This
procedure is carried on until the error of output patterns is
minimized.

Table 3 summarizes the three ANN controllers’ characteris-
tics and structure.

As stated above, the SMO treated later accurately esti-
mates the critical quantities, stator flux, and electromagnetic
torque. The schematic of the drive is given in Figure 7.

5. Sliding mode observer

During the drive’s low-speed operation, the DTC scheme’s
open-loop estimator experiences remarkable integration
problems affecting the accuracy of the estimation process
due to the initial value and DC-drift problems [20]. There-

fore, a sliding mode observer is designed to reconstruct the
FPIM state variables based on the switching sequence of
the inverter and the measured currents [24].

This approach ensures a high dynamic performance and
robustness over the entire speed range operation.

Figure 8 illustrates the schematics of SMO.

The SMO expression for the stator currents and flux estima-
tion along the af3; plane, based on the mathematical model

Table 3. Characteristic details of the proposed ANN

controllers.
Controller Details
parameters HCys; — ANN | HCrep — ANN | ST — ANN
Feed-forward BACKPROPAGATION
ANN type
neural network
Learning
Levenberg Marquardt
algorithm
Activation . . .
Logsig Logsig Logsig
function
Learning rate 0.5 0.5 0.5
Input layer 1 1 3
Hidden layer 10 17 25
Output layer 1 1 5
The learning process is based on
Learning data
collected data from the DTC method.

2345-3796[https://dx.doi.org/10.57647/j.mjee.2024.180348]
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SAB(‘DE
Look-up Table \
y.4
ST — ANN SABFDE

Figure 6. The training process of ANN controllers.
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Figure 7. Schematic diagram of DTC-ANN for a two-motor drive.
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Figure 8. SMO schematic.
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of the FPIM, is given as [24]:

diyy 2 2 2 2
4 = aylyqj + aslspj + A2 050j + 3055 + b1 Veaj+
Anls +Anly
disg;

= —aefsaj + alfsﬁj +a3(5mj + aZ(ﬁsﬁj +b1Vig i+
Apls) +Aulyp

dfse) 2
4;;1, = aylsqj + Vsaj +Ag1ls1 +Agalp

d AV i ~
% =asig;+Vigj+Ap3ls1 +Apals

©)
with
ar = _(st+Rrj) ar = Rrj
Gjsz GjszLrj
w .
az = -/ as = —st
GjLSj
A 1

ag = wrj b] =

Gjsz

where: ésa.;, @SB s fmj and fsﬁ j are the observed states of
the FPIM: the stator flux and currents, respectively, in the
stationary reference frame.

_|La| _ |sign(S1)
b=1n) = etz a0
where
S = Lsaj — lsaj (11)
S2 = ispj—1Lsp;
and
Li— 1, if §j >=0 (12)
Yol -1, ifSj<o0.

Aix(x=1,2,3,4)and Ay (x =1, 2, 3, 4) are the SMO gains,
and S1, S2, I, and Iy, are the chosen sliding surfaces, and
their signs, respectively.

The stator current and flux gain matrixes are written as

follows:
Al Ay o 0
=D 13
|:Ali Agi 0 & (13)
_Ri\s &
Apr Aga| _ (611 LrJ')l ojLsj (14)
Ap1 A2 — ( _Rri>52
o;jLsj EL
with A
Rrj [
O'jLJerj Gjsz
D:
—ay; Ry
OjLsj  OjLsjLy;

o1, 8, q1, and g, are positive constants to be determined
per Lyapunov’s stability condition. The observer stability
depends on the convergence of the observed stator current
toward the sliding surface through the optimum determina-
tion of §; and &,. The function candidate is [18, 25]:

1
V=_5"s

> 5)
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To ensure the convergence of the system around the sliding
surface S, the observation error of the stator current should
be zero. Thus, the derivative function of Lyapunov must
be forced to be strictly negative.
ler

V= ES S<0 (16)
Thereby, the stability condition holds true if and only if the
inequality (11) is satisfied:

81 > |&pal

& > [€yp]
The stator flux vector and position, as well as the electro-
magnetic torque, are estimated as follows:

7

N 22 12
Gsj = 1/ Dsaj T O3

Ctan—] M 18
6;; = tan (‘7)30‘/_) (18)
N 5pir . A
Temj = %(‘P&aﬂsﬂj _¢sﬂjlsaj)

As for the rotor speed and electromagnetic torque estima-
tion, their expressions are given as follows:

dayj; Lo R R
{a;,“ = 7 (Pi(dsaujispj — Bpjisarj) — Toi — fiOm))

Temj = Pi(¢sajisﬁj - ¢sﬁjisaj)
(19)

6. Load torque estimator

The load torque is an essential parameter for an accurate
speed estimation, enhancing the control technique perfor-
mance. Therefore, an estimation of the load torque is sug-
gested utilizing stator flux and rotor mechanical speed.
The estimator equation is derived from the mechanical equa-
tion of the FPIM, using the estimated stator flux and rotor
speed providing an online estimation, as follows [26]:

A ~ ~ Ay, ;i
T1i = pi(@sajispj — Pspjlsaj) —Ji dr;w

- f J cbm Jj (20)
The structure of the load torque estimation is depicted in
Figure 9.

7. Simulation results

Two tests are undertaken for several operation scenarios to
evaluate the described DTC-ANN scheme’s performance.
The simulation results are presented and described herein.
The two FPIM parameters are detailed in Table 4.

7.1 First test

This test exercises a constant load torque on both motors
of 8 Nm. The speed reference commands undergo several
variations from low to high-speed operation and speed re-
version. Tables 5 and 6 summarize the first test scenario.
The simulation results, low and reversion speed test, are
shown in Figures 10 to 15.

2345-3796[https://dx.doi.org/10.57647/j.mjee.2024.180348]
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Figure 9. Load torque estimator.
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Figure 10. The rotor speed response: (a) FPIM1, (b) FPIM2.
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Figure 11. The electromagnetic torque response: (a) FPIM1, (b) FPIM2.
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Figure 12. The stator flux response: (a) FPIM1, (b) FPIM2.
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Figure 13. Phase “a” stator current: (a) FPIM1, (b) FPIM2.
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Figure 14. Phase “a” stator current THD analysis for DTC method: (a) FPIM1, (b) FPIM2.
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Figure 15. Phase “a” stator current THD analysis for DTC-ANN method: (a) FPIM1, (b) FPIM2.

7.2 Second test

For this test, both motors run at a constant speed of 100
rad/s. A step variation of the load torque is introduced on
both motors. Table 7 summarizes the first test scenario.
The simulation results for step variation of load the torque
test are shown in figures 16 to 21.

7.3 Discussion

The simulative results, figures 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, 20, and 21, depict an independent control of the
two-motor drive and a complete decoupling of the stator
flux and electromagnetic torque despite the variation of the
operating scenarios.

First, the actual, reference, and estimated rotor speed of
the two motors are shown in Figures 10, 16, 20, and 21
for different loading conditions, in which it follows their
reference commands with minimum over/undershot and a

negligible error of +4 rad/s during the transient state and
nearly null at steady state operation.

The electromagnetic torque response of the drive is depicted
in Figures 11 and 17 for constant and step variation of the
load torque. The present results clarify the efficiency of
DTC-ANN in reducing the torque ripples by 20% compared
to DTC.

The stator flux trajectories in the plane for the two motors
are shown in Figures 12 and 18. The DTC-ANN improves
the flux waveform in terms of fast response and less ripple
content by 48% compared to DTC.

Furthermore, the phase “a” stator current waveform for both
motors and the THD content is illustrated in Figures 13, 14,
and 15, respectively. The stator current presents a better
waveform and less current harmonic content by 10% in the
case of DTC-ANN compared to DTC. This observation can
be related to reducing the stator flux and electromagnetic

2345-3796[https://dx.doi.org/10.57647/j.mjee.2024.180348]
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Figure 16. The rotor speed response: (a) FPIM1, (b) FPIM2.

Table 4. FPIM parameters.

1 Hp ; 200 V; 50 Hz; 1400 rpm

R [Q] 10
R, [Q] 6.3
Ls [Q] 0.4642
L, [Q] 0.4612
Ly [H] 0.4212
J [Kg.m?] 0.03
f [(Nm.s~!y/rad] 0.0001
Tem [N.m] 8

p 2

Table 5. First test scenario for the FPIM1.

Time [S] @y, [rad/s] T;, [Nm]
0—0.1 0—20

0.1—=1 20

1—1.3 20 — 60

1.3—2 60 g
222 60 — 100

223 100

34 100 — —100

4—45 —100

torque ripples.
This reduction is due to a better selection of the optimum
VV to be applied by ANN controllers, in addition to the
accurate and robust estimation of the state variables of the
two motors through the SMO. These improvements can be
translated to the conformity of the state variables with their
reference commands.

The estimated load torque is depicted in Figure 19, show-
ing a precise estimation with negligible error of 0.4 Nm.

Table 6. First test scenario for the FPIM2.

Time [S] @y, [rad/s] | T [Nm]
0—0.5 0— —100

05—2 —100

2—26 —100—0

26—34 20 g
3.4—3.7 20 — 60

37—42 60

42—44 | 60— 100

4.4 —45 100

Table 7. Second test scenario for the two motors.

Time [S] | @y [rad/s] | Tp; [Nm] | T7o [Nm]
0—05 | 0——100
8 -2
05—1
100
12 0 8
2—3 —4 0

From the previous results, one can notice a full-decoupled
control between the two machines’ stator flux and elec-
tromagnetic torque regardless of the machine’s operation
mode, motoring, or generating mode. Therefore, the inde-
pendent and stable operation of the parallel connected drive
is ensured and investigated through the simulation results.
Table 8. summarizes the simulation results through a com-
parative study of the two control schemes.

8. Conclusion

This study addresses the SMO-based sensorless DTC-ANN
of two parallel-connected FPIM drives to circumvent two
significant DTC problems. First, the ANN controllers are
implemented to replace digital hysteresis controllers and
look-up table, resulting in a reduction of the stator flux
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Figure 17. The electromagnetic torque response: (a) FPIM1, (b) FPIM2.
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Figure 18. The stator flux response: (a) FPIM1, (b) FPIM2.
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Figure 19. The estimated load torque: (a) FPIM1, (b) FPIM2.
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Figure 20. The estimated rotor speed: (a) FPIM1, (b) FPIM?2.
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Figure 21. Estimation error of rotor speed: (a) FPIM1, (b) FPIM2.

Table 8. Comparative analysis of the performance of DTC and DTC-ANN.

FPIM1 FPIM1
Assessment parameters
DTC DTC-ANN DTC DTC-ANN
Recovery time (s) 0.3 0.3 0.3 0.3
Overshoot (rad/s) 2 2 2 2
o Undershoot (rad/s) 2 2 2 2
Estimation error (rad/s) - +3 - +2
P Ripples (Wb) 0.1894 0.0988 0.1889 0.0986
Tom Ripples (Nm) 3.6607 | 29917 | 3.4775 | 3.1329
17, Estimation error (Nm) — +0.4 — +0.4
I THD (%) 37.6 27.34 31.32 20.3

and torque ripples by 48% and 20%, respectively, which
can be observed in an improvement of the quality of the
current waveform through the reduction of THD by 10%
compared to DTC. Second, the open-loop estimator affects
the DTC scheme performance, especially during the low-
speed region. Therefore, an SMO is introduced to address
this problem, showing a high capability of tracking the
FPIMs’ state variables under different operating scenarios
of speed and load torque variations with negligible error,
which results in better selection of the optimal VV to be
applied. Detailed simulations investigating the suggested
method performance are presented.
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