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ABSTRACT

This paper presents a Speed Fuzzy Second-Order Sliding Mode Control (FSOSMC) for Direct
Torque Controlled Dual Star Induction Motor (DTC-DSIM). A DTC uses the instantaneous
values of voltage vector where each reference voltage vector is computed with a DTC
algorithm. The sliding mode control is characterized by its robustness against modeling
disturbances and uncertainties; however, this technique has a major disadvantage which is the
phenomenon of chattering that produces torque fluctuations. In order to overcome this
drawback, a new control scheme that uses the FSOSMC for speed control is proposed. . Itis
shown that the proposed control strategy conserves the main advantages of the DTC in
addition to reducing considerably the chattering effect. It is also robust against modeling
disturbances and uncertainties. Several simulation tests are performed illustrating the high
accuracy of the proposed control scheme.
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1. INTRODUCTION

In large varieties of industrial applications, the growth of electrical energy consumption and
high power electrical applications have caused problems at the level of the converter-machine
assembly. In fact, the need of high switching frequencies and currents requires the use of
high-gauge components. On the other hand, the machine windings must be designed to
Support high voltages[1,2]. In order to meet the above-mentioned requirements, power
segmentation is an appropriate solution while using multi-phase induction machines where
the number of phases is greater than three supplied by one or more converters, For that
reason, the multi-phase machines are more and more used for some high power industrial
applications such as railway traction, ship propulsion and wind power systems. Among these
multiphase drives. the dual star induction machines with two sets of three-phase stator
windings, spatially shifted by 30 electrical degrees and isolated neutral points is one of the
most widely discussed topologies[3,4].The DTC approach was firstly proposed by
|.Takahashi[5]. It allows controlling the stator flux and electromagnetic torque from
measurements of stator currents and voltages without the use of mechanical sensors.
Moreover, this control strategy does not require flux decoupling nor pulse width modulation
(PWM) to control the inverter. So, it is based on a direct determination of the switching
control sequences applied to the voltage inverter. This choice is generally based on the use of
hysteresis regulators whose function is to control the state of the system in order to obtain the
amplitude of the stator flux and the electromagnetic torque. On the other hand, the use of the
P1 controller for the speed control has many disadvantages indeed these correctors are linear
and cannot control non-linear systems with variable parameter[6].

Furthermore, when the controlled part is subjected to strong nonlinearities and time-variation,
it is necessary to design control algorithms ensuring the robustness of the control strategy
against model uncertainties parameters variations. The sliding mode control is one of these
robust control methods[7-9]. It has undeniable advantages for the poorly identified systems
with variable parameters. However, there are some problems like the chattering phenomenon,
due to the discontinuous nature of the control. These disadvantages can be harmful for the

motor, by heating up the windings or by exciting no modulated high frequency dynamics,
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indeed, depending on the frequency of this phenomenon; it can damage the power electronic
components during switching. There are different methods to reduce the undesirable effects of
this phenomenon, for instance: one can use a high order sliding modes whose principle is to
reject the discontinuities at the level of the input system upper derivatives[10,11], thus, the
chattering effect can be eliminated while keeping the control robustness characteristic and
improving the accuracy of convergence. Furthermore and in order to improve the performance
of this controller, we will combine it with fuzzy logic in order to form Fuzzy-Second Order

Sliding Mode Controller (FSOSMC).
2. Dual Star Induction Motor Mathematical Model (DSIM)
The It is assumed that the DSIM is considered as an electromechanical system consisting of

two three-phase stator windings, whose magnetic axes are displaced by an electrical angle of

a =30° [1]. Figure 01 show the stator and rotor windings representation of DSIM.
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Fig.1. Windings scheme of DSIM

The general voltage equations for stator and rotor circuits can be presented in a matrix for as

follows:

Verl = [Rol[Lsa] + - [s]
Vea] = [Real[Ls2] + - [s2] (1)

0 = [R][L,] + - [¢,]
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In the synchronous d-q reference frame, the system equation (1), can be rewritten as

follow[13,14] :

Vgs1 = Rslgs1 + % — WsPygs1

Vas2 = Rslgsz + d(flisz — WsPys2 2)
Vgs1 = Rslgsr + % + wsPus1

Vgs2 = Rslgsz + % + wsPys

0 = Ryigy + 2% — (w0, — ;) §gr )
0= Rypig + % + (w5 — @) dar

Stator and Rotor flux components
bas1 = Lsilgs1 + Ly (idsl +igs + idr)
¢qsl = leiqsl + Ly, (iqsl + iqsz + iqr) (4)
¢d52 = Lgigsz + L (lgs1 + lgs2 + 1ar)
Pgs2 = Lgpl 52+Lm(i s1 tigsa+i r)
q q q q q

bar = Lyigr + Ly (idsl +igs2 + idr)

¢qr = Lriqr + Ly (iqsl + iqu + iqr) (5)
3 3
Ly = ELsr= ELrs

Lm: Cyclic mutual inductance between star 1, star 2 and rotor.

Where Ls1 = Ls2 is the stator leakage inductance of (d-g) equivalent circuit, and is mutual
leakage inductance.

The electromagnetic torque of the motor can be expressed as the sum of two components
caused by the electromagnetic interaction between the stator 1 and the rotor; and the

interaction between the stator 2 and the rotor:

Te=p (d)dsliqsl - ¢qslidsl + d)dsziqsz - ¢q52idsz) (6)
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Mechanical equation:

JZ =T, —T, — ks Q @)

3. Direct torque control of DSIM

The basic DTC scheme is shown in Figure 02. The DTC method is based on instantaneous
space vector theory. By optimal selection of the space voltage vectors in each sampling period,
the DTC achieves effective control of the stator flux and torque. Thus, the number of space
voltage vectors and switching frequency directly influence the performance of DTC control
system. The DTC requires accurate knowledge of the amplitude and angular position of the
controlled flux with respect to the stationary stator axis in addition to the angular velocity for
the torque control purpose. The principle of DTC operation also can be explained by
analyzing the stator voltage equation in the stator flux reference frame[4,5].

For an effective torque control of the DSIM, it is imperative to adjust properly the flux, by
putting ourselves in a fixed frame (a, B) related to the stator.

The expressions of stator voltages allow us to calculate, in real time and at any moment, the

flux and torque magnitudes, using the following equations.
t .
Psa12 = fo (Vsa1,2 —Rs12 lsa,l,Z)dt (8

bsp12 = fot(vs[h,z —Rs12 is[3,1,2)dt

Thus, the stator flux module is written:

2
bs = J(¢Sa1 — Psaz)? + (dsp1 — Psp2) 9)
The angle 0s is given by the following expression:
_ $sa1+Psaz
Bs = ArCtg(—¢sB1+¢SBz) (10)

The calculation of the stator flux is not sufficient to control the torque of the machine. In fact,
a real-time torque estimation is required. Consequently, an expression of the torque was

included in the program.

Te = P. (dsar-isp1 + Psaz- Pspz — Pspi - sz + Psp2-isaz) (11)
The error between the estimated and reference torques represents the input of a three level

hysteresis comparator.
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Fig.2. Direct torque control (DTC) scheme for DSIM
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The aim of DTC for DSIM is to maintain the stator flux and torque within the limits of flux

and torque hysteresis bands by a proper selection of the stator space voltage vectors during

each sampling period (figure 03). The voltage vectors are selected according to the errors of

stator flux and torque. Table 1 summaries the combined effects of each voltage vector on both

stator flux and torque, assuming the stator flux is located in the first sector.

Fig.3. Rotation of startor flux linkage vector by voltage vector

Sector 4

i3 %
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Table 01. Switching Table Presented By Takahashi

Sector 11234 ]|5]| 6 |corrector
Cre=1 |V2|[V3|V4|V5|V6|V1|2levels

Cflx=1 | cre=0 |V7|VO|V7|VO|V7|VO
Cre=-1 |V6[V1|V2|V3|V4|V5|3levels
Cre=1 |V3[V4|V5|V6|V1|V2|2Ilevels
CfIx=0 | cte=0 [VO|V7|V0O|V7|VO|VO
Cre=-1 |V5[V6|V1|V2|V3|V4|3levels

4. Second Order Sliding Mode Control (SOSMC)

The aim of this section is to generate a second-order sliding regime on a surface S by
cancellation of S and S, (S = S = 0), this means that the system converges to zero at the
intersection of S and S in the state space[10,14,22].

The main feature of this strategy is that the discontinuous part appears on the derivative of the
Vsr; control. Finally, when one calculates the system control = [ % , it becomes continuous
thus limiting the phenomenon of chattering. To achieve this goal, we use the algorithm of
super-twisting, this algorithm applies only systems of relative degree 1 to avoid background
noise. Its interest lies in the reduction of chattering, due to the continuity of the control
signal[14,15,23]. The command law of the Super-Twisting is formed of two parts. The first V;
is defined by its derivative with respect to time, while the second V; is continuous and

according to the sliding variable[22,23].
Vri (£) = V1(t) + V2 (2)

or { V() = —A sign(S) + V,(t) 12)

Vo(t) = —B|S|° sign(S)

In finite time, the following conditions are given to ensure the convergence of slippery
varieties [15-16]

A>/1
Kin

B2 > A _(A+h)

T kZ km(4A-2) (13)

0<6<05
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5. Fuzzy Second Order Sliding Mode Controller (FSOSMC)

The use of sign function in SOSMC will cause a serious problem when the system state of the
surface is close to the sliding surface [17-19], This undesirable effect can be reduced using the
fuzzy second order sliding control FSOSMC, we combine the fuzzy logic with equivalent
control (SOSMC), or we replace the sign function with inference fuzzy system Figure 04.
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Fig.4. Structure of Fuzzy Second Order Sliding Mode Control

The membership functions of FSOSM-DTC are defined in Figure 05. The fuzzy rules base
consists of collection of seven linguistic variables: negative big ( NB ), negative medium
(NM), negative small (NS), equal zero (EZ), positive small (PS), positive medium (PM) and

positive big (PB). The details of fuzzy rules are shown in Table 3.
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Fig.5. Input and output Membership functions
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6. Simulation Results and Discussions

Enter In order to study the importance of the Fuzzy Second Order Sliding Mode Controller,
simulation models are built using Matlab/Simulink. Two control schemes are implemented
using the same implementation conditions, the DTC-FSOSMC with an FSOSMC controller
and the classical DTC (C-DTC) with a classical PID controller. The parameters of the DSIM
are presented in Table 4.

Figures 06 and 07 show the speed and the electromagnetic torque of the two systems when
applying a load torque, at t = 0.7s with a torque of 14N.m then at 1.7s by -14Nm while the
reference flux is kept as ¢f = 1.3Wh.
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Fig.6. Comparison between speed response for DTC-FSOSMC and C-DTC
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Fig.7. Electromagnetic torque Comparison of DTC-FSOSMC and C-DTC

The simulation results illustrate both the steady state and transient performance of the DTC,
the controlled torque and flux will follow perfectly their reference curves in both transient and
steady states. The waveforms depicts that the two systems give good results with remarkable

superiority for the DTC-FSOMSC, the performance of the latter represents a significant
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improvement in the dynamic response of the two quantities, speed and torque with faster
convergence: faster rise time, shorter stabilization time, and excellent dynamic performance

of torque and flux control (Figures 06-11).
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Fig.9. Stator flux circular trajectory of DTC-FSOSMC
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Fig.10. Stator flux magnitude response of DTC-FSOSMC

Figures 8, 9 and 10 show the first-phase stator current isal and the phase flux of the

DTC-FSOSMC with a reference flux at 1.3Wbh.
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The waveform of the stator current is closed to a sinusoidal signal and the flux properly

follows its reference even with the presence of load.

To test the robustness of the FSOSMC controller, a speed reversal test was completed.
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Fig.11. Simulated responses for reference speed reversal with no load

Figure 11 shows the curves of speed, torque and stator current (isa;), it is clear that the speed

follows perfectly its reference, it generates an increase in the current of a magnitude identical to
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that observed during the transient regime initial, which stabilizes and gives rise to sinusoidal
forms of constant amplitude.

To evaluate the performance of the DTC-FSOSMC and DTC-PID control system, we adopt a
performance index, such as the integral of the absolute error (IAE), the integral of time
multiplied by the error squared (ITSE), integral square error (ISE) and the integral of the time
multiplied by the absolute value of the error (ITAE).

The monitoring performance of the controllers is presented in Table 2.

Table 2. Comparison of performance index

Performance index | IAE ISTE | ISE ITAE

C-DTC 2551 | 2209 | 1753 |4.221

DTC-FSOSMC 18.55 | 116.9 | 1279 | 2.26

8. CONCLUSION

In this paper, direct torque control method of DSIM with a speed fuzzy second-order sliding
mode controller (FSOSMC) is presented, the simulation results show the robustness and good
performance of the proposed DTC-FSOSMC over the conventional DTC- PID (a small
response time, overtaking negligible, a small speed inversion time). Furthermore the
performance of the proposed techniques is evaluated and justified on the basis of performance

indices IAE, ITSE, ISE and ITAE.
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Appendix:
Table 3. Fuzzy rules

de Ne3 | Ne2 | Nel | Ze Pel | Pe2 Pe3

Nde3 [ NB | NB | NB | NB |NM | NS Z
Nde2 NB | NB | NB |NM | NS Z 0OS
Ndel NB | NB |[NM | NS Z 0S PM
Zde NB |NM | NS Z OS | PM PB
Pdel |NM | NS Z OS |PM | PB PB
Pde2 NS Z OS |PM | PB | PB PB
Pde3 Y4 PS |PM | PB | PB | PB PB

Table 4. Parameters of Dual Star induction Motor

Stator resistances  Rs1=Rs2 3.72 Q

Rotor resistance Rr 2.120Q

Stator inductances  Lsl1=Ls2 0.022H

Rotor inductance Lr 0.006H

Mutual inductance Lm 0.3672H
Moment of inertia J 0.0662Kg.m2
Friction coefficient Ks 0.001N.m.s/rad
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