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Improve of the direct torque control strategy applied to a multi-phase interior permanent
magnet synchronous motor using a super twisting sliding mode algorithm

Introduction. Conventional direct torque control (DTC) is a superior control strategy for managing the torque of a five-phase interior
permanent magnet synchronous motor (FP-IPMSM). Nevertheless, the DTC’s switching frequency results in large flux and torque
ripples, which produce acoustic noise and impair control performance. On the other hand, the DTC scheme’s performance when using
conventional PI controllers results in high flux and torque ripples, which decreases the system’s robustness. Goal. This work aims to use
a modern variable structure control of the DTC scheme based on a super twisting algorithm in order to ensure efficient control of
multiphase machine, reduce flux and torque ripples, minimize tracking error, and increase robustness against possible disturbances.
Scientific novelty. We propose to use super-twisting sliding mode control (STSMC) methods of the DTC based on the space vector
modulation (SVM) algorithm of the multiphase motor. Methodology. In order to achieve a decoupled control with higher performance
and to ensure stability while handling parameter changes and external disturbances, a STSMC algorithm on the DTC technique
incorporating the SVM algorithm was implemented in place of the switch table and PI controller. Results. The suggested STSMC-DTC
based SVM approach outperforms the conventional DTC methods in achieving the finest performance in controlling the FP-IPMSM
drive. Practical value. The merits of the proposed DTC technique of FP-IPMSM are demonstrated through various tests. The suggested
STSMC-DTC approach reduces flux and torque ripples by roughly 50 % and 60 %, respectively, in comparison to the conventional DTC
strategy. Furthermore, the proposed technique of FP-IPMSM control method is made to provide robust performance even when machine
parameters change. References 24, table 2, figures 8.

Key words: direct torque control, flux and torque ripples, robustness, multi-phase interior permanent magnet synchronous
motor, super twisting sliding mode algorithm.

Bemyn. Tpaouyivine npame ynpagninnsi momenmom (DTC) € uydoeoto cmpamezicio ynpaeninms Kpymuum MOMEHMOM N SIMuQasHoco
CUHXPOHHO20 O8u2yHa 3 eHympiwnivu nocmitimumu maewimamu (FP-IPMSM). Oonax, yacmoma nepemuxanna npu DTC npuzsooums 0o
6ENUKUX NYTbCAYiTi NOWMOKY MA MOMEHIMY, SIKi CMGOPIOIOMb AKYCIUYHULL UM MA NOIPULYIOntb XapaKmepucmuKy KepyeanHs. 3 inuio2o 60Ky,
epexmusricme cxemu DTC npu guxopucmanni mpaouyivinux I1l-pe2ynsimopie npuseooums 00 8elUKUX RYIbCayilti HOMOKY mMa MOMEHMY, W0
SHUDICYE Hadllinicmy cucmemu. Mema. Poboma cnpsimosana Ha 6UKOPUCAHHSL CYHACHO20 YRPAGTIHHS 3MIHHOI0 cmpykmyporo cxemu DTC,
3ACHOBAHOI MG ANOPUMMI  CYNEPCKPYUYBanHs, ONs 3abe3nevents eeKmusHo0 YNpaeuinHsa 6azamoghasHolo MAWUHOI0, 3MeHUEeHH
nynbcayiti ROMOKY ma MOMEHNMY, MIHIMI3ayil NOMWIKU CIMENCEHHs. Ma NIOSUWEHHsL CIIIKOCII 00 Moxciusux nepeuikoo. Haykoea nosusna.
3anpononosano suxopucmosysamu mMemoou KepyeanHs KogsHum pedxicumom cynepckpyuyeanns (STSMC) 3 DTC, 3acnoeani na aneopummi
npocmopogo-eekmophoi modysayii (SVM) 6acamoghasnoco dsueyna. Memooonozia. /i 0ocsehentss po3e s13aH020 YRpasuiHHs 3 Olibuu
BUCOKOIO NPOOYKIMUBHICIIO MA 3a0e3nedeHHs: cmabilbHOCmi npu 00podyi 3MiH napamempie ma 306HIWHIX 30YpeHb, OYI0 peanizo8aHo
ancopumm STSMC na ocnosi DTC, wjo exmouac ancopumm SVM, 3amicmo mabnuyi nepemuxannsa ma Ill-pecynamopa. Pesynsmamu.
3anpononosanuii STSMC-DTC nioxio na ocnosi SVM nepesepuiye mpaouyitini DTC memoou y docsienenni Halikpaujoi npooyKmueHoCmi npu
xepyeanni npusooom FP-IPMSM. Ipakmuuna yinnicme. [lepesacu 3anpononosanozo DTC memoody ona FP-IPMSM npodemoncmposati 6
X00i pizHux eunpobyeans. 3anpononosanuti nioxio STSMC-DTC suudicye nyavcayii nomoky i kpymuozo momennty npubnusto na 50 % i 60 %
6i0n06ioHo 6 nopigHanti 3 mpaouyitinoro DTC cmpamezieio. Kpim moeo, 3anpononosanuti memoo xepyeanns FP-IPMSM pospob6nenuii ona
3abe3neyents HAOILIHOT pobomu Hagime 3a 3minu napamempie mawuny. bion. 24, Tabmn. 2, puc. 8.

Kniouosi cnosa: ipsaMe ynpapiliHHs KDyTHHUM MOMEHTOM, Iy/1bcauii IIOTOKY Ta KPYTHOI0 MOMEHTY, HajiiiHicTb, OaraTodasnmii
CHHXPOHHHUI JBUTYH 3 BHYTPIilIHiIMH NOCTIHHAMH MarHiTAMH, AJITOPUTM KOB3HOI0 Pe:KHMY CyNIepCKPYYyBaHHs.

Introduction. Many electrical energy sources are When compared to the traditional direct torque

being transformed into mechanical energy through the use
of electric motors. The numerous benefits of interior
permanent magnet synchronous motors (IPMSM), such as
their exceptional efficiency, low operating noise, and high
power density, have led to their widespread use in a
variety of applications [1-4]. A prolonged flux weakening
region is another benefit of IPMSM, along with their
strong rotor and reluctance torque, which are essential in
high-speed applications [5, 6].

Compared to three-phase systems, multiphase
systems offer a number of benefits, such as improved
performance, robustness, reduced torque pulsations, high
output power rating, and steady speed response [7, 8].
Multiphase machines have attracted interest in a number
of application areas where high dependability is required,
such as robotics, energy conversion, ship propulsion,
pump drives, and multi-machine systems [9, 10].

Several works that make use of the Ilatest
technological advancements have addressed the drawbacks
of conventional technical approaches. Among them, the
following innovative technologies are listed: artificial
neural networks (ANNS), adaptive backstepping controller,
sliding mode controller (SMC), fuzzy logic, super-twisting
sliding mode control (STSMC), high-order sliding mode
control, ANFIS algorithm, genetic algorithms and
synergetic control.

control (DTC) switching method, the DTC with PI
regulator has become more and more popular in
polyphase motors due to its higher efficiency.

In the conventional DTC approach uses 2 hysteresis
controllers and lookup tables to control rotor flux and torque.
Compared to the V/f technique and field oriented control,
DTC features a more robust algorithm and a simpler
structure [11]. In [12], the ANN with DTC has been
introduced to reduce the torque and flux ripples of the five-
phase interior permanent magnet synchronous motor (FP-
IPMSM). In [13], the authors designed a master-slave virtual
vector duty cycle assignment with an enhanced DTC
technique of the dual 3-phase PMSM. It has been
experimentally confirmed that the suggested technique
improves both dynamic and steady-state performance by
reducing the phase current total harmonic distortion (THD),
significantly reducing the content of the 5™ and 7™ current
harmonics and effectively suppressing torque and flux
ripples. In [14], to choose the optimal voltage vector that
may greatly reduce the torque ripple, a unique sequential
approach combined with a duty ratio optimization technique.
The suggested approach can successfully lower the THD and
the ripple in both dynamic and steady-state torque, according
to experimental data. Due to the parametric sensitivity that a
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classical regulator PI has, minimal research has been done to
avoid this problem as in papers [15-17].

The goal of the paper is to use a modern variable
structure control of the DTC scheme based on a super
twisting algorithm in order to ensure efficient control of
multiphase machine, reduce flux and torque ripples,
minimize tracking error, and increase robustness against
possible disturbances

DTC principal of FP-IPMSM. Conventional DTC
provides motors with a very sensitive and efficient control
approach, but it requires accurate switching frequency
management and real-time processing, which may make
implementation more challenging [14]. Because of the
additional phase, using it to an FP-IPMSM offers several
advantages, such as improved fault tolerance and reduced
torque ripple.

The equation for the stator voltage of a FP-IPMSM
in a d-g, x-y rotating frame [12] is:

. d(, .
Vs = Ry +5(Ld’ds +¢f)—a),Lq gs’

=

. d . .
s = Rszqs +5quqs +a)r(Ld’ds +¢f); "

. d
Vis = Rylyg + ELlslxs;

. d .
Vys = Rslys + aLlslys >

where vy, Vys, Vi, Vys are the stator voltages in the d-g, x-y
axis; igs, Igs, ixs» 1ys are the stator currents in d-g, x-y axis;
R, is the stator resistance; Ly, L, are the stator inductances
in the d-q axis; ¢, is magnetic flux; o, is the rotation
speed; Ly is the leakage inductances.

The electromagnetic torque 7, of the FP-IPMSM is:

5 .. .
Tom = Ep((Ld _Lq )ldslqs +¢flqs) . (2)
The equation for dynamics @, is:
do
de_tr:pTem_pTr_fma)r’ 3)

where J,, is the moment of inertia; 7, is the load torque;
f 1s the viscous damping; p is number of pairs poles.
DTC controls the opening and closing of the voltage
source inverter switches by directly determining the
control sequence that is applied to these switches [12].
In terms of flux stator @ and current i, the
electromagnetic torque of the FP-IPMSM is expressed as:

5 ) .
Tom ZEp(@alﬂ—Cpﬂla). 4

The torque and flux errors determine the inverter’s
switching states:

Table 1
Switch table for conventional DTC

Flux sector | S1 | S2 | S3 | S4 | S5|S6|S7]S8|S9 |S10
d7=-1| V7 | V3 |V19|V17|V25|V24|V28|V12|V14| V6
d7=1 |V14| V6 | V7 | V3 [VI9|V17|V25|V24|V28|V12
d7=0 |V31| VO [V31| VO [V31]| VO [V31]| VO |V31]| VO
d7=-1|V17|V25|V24|V28|V12|V14| V6 | V7 | V3 |[V19
d7=1 |V24|V28|VI12|V14| V6 | V7 | V3 |V19|V17|V25
d7=0 | VO |V31| VO |V31| VO [V31| VO |V31]| VO | V31
The block diagram of conventional DTC technique

for the FP-IPMSM is shown in Fig. 1.

do=0

do=1

Fig. 1. The block diagram of conventional DTC technique
for the FP-IPMSM

DTC-SVM technique. Conventional DTC provides
motors with a very sensitive and efficient control
approach, but it requires accurate switching frequency
management and real-time processing, which may make
implementation more challenging [12, 17]. Applying it to
a FP-IPMSM provides a number of benefits because of
the additional phase, including decreased torque ripple
and enhanced fault tolerance.

The 5-phase SVM can be applied via 2 or 4 vector
approaches. There are 3 groups that comprise the active
switching vectors; medium (V,,), large (V), and small (V)
switching vectors. The formula for switching time while
applying the 4-vector approach is:

Vi I =V Ty + Vi Loy +VamTam + Vi Tp s (8)

2 V4
Vi :‘Vbl‘z‘Vl ‘:ngcchS(g}
©)
2
Vam :‘me‘:‘Vm‘ngdc;
Tal/Tam :Tbl/Tbm:|Vl|/|Vm|:T:l'618' (10)

Equations (8—10) when be solved, yield the equation
for the switching time:

A =D~ [ 10,2764, [sin (kz /5 - 0)
’ ’ ’ ®) am = |VmA| sin(7/5) 53
Al oy =Tom —Top, )
where @: is the reference flux; 7, e,,,* is the reference torque. o= |0-7236 Vier |sin (k 7/5-0 ) ]
The amplitude of the stator flux is expressed as al V;|sin(z/5) v
follows using the Concordia que;ntmes:2 . < | 0.2764 7, sin O (k=1)z/5) (11
=,/ . T, = .
2 Py +Pp ©) bm |Vm|sin (z/5) :
The position (angle) of the stator flux 6 is: )
6, = n (@, /) - ., 10,2764, [sin (0 - (k ~1)z /5)
=tan . = :
y "3/ ¢ ) bl |Vl|sin(7z/5) )
The authors [18] provided a switching table for
conventional DTC of FP-IPMSM (Table 1). \Jo =T - (T am + Ty + Ty, + T
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where V, is the reference voltage vector; 7, is the
switching period; T,,,, Tpm, Tu, T are the switching times
of medium and large voltage vectors; & is the number of
sector; T, the switching time of zero voltage vectors; 6 the
angle of position for the reference voltage vector.

STSMC-DTC strategy of FP-IPMSM. The
conventional method of controlling multi-phase PMSM is
to use PI controllers. This method reduces the robustness
of the system by increasing torque ripples [19, 20]. There
are several different types of SMC procedures in the
literature and all these proposed methods aim to reduce
chattering phenomena [21-23].

In order to provide robust control, a unique method
for FP-PMSM is proposed in this section. The developed
method, known as super-twisting sliding mode control
(STSMC), effectively addresses the primary shortcomings
of the standard SMC technique as documented in the
literature for uncertain systems. The following is the
selection of the sliding surfaces based on (1) and (4):

S(CDS)ZCDS —@S;
S(Tem):Tem _Tem;
Sw,)=w, —o,.

(12)

The suggested second-order SMC is composed of 2
parts and is predicated on the super twisting technique
that Levant originally introduced in [15]:

Vas = V1T V2 (13)
v = —Ksign(S(2y));
with . (14)
vy = —1|S(@,)| sign(S(®y);
Vgs = Wi T Wy 15)
. wy =—Kysign(S(T,,,));
with . (16)
wy = =b|S(Top)| sign (ST );
iqs:Zl+ZZ (17)
] 21 = —K3sign(S(®,));
with . (18)
Zy = —Z3|S(a),)| sign(S(w,).

The gains can be selected as follows to guarantee
that the sliding manifolds will converge to zero within a
finite time [15]:

kj>i’ LN 4;1; KMJ-(ijj);
Tk T Ky Kk -2 (19)

0<y<05; j=1,2,3.

Figure 2 provides the block diagram for the
STSMC-DTC of the FP-IPMSM.
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Fig. 2. The block diagram for the STSMC-DTC of the FP-IPMSM

Results and discussion. In MATLAB/Simulink
numerical simulations have been carried out to validate
strategies created for a DTC scheme employing the
STSMC-based SVM algorithm of the FP-IPMSM. The
machine’s parameters are as follows: f'= 50 Hz, p = 2,
Jn=0.004 kg/m’, p,= 0.2 Wb, L, = 8.5 mH, L, = 8.5 mH,
R, =0.67 Q2 [24]. The conventional DTC and STSMC-DTC
with SVM approaches will be examined and contrasted in
2 different tests — tracking performance and robustness.

Test 1. The reference tracking test is the initial test.
The objective is to determine which approach yields
superior reference tracking outcomes under the influence
of load torque 7, variation. Additionally, in terms of
torque ripple value and flux. At initialization, the
FP-IPMSM’s reference speed is set to 125 rad/s. The rotor
speed rises to 50 rad/s at = 0.2 s. A nominal 7, = 10 N-m
was applied at £ = [0.4, 0.6] s, and at ¢ = 0.8 s, a consign
inversion —50 rad/s was performed.

The results of the rotation speed simulation are
shown in Fig. 3. In contrast to the second-order SMC-
DTC strategy, which maintains its reference speed within
an excellent range, the conventional DTC showed a speed
decline from 50 rad/s to 36 rad/s at the instant t = 0.4 s
while applying 7,. Figure 4 displays the torque 7,
simulation results. The second-order SMC-DTC strategy
minimizes torque oscillations in comparison to the
conventional DTC method, where the T,, ripple values
reached 3 N-m using the proposed technique and 7.5 N-m
using the conventional technique (Table 2).
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Fig. 4. Electromagnetic torque (Test 1)
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The stator flux was improved using the proposed
technique (Fig. 5) with very low ripple (7 mWb) when
compared with the conventional DTC method (14 mWb).
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Fig. 5. Stator flux (Test 1)

The torque 7,, and stator flux utilizing the
conventional DTC, where the torque ripple values reached
114 N-m, are clearly impacted by these changes in
machine parameters (Fig. 7). Figure 8 shows that the flux
ripple values reached 22 mWb for conventional DTC.

40 T T — - ™ T T
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Table 2
The comparative analysis of the various techniques G 048 049 05 051 052 05 05 05 0% 057 G5
Parameter Conventional DTC STSMC-DTC Fig. 7. Electromagnetic torque (Test 2)
@, response time 0.1s 0.02s 04 2, Wb 1 1 ‘ 1 1 1 1 ‘
Torque ripple 6.3-13.8 (7.5 N-m) | 8.6-11.6 (3 N-m) o e
@ dropping due 36 rad/s 43 rad/s i e T
to 7, application : : : : : : ! ! !
Flux ripple 0.393-0.407 Wb | 0.3965-0.4035 Wb e e e e TS
(0.014 Wb) (0.007 Wb) | | | | | | | | |
As can be observed, the second-order SMC-DTC 0.1 -- *i* - *i - 7: - :ES%KA%TS%C) - - *i - - 7: - :T -
strategy has a better dynamic response for speed, torque w w | |—Desired | | L
and flux when compared to the conventional DTC % 01 02 03 04 05 06 07 08 08 1
technique, suggesting that the second-order SMC
controller was less sensitive to load disturbance. i "o T o :Eg%;;,'gg%c)
Test 2. The robustness test is the second test. The il LA ey e —Desired

stator resistance R, and machine’s moment of inertia J,,
values from the 1* test are multiplied by 2 in this test. The
values for the L, and L, are reduced by 20 %. Simulation
results are presented in Fig. 6-8.

Figure 6 indicates that the conventional DTC speed
responses are more impacted by changes in machine’s
parameters than the STSMC-DTC for the FP-IPMSM. It is
also observed that the speed is overshoot at the start as well
as when the speed is reduced to 50 rad/s (¢ = 0.2 s), unlike
the STSMC-DTC strategy for the FP-IPMSM results where
the speed continues to follow the reference without overshot.
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Fig. 6. Rotation speed (Test 2)
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Fig. 8. Stator flux (Test 2)

Conclusions. In this research we proposed a novel
method for the DTC scheme applied to the FP-IPMSM
drive. We improved the control and the behavior of the
FP-IPMSM by controlling the speed, torque, and stator
flux using the STSMC technique with SVM approach. A
comparison between the conventional DTC and the
suggested STSMC-DTC based on SVM is presented
where the modification goal was reduce some of the
drawbacks of conventional DTC such as flux and torque
ripples overshoot, rise time, and decrease in both
robustness against changes in machine parameters,
stability, and dynamic response.

The following are the main findings:

e A new STSMC-DTC based on SVM technique of
the FP-IPMSM was proposed and designed.

e The proposed STSMC-DTC technique is much more
robust compared to the conventional DTC technique.

e Minimization of ripples for flux and torque has been
shown in two different tests — tracking performance and
robustness. The proposed STSMC-DTC-SVM method
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lowers torque ripple =60 % and flux ripple =50 % when
compared to the conventional DTC method.
The STSMC-DTC-SVM  technique  will  be
experimentally implemented and validated in the future work.
Conflict of interest. The authors declare that they
have no conflicts of interest.
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