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Direct torque control based on second order sliding mode controller
for three-level inverter-fed permanent magnet synchronous motor: comparative study

Introduction. The permanent magnet synchronous motor (PMSM) has occupied a large area in the industry because of various benefits such

as its simple structure, reduced moment of inertia, and quick dynamic response. Several control techniques have been introduced for the
control of the PMSM. The direct torque control strategy associated to three-level clamped neutral point inverter has been proven its
effectiveness to solve problems of ripples in both electromagnetic torque and stator flux with regard to its significant advantages in terms of
fast torque response. Purpose. The use of a proportional integral speed controller in the direct torque control model results in a loss of
decoupling with regard to parameter fluctuations (such as a change in stator resistance value induced by an increase in motor temperature),

which is a significant drawback for this method at high running speeds. Methods. That is way a second order sliding mode controller based
on the super twisting algorithm (STA) was implemented instead of PI controller to achieve a decoupled control with higher performance and
to insure stability while dealing with parameter changes and external disturbances. Results. The simulation results carried out using
MATLAB/Simulink software show that the model of direct torque control based on a three-level inverter-fed permanent magnet synchronous
motor drive has better performance with second order sliding mode speed controller than the proportional integral controller. Through the
response characteristics we see greater performance in terms of response time and reference tracking without overshoots. Decoupling,

stability, and convergence toward equilibrium are all guaranteed. References 9, table 2, figures 9.

Key words: permanent magnet synchronous motor, direct torque control, second order sliding mode controller.

Bcemyn. Cunxponnuii 0sueyn 3 nocmitinumu maenimamu (CAIIM) 3aiinag eenuke micye 8 npomMuciogocnii 3a605KuU PisHUM Nepesazam, maxum
AK 11020 NPOCMA KOHCMPYKYIA, 3MeHWeHUl MOMeHm iHepyii ma weuokull ouramiunui eiozyk. /lna kepyeanns CLIIM 6yno 66edeno Oexinbka
Mmemooie kepysarHs. Cmpamezian npsamo20 YnpaeniHHsA KPYWHUM MOMEHNOM, NOGSI3AHA 3 MPUPIGHEBUM THEEPMOpoM 3 (DIKCOBAHOIO
HEUMPATLHOK MOUKOI0, 006€1A C80H0 eHeKMUGHICMb Olisl GUDILUEHHS. NPOOIEM NYIbCAYILL SIK eNEeKMPOMASHINHO20 KPYMHO20 MOMEHNY, MAK i
MAZHINHO20 NOMOKY CMAMOPA, BPAXOGYOUU 1020 3HAYHI Nepedact 3 MOUKU 30py WBUOKOL peakyii Kpymno2o momenny. Mema. Bukopucmarms
NPONOPYITIHO-IHMEZPATLHOR0 PEYNAMOPA WEUOKOCIE MOOE NPSMO20 YRPAGTIHHA KPYIHUM MOMEHMOM HPU3B00UMb 00 SMPAMU PO36 3K
10 BiOHOWEHHIO 00 KOTUBAHb NAPAMEMPIE (MAKUX SAK 3MIHA 3HAUEHHS ONOPY CMAMOPA, 6UKTUKAHE NIOBULYEHHAM MEMNEPanypu 08USYHA), W0 €
icmomuum Heoonikom 07 yiei Mooeni Ha 8ucokux pobouux weuoxkocmsax. Memoou. Taxum wunom, samicme I1l-pecynamopa Oye peanizosanuii
KOB3HULL pe2ynamop Opy2020 NOPAOKY, 3aCHOBAHUIL HA aneopummi cynepckpydysans (STA), 0ns 0ocsaenents po3ga3ano2o ynpaeninus 3 Oinbiu
BUCOKOI0 NPOOYKMUBHICIIIO Ma 3a0e3nedeHHs CmabiibHOCHi npu pobomi 3i sMiHamu napavempie ma 306HiuHiMu 30ypennsamu. Pesynomamu
MOOEN0BAHHS, BUKOHAHO20 3 BUKOPUCIIAHHAM NpospamHoeo 3abesneuenns MATLAB/Simulink, nokazyiome, wo Mooenb npsamozo KepyeaHHs
KDYNHUM MOMEHMOM, 3ACHOBAHA HA MPUPIGHEEOMY NPUBOOT CUHXPOHHO20 OBUSYHA 3 NOCHILIHUMU MASHIMAMU 3 THEEPMOPHUM JICUBTEHHSIM,
MAe Kpaugy eqexmusHICIb 3 pecyisimopoM WUEUOKOCI 3 KOBZHUM PEXCUMOM OPY2020 NOPAOKY, HIdIC NPOROPYILIHULL IHMeZPATbHULL KOHMPOep.
3aeosiku xapakmepucmuxam 6i02yKy 6auumo OLbUL GUCOKY epheKmuUeHICIb 3 MOYKU 30py HACy GI02YKY ma GI0CMEediCeHHs. NOCUIaHb Oe3
nepepezymosanns. Po3s'sska, cmabinbHicms ma 30ixcHicmy 00 pieHosaeu eapanmosani.. bion. 9, Tabn. 2, puc. 9.

Kniouosi cnoséa: CHHXPOHHUI IBMI'YH 3 MOCTIHHUMH MarHiTaMu, npsiMe KepyBaHHsI KDyTHHM MOMEHTOM, KOHTPOJIEP Pe:KUMY
KOB3aHHSI IPYroro NopsiaKy.

Introduction. In recent years, thanks to the rapid
development of power electronics technology, permanent
magnet synchronous motor (PMSM) has taken a wide
space in the industry due to many advantages such as
higher energy efficiency and higher torque to weight
ratio. In the term of its control, several techniques have
been presented in the literature; such as voltage/frequency
control, which is limited to low-performance uses, and
field oriented control, which has a complex process and is
highly sensitive to parameter changes. nevertheless, the
direct torque control (DTC) has been the most attractive
control due to its notable advantages regarding its
simplicity and its rapid torque response [1], This
command need an external loop to control the speed
either by the classic PID controller [8] or through other
methods of control such as: fuzzy logic control [9],
sliding mode [2], as well as the second order sliding mode
controller (SOSMC) [2] which is designed to achieve high
performance for systems with parametric variation and to
ensure closed loop stability.

The purpose of this work is to compare between
the PI and the second order sliding mode speed
controllers in a direct torque control for three-level neutral
point multilevel inverter-fed permanent magnet
synchronous motor drive system.

In this paper, the mathematical model of PMSM has
been introduced. In order to obtain a better performance
for the PMSM, the technique of DTC associated to three-
level neutral point clamped (NPC) multilevel inverters
with a PI controller has been used. However, this solution
has a major drawback represented by the speed's
sensitivity to load variation. In order to remedy this
problem, the DTC with the sliding mode controller
(SMC) was generally used to improve its robustness and
its insensitivity to parameter variations and external
disturbances. However, the presence of the chattering is a
major drawback for conventional SMC controllers. In
order to minimize the phenomena, a SOSMC was used.
For the purpose of evaluating and testing the different
control techniques proposed for the PMSM fed by three-
level NPC inverters drive system, a simulation study was
carried out. The comparison study based on the obtained
simulation results confirms the efficiency of the second
order sliding mode controller over the PI controller under
different operating conditions. [2].

Model and equations of the PMSM. The two-phase
model of the PMSM is carried out by a transformation of
the real three-phase reference into a fictitious two-phase
reference, which is in fact only a change of base on the
physical quantities (tensions, fluxes and currents), it leads
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to a reduction of the machine equations. The transformation
best known by electrical technicians is that of Park, the
representation is shown in Fig. 1.

Fig. 1. Two-phase representation of PMSM

The stator voltage equations are given by the
following equations in the matrix form [3]:

[qu]=[Rs]'[idq]%[codq]w-ﬂ[wfzq], (1)

[qu]:{;d} @

where

q
R, 0
[Rs]:[O R} 3
iy - m , “@

_ Pa * _(oq
[(od ]_|:¢q:|’ (pdq_|:¢d :| (5)

We note also that:

bl I G

where Vg V,, is iy La Ly @4 and @, are the dg
components of the stator voltage, current, inductance and
flux linkage, respectively; R, is the stator resistance; ¢y is
the rotor flux linkage generated by the permanent
magnets; p is the pairs of poles.
The electromagnetic torque expression is given by:
T,=0/2)p-\La L, ) ig iy +op i) (7)
In the case where the machine has non-salient poles
(La= L), this equation (7) is simplified to:
T, =(3/2)-p-oy iy ®)
DTC with three-level inverter. The principle of the
DTC is to maintain the stator flux within a specific range
[3, 4]. This technique is based on the direct determination
of the commands sequences applied to the switches of a
three level inverter. This strategy is generally based in the
use of hysteresis comparators whose role is to control the
amplitudes of the stator flux and the electromagnetic
torque. The synoptic of DTC control is shown in Fig. 2.
The stator flux equation is expressed as:

by =boa + idsp )
where

t
Psa :I(I/sa —Ry I )dt;

’ (10)
&Sﬁ = J(VSﬂ _RS ]Sﬁ)dt’

0

where Vi, Vig, is, isp, are the aff components of the stator
voltage and current, respectively.
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Speed Controller Controllers

N .
. T A A a /N

2 / 3

@, N T, 2 — b
[w.| Ay, E S\ )
m— d |

o

Switching Three Level
Inverter

Fig. 2. The synoptic of DTC control

Once the 2 flux components are obtained, the
electromagnetic torque can be estimated by the formula below:

A3 A .
Ce=5p ¢Sa1Sﬁ_¢SﬂISa]~ (11)

Moreover, in order to obtain the sector, the rotor flux
angle is determined by:

5 (12)
Sa

This model is updated with 3 level hysteresis controller
for the flux and 5 level for the torque in order to build the
optimized switching table as illustrated in Table 2 that led to
determine a vector between 27 state vectors to apply to a
three level NPC inverter (Fig. 3) noting that those vectors are
distributed on 12 sectors of the stator flux plane Fig. 4.

6 = arctg

phase

Fig. 3. One leg of 3 level inverter layout
(111 @1

“1-11)
Fig. 4. 12 sectors with switching vectors
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In 3-level NPC inverter there are 3 switching state
for each leg (S1, S2); (S1, S1); (S1°, S2’) which result in
3 voltages levels respectively V., V,/2, 0. Consequence
of these switching possibilities, 27 state vectors will be
obtained as shown in Table 1 [5, 6].

Table 1
Distribution of the 3-level inverter voltage vectors into 4 groups

Zero state Vi Vg Vs
vectors 0,0,0) (1,1, 1) (-1,-1,-1)
V2 V3 Ve Vs Ve V5
short (100 (1, 1,0)(0,1,0) (0, 1, 1) (0,0, 1) (1,0, 1)
Vg Vo Vi Vi1 Vip Vis
Vectors
(0,-1,-1) (0, 0,-1) (-1, 0,-1) (1, 0, 0)
(-1,-1,0)(0,-1,0)
Vie Vi7 Vig Vig Voo Vy
g (-1, (1, L) (L LD L 1 )
(_1a _15 1) (1a _1’ 1)
: Va2 Va3 Vag Vs Vg Vg
Medium 1 (1,0,-1) 0. 1,-1) (-1, 1,0) (-1, 0, 1) (0,1, 1)
vectors
(1,-1,0)
Table 2
DTC modified switching table
o7 Stator flux sectors

12 (3[4[5]6|7[8]9]10]11]12
+2 1221712318 [24|19[25[20126|21 27|16
+1(22]3 (23] 4 (245 [25]6]26]|7[27]2
+1)00 |1 [ 8|15 1 |8 [15]1 |8 |15]1]|8]15
—1[27[2 (223|234 (245 |25|6[26]7
—2[27[16(22]17|23|18[24|19]25|20|26]21
+2 1231812419 [25120(26(21)|27|16|22]17
+1(2314 (245 |25[6 (267|272 |22]|3
0|0 |1 |8 |15 1 [8[15]1 |8 |15[1]|8]15
126 7 (272|223 [23|4]|24|5|25]6
—2126(2127[16[22|17[23|18|24[19[25]|20
+2 11824 119(25[20126(21(27]16[22|17|23
+1]4 (245256 (267 [27|2|22|3 |23
-1 0|1 [8|15]1 |8 [15]1 |8 |15]1]|8]15
—1]6 (267|272 (223 (23|14 |24]|5 |25
—2120[2621[27]16]22|17(23]18[24|19]25

PI speed controller. The PI controller determines
the reference torque in order to maintain the
corresponding speed [2]. The speed dynamics is given by
the following mechanical equation:

Q= -1, , (13)
JP+ f,
where T,, T;, J, f,, P are the motor torque, load torque,
moment of inertia, viscous friction factor and Laplace
operator, respectively.

The functional diagram of speed controller is shown

in Fig. 5.

Tr

.
Te +
& P+, >

nref *

Fig. 5. Speed control loop

Adopting the pole placement method considering
that the closed loop speed transfer function is given by:

Kp-[P+ i]
Q K
Fe = = d

Qs J-PP4(f+K,) P+K;

(14)

The controller parameters Kp, K; become as:
K;=2-p*J;
K,=2-p-J-f.,
where p represents the module of the real part and
imaginary part of the 2 poles.
Conventional sliding mode controller. The sliding
mode controller has been built to control the speed to
ensure good tracking, accurate response and insensitivity

to changes in drive system [2, 7]. The sliding surface has
been selected as:

(15

So=Q,— Q. (16)
In addition, the electromechanical equation of the
motor is expressed by:

dQ

J'E-Ffr'Q:Te—TL. (17)

By considering (17), the derivative of (16) becomes:

. ) 1
SQ=Q,ef—7-(Te—TL—fr~Q). (18)
The reference control variable is written such as:
Tref: Tequm (19)
where T,, and 7, are the equivalent and switching
components of the control variable, respectively.
In the sliding mode (S = 0), the equivalent

component is determined by:
Toqg=J Qur +T1 + - Q. (20)

Moreover, the switching component is written by
T, = Ko -sign(So ), 1)

where K, is the positive coefficient.

Second order sliding mode controllers (SOSMC).
The conventional sliding mode controller is known by the
chattering phenomena, to address this issue, we proposed to
extend the basic SMC model to a second derivative of the
sliding surface (SOSMC), with the objective of minimizing
the chattering band [2]. The equivalent component remains
the same, the switching component become:

T, = Koy |SQ|Sign(SQ)+ngjSign(SQ)dl, (23)

where K, and K, are the positive constants.

Simulation results. Digital simulation using
MATLAB/Simulink has been used to test the techniques
described in this paper. In this simulation, the frequency
is 50 Hgz, stator resistance is 2.3 €, inductance
L; = L, = 7.6 mH, moment of inertia is 0.032 kg-m?,
permanent flux is 0.4 T and number of poles is 4. The
PMSM starts with a constant reference speed equal to
100 rad/s. At t = 0.2 s the rotor speed decreases to
80 rad/s. At t = 0.5 s a reverse of rotation to —100 rad/s
was performed finally at # = 0.7 s, a nominal load torque
T, =5 N-m was applied, then removed at = 0.9 s.

In the instant ¢ = 0.7 s when applying the load, a
speed drop from —100 rad/s to —101 rad/s was noticed
with the PI controller unlike the SOSMC model where the
speed remains in an excellent range maintaining its
reference (Fig 6, 7). Also an overshoot of the speed is
observed when decreasing the speed to 80 rad/s (t=0.2 s),
contrary to the SOSMC results where the speed keep
tracking the reference without overshooting (Fig. 6, 7).

As can be seen, compared with model of PI-DTC,
the model of SOSMC-DTC has a better dynamic response
for both speed and torque indicating that SOSMC
controller was less sensitive to the load disturbance.
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Fig. 6. Rotor speed response with PI controller
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Fig. 7. Rotor speed response with SOSMC
When the rotation was reversed, the motor torque

required longer time to reach equilibrium (0.06 s), this
time was clearly reduced in SOSMC model (Fig. 8, 9).
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Fig. 9. Motor torque response with SOSM

Conclusions. In this paper a comparative study of
proportional integral and second order sliding mode
controller in a direct torque control system based on a 3-level
neutral point clamped inverter-fed permanent magnet
synchronous motor drive has been presented.

Simulation results prove that second order sliding
mode controller provide better tracking performances than
the proportional integral in terms of rise time and overshoot
as well as less sensitivity of motor speed to load disturbance.

How to cite this article:

The return to the equilibrium point was 0.02 s less than the
proportional integral controller. In the other hand, the
dynamic performance and steady-state accuracy of the PI
controller were not very satisfactory since the motor speed
sensitivity to load disturbance and motor variations was very
high (1 rad/s) then it was improved and reduced to 0.1 rad/s
with the sliding mode controller.
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