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ABSTRACT

In this article, we study the control by sliding mode (CSM) applied to the permanent magnet
synchronous machine (PMSM) supplied with a tension inverter with triangulo-sinusoidal -MLI. The
control by sliding mode is well adapted to the nonlinear systems. It is characterized by properties of
robustness with respect to the external disturbances and parameters variations . The sliding surface
is given on the basis of the system and desired performances. While the law of control is selected with
an aim of ensuring the convergence conditions and sliding i.e. the attractivity of commutation
surfaces. A comparative analysis of all CSM advantages to those of the classical control (PI) was
developed in last stage to highlight the performances of this technique. The various results obtained
in simulation allow an evaluation of the robustness and performances of this mode of control variable

structure.
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1. INTRODUCTION

The progress recorded in the materials field
(permanent magnet) allowed the PMSM several
industrial applications in particular in robotics. It
offers several advantages to know a high specific
power, a significant starting torque, a reduction
of maintenance etc... [1,2 ]. In addition the
existing coupling between flux and torque makes
the PMSM hardly commandable. With the
technique of the flux orientation, it is nowadays
possible to obtain AC current speed variator as
powerful as the DC speed variator [ 2 ]. The
algorithms of classical control (PI or PID) for the
current and speed regulation prove to be
insufficient especially if the system is tested
under
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intern or external parametric variations [ 3,4 ].
To solve this problem, it is necessary to use the
methods of nonlinear control.

Sliding mode control has advantages for the
badly identified systems or with variable
parameters [ 3,4,5 ]. However the discontinuous
term of the control algorithm can cause the effect
" chattering ". Several solutions were proposed
to reduce this phenomenon by improving the
function " sgn(s) " [ 3,4,5 ]. In this work we
present the model of the PMSM in the reference
frame of PARK then we develop a control
algorithm with variable structure with the
objective to regulate the speed and the
components of the stator current by the technique
of the CSM by using the method of Lyapunov.
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The forward current of reference is imposed null
to ensuring a maximum Torque. To evaluate the
robustness and the performances of the CSM, we
finish with a comparative analysis of the results
of simulation with those of the classical control.

2. MODEL MATHEMATIQUE OF

THE PMSM

With the simplifying conditions [ 7 ], the model
of the PMSM expressed in the reference frame
related to the rotor is written in the form of:

2.1. Nonlinear Model

2.1.1. State Representation

[
Y =H(X)
With
Ly
L
d
X Ly 18] A gl.o e
X:X2:Iq :[[Jq] G:0g2=0 fq
fl(X) alxl + 32X2X3
F(Xai fz(X = b1X2 +b2X1X3 +b3X3 3)
f3(X) ClX3 +(‘2X1X2 +03X2 —Cr/ J
i PLq
1=7 2771
L4 L4
_ “pL -
ait P
q q q
_—f p(Lyg—Lg) _ Doy
I R

The variables to be controlled are current Id and
mechanical speed Q.

YX) X)) (%) (14
Y(X#(YZ(XJ_ hz(XHX:J_[QJ @

2.1.2. Relative degree of the output

The relative degree of an output is the number of
times that it is necessary to derive to reveal the
input U.

a- relative Degree of the current Id

y](X)Zthl(X)+Lghl(X)Ud (5)

with
Legh; X =@ 0

the relative degree of y;(X) isrl = 1.

b- Relative degree of mechanical speedQ
°
y2(X) =Lghy(X) (7

o0
v, (X) = L%hz(X) +LgLsh, (XU

with

Lehy(X)=f3(X)

L%hz (X)= 02X2f1 (X)+ f2 (X)(C3 + 02X1 )
+C 1 f3 (X)

Lgthz(X):[szzgl gy(cyx; +03)

The relative degree of y» (X) isr2=2

2.2. Linear model

2.2.1. State Representation
- Electrical System
(X1=AX;+B|U))

with

T _
Xt =y Ig)

a; a 0 (8)
Alz[l 2} ; Blz{a ]
by by 0 g

- Mechanical Equation

dQr 1
dtr :T(Ce —-Cr —1Qy)

Ce :p[(Ld ~Lglly +<Pf]1q

)

3. VECTORIAL CONTROL OF
THE PMSM

3.1. Principle of the control

The principle of the vectorial control consists in
comparing the AC current machine with a D.C
current machine from the point of view torques

[7]. This results by holding component [ d null

and the control speed by the componentIq.

Thus the model of the machine is simplified and
the equations governing the PMSM are written

[7].
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o - The different regulators PI
XS = ASXS + BSUS

T (10) R - 1+ TnQS
YS = CS XS Q T S
1Q
: 1+ Thgs
with Rq=—7t 19 (12)
T T iq®
Xs =(Iq &); G =[01]; Us=Uq . 1+ Tgs
b b d = -
1 *3 T T. s
Ag= ; = 0 id
S (03 Cl] > BS (]/Lq )
3.2. Classical control - The different subsystems
3.2.1. Compensation Decoupling
To uncouple perfectly the axes d and q, we add Pl = 1
on the output of the controllers the fem (e 4’ eq) R+ LdS
of compensation. If the compensation is exact, P2 = 1 (13)
the components of the stator current depend only R+ LqS
on their reference. Kk
* . * _ — t
Ug—eq=Uq: Ug-eq=Uqg 3=tk

4. CONTROL BY SLIDING MODE

OF PMSM
The design of the algorithm of the sliding mode

Ud = (R—LdS)Id

with control consists mainly of determining three
eq =pQrLdId + pQr(Pf stages [ 6,7 ].
eq =—pQrLql . )
d =7Prtqiq 4.1. Choice of commutation surfaces
] . J.J. Slotine proposes a form of general equation
3.2.2. Functional diagram to determine the sliding surface [ 6,7 ].
For the components of the stator current, we d —1
choose regulators PI. While for speed, we choose X)=| % + 14
a regulator PI with anti-windup in order to S(X) d A © (14

control the variable during the transition phase.

I U lc The error: e=X4-X
Q. e .. .
f R —$ 1 R b A : Positive coefficient

r: Relative degree:

q X4 . Desired value

Q

'l 4.2. Convergence Condition
. . . The convergence condition is defined by the
Fig 1. The cascade control relating to g axis Lyapunov equation [ 5,6.7 ].)

Uq

[ ]
I
Liret=0__»® o S(X).S(X)<0 (15)
4.3. The control calculation

e
‘ The algorithm of control includes two terms, the
Fig 2. Control of Id component first for the exact linearization, the second
discontinuous for the system stability [ 6,7 ].
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Uc=Ueq +Un (16) - Control according to the q axis
. o L, l Cr
- Ueq is calculated from the expression §(X)=0 Q. “g N q
P2 > P3
-Up, is given to guarantee the attractivity of the - = %—
variable to be controlled towards the
Lgeq Q

commutation surface. The simplest equation has
the form of relay

Un = ksgnS(X)
k>0

k high can cause the phenomenon of ' chattering'

(17

4.4. Elimination of the' chattering'
phenomenon

This phenomenon of high frequency oscillation
can be reduced by replacing the function

' sgn' by a function of saturation [ 6,7 ].

%S(X) si[S(X)| <e
Up =1ksgn(S(X)) si [S(X)|>& (18)
e>0

5. APPLICATION OF THE
SLIDING MODE TO THE PMSM

5.1. Basic structure of the sliding mode
regulator

By using the flux orientation principle and by
neglecting the converter time-constant, we can
represent the model of the PMSM in the d-q
reference frame in two independent subsets [ 6,7

]

- Control according to the d axis
Udn

Idrcf

Fig 3. SMC of I4

. Udc
— % + P]
Udeq * Id

Fig 4. SMC relative a I’'axe q

The system P2 is identical to the system relative
to the d axis with Iqc=Iqref and the index of the
tensions is replaced by q.

5.2.The controllers Synthesis

5.2.1. Surfaces Choices

We choose the sliding surface according to the
relation of Slotine and the relative degree of the
output [ 7,8,9 ].

S1(g) =1grer ~1g
Sr(q)= Iqref —Ig
S3(Qr)=Qpep O

(19)

For the control in cascade, we distribute the
order of surface S3 (©r) between speed and the

component Iq

5.2.2. Control Calculation
- CSM relating to the d axis

S(1p=0 = Udeq=g11(f dref- 17

S §P<0 =

st sl
kgsey(Ig) si|Sy(dg)|>eq

(20)

U4

Finally the law of control relative to the d axis is
written

1 [
Yde=Vdeqt Uan=y, (! dref ) HgserBy ()

e2))
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- SMC relative to the q axis
It has two loops of cascades on this axis, that of

kd <—I mIaxw‘ Rl —qulq‘

the currenth is internal dma
a- SMC relative to the quadratic current kq < _I;ﬁz)fm‘ qu + Ld(DId + O)(Pf‘ (26)
[ ] 1 [ ]
SIg=0 = quq:g—(I qref~ 15)) ~ Cr +1Qy
2 ko <—max|———
o ot p(Pf
Sg-SH(Ig)<0 = (22)
kq 5.3. Estimate of the load torque
—S(g)  s11S(g)|<¢ The load torque is hardly measurable what
an= quz Iq ‘Sz Iq ‘ 4 obliges us to use its estimate in the expression
of I

qc-

kgsgrS(lg) si[Sy(lg)|>eq

] ) The method suggested by lePioufle permits to
Thus the control law relative to the current Iq 1S estimate in real time the load torque [ 11 ]. The

written fig.5 illustrates the estimator principle.
1 [ ]
Welheq [hn:gfz ( grer H)kpasyly) 23) PMSM

T T

Estimation

- b SMC relating to speed
[ ]

1 [ ]
S3(Qr)20 = Iqrefzg(g ref— f3) of Ce

Py Lglly  op

g3 7 pT
° Fig 5. The load torque Estimator
S{W).{<0 =
kQ The error between measured speed and estimated
—=53(CY) Si‘ S3(Qr)‘ <eny 24 one is presented as input of a regulator PI of
an= €0 whose output is :
keseB3Qy) siSy(Q)|>eqy - 11515
Cr = 2 Cr @7)
Thus the algorithm relative to speed is written 1+ kl 1 2
1+ S+-——8
ky Kk

Iqc:Iqeq*an:gl3 (éref‘ B)HkpgiByd) (25)

k1 and k2 are determined by poles imposition.
5.2.3. Determination of the stability
coefficients 5.4. MLI tension Inverter
The coefficients of the functions ' sgn(s) ' must  The technique of the natural modulation permits
be quite selected to ensure the stability of the to determine the moments and the durations of
system and to satisfy the conditions of the sliding  the switches lighting or extinction by comparison
mode [ 6,7,8 ]. between the tension references and a triangular
high frequency carry. The three-phase tensions
(with MLI control) provided by the inverter are
given according to the states of the switches (Ci,
i=1,2,3) and of the direct tension E4 by [ 10 ].
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Vi |=EgMI(C; | (28)
with
Vi T=0n Vo an ¢ 6T =G G0
| 2 -1 -1 29)
[1\/1:g -1 2 -1
-1 -1 2

5.5. Performances Comparative study

We make a comparison of the performances
between the control with variable structure and
the classical one to show the effectiveness and
the superiority of the SCM.

6. SIMULATION

The synoptic diagram of the studied control is
represented by the fig 6.The fig7 shows the
performances of the system under the control of
the flux orientation and fem compensation. The
obtained results are satisfactory for a invariant
linear system .The fig8 shows the starting of the
motor with load variation ‘Ed ne 0.1s.

.

Inverter

MLI

N -

A\ A 4

A 4

ref
Fig 6.. Global diagram of the Sliding mode
control of the PMSM

The analysis of the curves highlights the
decoupling of the model (Id=0), the response
quickness at starting, the disturbance rejection by
the regulation and the system stability without
static error. The fig9, figl0 show the SMC
robustness characterized by an insensitivity at the
internal and external parametric variations. The
figll shows the comparison of the two

algorithms for a tripled inertia . We can notice
the superiority of the SMC ver all the
performances.
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Fig 7. PMSM reponses with load variations
(t=0.1s, t=0.3s) and velocity inversion
(t=0.45s) under the classical control

rd/s :

200}

100l/ «— Mecanical

ol velocity
reference
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-200-
1 L L Il
0 0.1 0.2 0.3 0.4 0.5 ¢

Nm

Electromagnetic
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; ‘
Statoric currents
components

T

0 0’.1 0.2 0.3 0.4 0.5
Fig 8. PMSM reponses with load variations

(t=0.1s, t=0.3s) and velocity inversion
(t=0.45s) under the Sliding mode control
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Fig 9. PMSM reponses with inertia variations
Jnom, 2-double Jnom, 3- triple Jnom) (2) Velocity
reponse , (b) Torque response under sliding
mode control
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200 | i
150 | 240 i
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s
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Nmy T
15 L 0 i
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10 (] b
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0+

‘ s
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Fig 10. PMSM responses with load variations
(a- velocity response ;(b) perturbation rejection ;
(c) torque response [(1) +50%C, hom,
(2)Ccnom, (3) —-50% C.nom] under the sliding
mode control

rd/s

2004 1

200+

150 \2

Mecanical velocity

0 005 01 015 02 02 03 035 04

Nm
25 T

1 Electromagnetic torque

S
0 005 01 015 02 025 03 035 04

Fig 11. Velocity responses et torque with inertia
J=3J,om @and nominal load variation at .2s (1-
classical control PI, 2- sliding
mode control)

7. CONCLUSION

In this article, we developed and applied a
method of control to variable structure to the
PMSM supplied with an MLI tension inverter.
The suitable choice of commutation surfaces
permits to obtain very good performances
following the nature of the SMC which adapts
well to the nonlinear systems. The various
results obtained in Simulation show the SMC
robustness to the system and load parameters
disturbances. In addition the speed follow
without overshooting, decoupling, stability and
equilibrium convergence are ensured on all the
variation interval. The results obtained with this
SMC are excellent compared to the classical
control. The static inverter and the control
nature with variable structure (SMC) introduce
high frequency ondulations which appear on the
torque level. However, with a choice of a
softened control (relay with saturation) and a
high modulation index, we can reduce the couple
fluctuations considerably. Moreover this control
has the advantage of being easily implemented
by a program control.

A.MEROUFEL, A.MASSOUM, B.BELABBES, MK FELLAH



322

Sliding Mode Control Of A Permanent Magnet Synchronous Machine FED An MLI Tension Inverter

P ARAMETERS OF THE ENGINE USES

Ly=14mH Lg=2.8mH ¢p=0.12wb

P=4 J=1.110%kgn? f=1.410°Nm/rds!
Ce=8.5Nm R=0.02  Ign=20A Qp=230rd/
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