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ABSTRACT

The aim of the present paper is the study of the behavior of passivity based control and difficulties due to synthesis for various
operating conditions of a synchronous motor with a permanent magnets. The study takes into account the guarantee of satisfactory
static and dynamic performance. It also allows the system to be insensitive to disturbances and uncertainties on the parameters. A
number of estimation techniques have been developed to achieve speed and position permanent magnet synchronous motor (PMSM)
drives without mechanical sensor. Most of them suffer from variation of motor parameters such as the stator resistance, stator
inductance and torque constant. Also, it is known that conventional linear estimators are not adaptive variations of the operating
point in a nonlinear system. The sliding mode technique has shown promising results when estimating or controlling nonlinear
systems. This paper presents a sliding mode observer (SMO) estimating the position and speed of a permanent magnet synchronous
motor (PMSM) to achieve sensorless drive system. The effect of variations of motor parameters such as torque constant, stator
resistance and stator inductance on the position and/ speed estimations, over a wide speed range, have been studied. Compared to
other methods, the observer is more robust to operating conditions and parameter uncertainties. Simulations show that the observer

is robust.

Keywords: Passivity Based Control (P.B.C), F.O.C (Field Oriented Control), PMSM (Permanent magnet synchronous motor),

sensorless control, SMO (sliding mode observer).

1. INTRODUCTION

The use of electrical machines is expanding rapidly
due to the offered performance.

The control of machines is the primary concern of
control theory research. In fact, an electrical machine is
characterised by a non linear behavior. Additing to that
the major difficult tasks to be executed which require a
higher precision under rapid trajectories. In order to meet
performance criteria always in increase, algorithms of
control more and more complex are developed. The
progress of computers allow to implement these new
strategies in industry. In classical control theory, the
linear models are considered. The non-linear equations are
linearized with a linear system if they can be linearized in
order to determine the control laws. The derived control
laws from this approach are adequate and sufficient in
many practical application, but in certain cases the linear
approaches are not sufficient. Thus, a theory for non linear
system is necessary. However, the non linear theory for
general systems is complicated and seldom worthy in
technological applications. But, from the accomplished
works these last three decades, aiming to improve
performance, advanced research had allowed emergence
of new non linear control techniques for electrical
machine application. In this context a control technique
requiring the perfect knowledge of the model will be
presented. The control in consideration is the passivity
control developed by Sadegh and Horwitz [1] issued from
Slotine and Li's work [4], it uses essentially.

For controlling a permanent magnet synchronous
motor (PMSM), the Lagrangian structure of mechanical
systems in order to make a decreasing Lyapunov’s

function. It is necessary to know the position of the rotor.
The stator currents of the PMSM are controlled to
generate constant torque using the rotor position signal.
Encoders or revolvers have been used for sensing the
position. These position sensors, however, make the motor
expensive and mechanically unreliable. Position and speed
estimation techniques to eliminate the encoders and
revolvers have been studied.

This paper describes the new sensorless control of the
PMSM using a sliding mode observer. The proposed
methodology incorporates the Lyapunov’s algorithm to
estimate the rotor speed and the stator resistance so that it
can overcome the problem of sensitivity in the face of
motor parameter variation. Also, without any mechanical
information, the rotor speed is obtained from adaptive
scheme. Results of simulation are carried out to verify the
feasibility of the sensorless control for the PMSM [5].

2. GENERAL FORMULATION OF THE
PASSIVITY CONTROL

It is possible to distinguish two fundamental steps
while using passive control for a given system. The
system modelling is put under the EL formalism and its
(possible) passivity is used to create relations describing
the stabilizing control. From these relations and by using a
variety of techniques (control with variable structure a
control based on average representation); the dynamic of
the corrector is computed (if it exists) and the control
value. In order to achieve the stabilized control, the EL
properties are used which exist in all the machine circuits.
The first property states that any control circuit can be
represented under EL formalism [3].
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2.1. Definition of passivity

The basic idea of the passivity consists in shaping the
total energy of the system then in adding a damping term.
EL equation allows to obtain easily the formulation after
having formulated the total energy of the system; it is
modified to desired (minimum) value. The system
converge towards this minumum also if the control able to
inject an additif dissipative term to the system, then the
convergence to the derived state can be improved with
respect to that obtained by natural dissipation given by the
system .

In this subsection the definitions of passivity are those
given in [1]. A continuous systems with input u and an
output y is referred to be dissipative if a function V(t) >0
exists and verifies the following equation.

V =y (Hu(t) - h(t) ; with jh(t)dt >0 (1)
0

where y' represents the transpose vector of y if h(t)>0
the system is said to be dissipative.
In reality one may notice that y' (t)u(t) represents a

power and its integration represents energy. The system is
passive if the input energy is more important than that it
gives to the environment (of the output) one may know
that a passive system is necessarily stable [3].

2.2. Passivity and dissipativity of a system [2]:

Function of storage

Theorem 1 Let us suppose that there is a continuous
function V(t) > 0 such as:

V(T)-V(0) < j yT (Hu(t)dt )

for all functions u and for all T >0.Then the system of
input u(t) and output y(t) is passive. Moreover let us
suppose, that there are two constants >0 and & > 0such
as:

V(I)—V(O)sj'yT(t)u (t)dt —ajuT(t)u(t)dt—s YOy Mdt (3)
0 0

0

for all functions u and all V(0)for T >0 then the system
is strictly passive in input if &> 0, strictly liability at
output ife > 0, and strictly liability if 6 >0ande>0.

One calls "function of storage" of the input system u(t)
and output y(t), the function V (t) of theorem 1.

Theorem 2 (Theorem of the passivity)

Let us suppose that two X, systems and Z, in closed loop
(respectively of input u; and u,, output y; and y,)(Fig. 1)
are pseudo strictly passive, is stable with finished gains if:

[¥T O, ©dt+B, 28, [ul (O, (Odt+e, [ y] (O, (Dt

. B " “)
[¥3(Ou, (0 +B, 28, [ul (Du,(Ddt+e, [y (B, ()d

0 0 0

with: 8,20,e,>20;08,+¢ 20et d,+¢,20

—
X .under mechanical
system

X.. under electric
system

Fig. 1 Interconnection of two under passive systems.

2.3. Relation between stability and dissipativityq
2.3.1. Linear system
In order to illustrate the relationship between the

stability and dissipativity and for the sake of simplicity, an
open loop stable system is proposed defined as [4]:

x=Ax+ Bu

- (%)
y=Cx
for any stable system of the form
X = Ax (6)
we have
ATP+PA=-Q (7)
the quadratic function

1

V= 3 x'Px (8)

is the Lyapunov’s function for the system defined by (6)
because

V=—%XTQXSO ©)

the Lyapunov's function (7) is verified for the system
described in (5) but it is only linked to the system stability
characterized by the matrix A and is independent of the
input u. Using the derivative of Lyapunov’s function (8)
with substitution of (5) we obtain:

(10)

. 1
V= —EXTQX+ x'PBu

The equation (10) is of the form given in (1) this leads to a
dissipative transfer between x'PB and u, more, if B and C
a related such that.

c=BTp (11)
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the equation (10) becomes:

V=—%XTQx+yTu (12)

2.3.2. Multivariable non- linear system

Let’s consider a multivariable non linear system
having the following form:

x =f(x,t) + g(x,t)u

y =h(x,t) (13)

with xeR",yeR",ueR",f,g,h are continuous with
and slowly varying with x. assuming that f(0,t)=0, and
h(0,t) forany t>0

the system described by (10) is said to be passive if there
exists a scalar function which is continuous and positive

V: R"'xR, >R,
which satisfies V(0,t) =0, Vt >0, such that:

ij (o)u(o)do = V(x(1),t) = V(x(t,y), ty)

to

with t>t, >0

(14)

3. PASSIVITY BASED MATHEMATICAL
DESCRIPTION OF THE FEEDBACK STATE

3.1. PMSM model current control

The PMSM model adopted in this case of control is
that represented in the dq referential expressed by the
following equations [3]:

dly
Lag—g, *Raglag+PonSLaglaq + Pomdr = Vaq (15)
Joy, +Boy, =1-T1, (16)
itht=— ip((Ld —Lg)iqiq + ¢fiq)) a7
v 2

The equation (15) and (17) can be expressed with respect to
the flux under the form:

\i’dq + pmmS\l’dq = qu - ququ (18)
3 or .
v=- PV Slag (19)
ith Lyglg +¢f and S 0 -1 (20)
W1 = and J =
Ydq dqlaq T O¢ 1 0

qu =R,

Lgq =Lgq =L4 =L stator inductance.

stator resistance,

The mathematical subsystem is considered as a passive
disturbance from CBP point of view. It is assumed that the

stator current I are the control input, the M.S.A.P is

controlled in currents.

@n

e .o .0.T
qu =(ld lq)

thus two statoric current control loops given by the
relations.

t

Vo =k, (ig —1g) + kdij(i:l —iy)do (22)
0
t

V, = kg5 —i) + kg [ g ~i,)do (23)
0

with {kg,,kyky, kg o R (24)

The two PI control loops an interior and facing current Iyq
of the motor to follow the reference I, .

The determination of their gain is made by classical
methods (pole placement) or advanced method (PI flou).
In this work the method of placement of poles is used.
Assuming that the two PI loops correctly achieve the task
due to a convenient choice of their gains by using
equations (18) (19) (22) et (23), the dynamics of PMSM
current control is reduced to the following model

Vaq +POmS Vaq = ~Ryglaq (25)
Joo, +Bo, = —%pw}qSIaq —1 (26)
the developed torque :

T=- %pwquIaq (27)

The PBC is developed form the model (25) (26) (27) of
the current control PMSM.

3.2. Passivity properties of PMSM in dq model

The property of passivity in dq model of PMSM
demonstrated in a different manner than that established
we can formulate the following lemma:

Lemma: the input — output relation I3, > v,
describing the electrical part (25) of input I3, and output
W 4q 1S passive.

Proof: Passivity in open loop of the model flux in dq
referential by multiplying the equation (25) on the left by

Ratllwgq and knowing that J is a unit matrix and
antisymetric we obtain:
1 __;d
oT 1 T
Iaq¥aq = _Equ E(qu“’dq) (26)
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By integrating (26) in the interval[0,144], and while

proceeding after integration to an increase, we obtain the
following inequality:

T, . T, 2
oT
Ildqwdqdc >—— ”‘qu“ do + B¢ 27)
2R,
(1} 0
with: B; <0

From the dissipation inequality (27) and according to the
passivity definition, that the electrical subsystem
described by relation (25) is passive considering the
mechanical part in (26) as perturbation.

3.3. Design of the passivity based control current
control

The PBC of the PSMS current control is developed in
model (25)-(27) whose signals desired current I;q . The

computation is made on electrical part (25) the mechanical
part (26) is considered as a disturbance. During the
synthesis procedure the stability in the sense of Lyapunov
is developed [3].

Let the flux vector vy, the following error of this quantity

is: ef =Waq —Wiq (28)

The dynamic equation of the error of the flux is obtained
form equations (25), (28) and give:

éf + pmmsef = _quI(.iq - (\V(.iq + PfDmS\Vﬁq) (29)

In order to give a proof for the convergence of the error of

the flux e; the Lyapunov theory of stability is used.
Given the following quadratic function:

: 1
Vi (ef)=5efT er (30)

After derivation of V; along the trajectory (29), we obtain:

G

Vi(er) = —ef (Rgq Liq + (Wiq + PORS Wig))

The function V, is negative defined if and only if the

control vector I}, is chosen under the following form:
Iaq = Rd_(ll (_(\V:lq + p(’)ms\llaq) +Kjep) (32)

with Kf =kf12 et kf >0 (33)
3.3.1. Computation of the derived flux

The PMSM working at max torque if the direct
current iy is null i.e. according to relation (20) the flux

y, along the direct axis d is reduced to the ¢, :flux

created by the permanent magnets. Thus, the desired flux
along the d axis is chosen [3].

Vi =0 (34

From equation (20) and (25) the desired torque is defined
by the following relation.

3 T~ .
T =_EP\VdE‘5(‘|’dq_‘|’f) (35)

The desired flux along the quadratic axis q; from
equations (34) and (35) is defined as:

. 2Lq ]

\|Iq =§ET (36)

3.3.2. Calculation of the desired torque t°

In order to compensate the disturbance of the resisting
torque at the rotational speed response we propose that the
machine is controlled using IP regulator.

‘Q )
B B e
bl - |
| 5 |
| |

Fig. 2 Regulator IP

The expression of the output Q. is:

kkpkigref —STq,

Q, =—; (37)
Js” +(B+k Ks+Kkk,k;
The desired torque can be also defined by [3].
* =Joy, —z+1
m L (38)

z=-az+b(®, -0p), a,b>0

3.3.3. Passivity based control with oriented flux

By the application of non linear feedback state [3]
which allows to maintain the reaction of the flux of
inductance in quadrature with the rotor flux. The
orientation control of flux will impose a null current iy
along the direct axis. The behavior of the PMSM is similar
to that of CC motor; thus the control present linear
feedback expressed by the relation:
Vi =-L po,i, (39)
The application of the (39) of the model (15)-(17) impose
a null iy current; we obtain the simplified model:
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di, .
Ly R =V, (40)
Jo,+Bo, =1-1, (41)
3 .
T= PO, (42)

If the quadratic flux  is taken as a state variable and the

rotor speed ®,, from equations (20) and (40)-(42) we
obtain the following model:

\ijq - pmmq)f = Vq - Raiq (43)

Jo,+Bo,=1-1, (44)
3 ..

T= _Epd)flq (45)

The control of PSMS in current using the loop PI of
current iy given by relation (23) we obtain the model

Speed Q (rd/s) Speed Q (rd/s)
100
100
50
100
(
50 99.5
-50
99
0.4 05 100
( . L h i | )
¢ 01 02 03 04 05 C 02 04 06 08 1
30 1
Current iz (A)
20 0.5
C
10
Current iy (A) -0.5
C

C o041

. . . 1 . . i .
02 03 04 05 ( 01 02 03 04 05

Fig. 4 Response of the passivity based control on the inversion
of the sense of rotation and application of the couple of load to
t=0.4s operation without converter .

Ve = PO, 0 = —R,ig (46)

Jo, +Bo, =1-1, (47)
3 ..

T= _Epd)flq (48)

The equations (44)-(46) represent a mono-input model
which will be used for the synthesis of i:l by passivity.
Following the same steps (28)-(38) we obtain the

Speed Q (rd/s) Current ig , g ,is (A)
40 .
20 i

20

50 100 10

99 C
0:4 0.5
C ‘ ‘ 10 ‘

C 01 02 03 04 05 (¢ 01 02 03 04 05

a: R=2R,- L=0.5L,

Speed Q (rd/s) Current iy , ig (A)

40
100

following —PBC.

-0
1

a

1 .
q= R_ ((_Wq +PpOyLdr) + kfefq)

(49)

with y; given by (36) and the desired torque t° by
regulator IP. Or relation (38) for speed control.

50

C

| 30

20

10
(

b -10
01 02 03 04 05

0.1

02 03 04 05

b: R=2R,; L=1.5L,

Eq
Vie »| Inverter ﬁ:a—
dq/abe 3 on 3 levels ?
A - V3C . \—/12 il
t "
abe/dq: - [« v
ug uy 1q V2

Fig. 3 General diagram of the PBC without mechanical sensor

Speed Q (rds) 40 Current iy , ig (A)
100 ' 30
20
50 10

(

Rt rtieR s
C 01 02 03 04 05 ¢
e & =0.50,,

01 02 03 04 05

Fig. 5 Test of robustness for a variation of the parameters of the
motor for:
a- R=2R,, L=0.5L,.
b- R=2R,, L=1.5L,.

e by =050,
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4. SLIDING MODE OBSERVER (5]
The o-p model for the PMSM in the stationary
reference frame is characterized by (50):

(50)

d
4 is = Al +BLV, +BLE,

: stator o - and [ -axes currents

. . . T
ig=(iy ig)
Ve =(vg vﬁ)T : stator o - and 3 -axes voltages

E [Ea = Qo0 =—¢ro, sind

: induced volt:
Eg = 0p0; = bro, cosﬁr] induced voltage

10
A =(—Ra/L).I;BL=(1/L).I;I=[0 J

Considering the PMSM, the rotor speed and the stator
resistance are variable, which are to be estimated. From
(50), the sliding observer is made as the following
structure.

%is = Aiy +Bp v +B E,-K

(1)

where: A=(CR, /LM : observer input
K=(S+¥
0 9
C=|:C11 i|; 9=|: 1} . observer gain
0 Cx» 9,

A estimated values.

The sliding hyper plane is defined upon the stator current
errors.

S=(sy,85) T =iy —ig = e (52)

The estimation error dynamic is given by the following
equation.

. d o~ ~n . ~
§ = —(i, —iy) = (Al - Aig) + By (E; - Eg)—K

o (53)

4.1. Estimator of speed and stator resistance

In order to estimate rotor speed and stator resistance, a
Lyapunov’s function V is used.

The Lyapunov’s function is chosen as

(@, -0,)"  [R,-R,)’
2

V=%ST.S+ (54)

Under the assumption that the rotor speed is constant

within one estimation period, derivative of the
Lyapunov’s function becomes:
v=$TS+@, -0,)0, + (R, -R,).R, (55)

Substituting (53) into (55), then following equation is
obtained

V= sT[(A—A).iS +A.(ig —ig)+ By .(E, —Es)—K]

+Aw,®, +AR,R, (56)

where, Ao, =&, —®, , AR, =R, —R,. According to

the Lyapunov’s stability theory, (V < 0) must be obeyed

to guarantee that the observer is stable. In order to drive
the system to be convergent, let:

ST.(A-A)i]+ST[B{ .(E, —E,)]
~ s . L s S (57)
+A0, 0, +AR,R,; =0

STIA.(iy —i)-K] <0 (58)
From (57), estimation algorithms of the rotor speed and
the stator resistance may be derived. Also, the observer
input must be chosen to satisfy the inequality (58).
Rearranging (57) appropriately then two novel equations
are obtained as

STI(A-A).i,]+AR,R, =0 (59)

STIB, (B, —E{)|+Aw, &, =0 (60)

From (59), the stator resistance estimator may be derived
as

(61)

A 1 2 2
R:‘l =L—S(S1.lq +S2.1B)

Also, from (59), the speed estimator may be derived

as:(i)r=ﬁ

62
1, (62)

in® &, .o R
ST osm T |=2(s;.sinf, —s,.cos
{_cos b, Ls(sl 6, —s,.c0s6,)

The estimated rotor position is obtained by integrating the
rotor speed.

4.2. Design of observer gain

In order to guarantee the derivative of the Lyapunov
function (V < 0) , the observer gains and for observer input
must be chosen the satisfy inequality (58)
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STIA.Gg —i,)-¢S-9]<0 (63)

The sufficient conditions for satisfying the inequality (63)
are:

t>A  sT,9>0 (64)

The condition for satisfying inequality (64) can be
respectively derived as

R, ..
Ci» C» >T§Sl={

o; si 5;>0

-Bi

si 5;<0

where, o, , B, : positive constant.

4.3. Results of simulation with observer speed

Speed Q (rd/s) Speed Q (rd/s)
100 100 f_\
0
) ) k {
0 ‘ s| -100 s
0 0.5 1 0 2 4
Current iq, 1g,iq g stator flux @q 5 Pp
] o "
0.2
' -02
oy
“02.%.0.".02 P
’ W
. S
S
0 04 06 1 0 05

Evolution of the stator current stator flux considered plane (o f3)

Fig. 6 Response of the passivity based control on inversion of
the sense of rotation and application of the couple of load from
t=0.4s to 0.6s operation
without mechanical sensor.

5. VALIDATION BY NUMERICAL
SIMULATION

The performance of the proposed control has been
tested by numerical simulation for the motor whose
parameters are given in appendix.

The Fig. 4 shows the speed response from 0-100rd/s
following by sudden loading (application of a nominal
torque decoupling of PBC; the disturbance rejection is
satisfactory and the speed response is without overtaking
and no static error.

The Fig. 5 shows the results with the variation of the
parameters of the motor. The speed response from+ 100
rd/s is made with a rapid rejection of perturbation and
therefore the system is insensitive to parametric
variations. Thus the response of the system is convenient
and is robust.

The simulation had shown that the control system of
PBC proposed gives good performance the tracking of the
speed is robust with respect to the disturbance represented
by the nominal loading torque and the parametric
variations (electrical and mechanical).

One will present in what follows results of simulation
of a training with base of one PSMS fed with a voltage
converter without sensor of speed

The Fig. 6 presents the evolution of the estimated
speed with the PSMS with introduction of a load of t = 0.4
- 0.6 and change of the sense of rotation in t=2s. One
notices after comparison that these results are practically
identical with those found in the case of use of the
mechanical sensors; one can so assert that the SMO
allowed us well to estimate speed of rotation. One notices
besides in the Fig. 6 that control without mechanical
sensor presents a good robustness of measure to the low
speeds.

6. CONCLUSION

We have presented in the present article the control
based on passivity applied to the association of three
level-PMSM. The objective of speed tracking disturbance
rejections is acceptable. The decoupling is maintained
even in the case of load variation.

A good choice of injection and damping coefficient to
the current control is allowed to have a very good
performance with robustness and can be applied to
applications of high performance such as machine tools
and robots. To show the validity of control suggested
without mechanical sensor, we thus implemented and
validated by simulation an observer at sliding mode of
complete order adaptive. It advantageously makes it
possible to estimate speed and to compensate for the
parametric variations.
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APPENDIX: PARAMETERS OF MOTOR
(In smooth poles Ly=L4=L)

Py =600W; Q=150 rd/s; p =1; L =20.5 mH;
R, = 1.55Q; ¢, =0.22N.m/A; J = 2.2x10 Kgm®;

B =2.2x10” Nms/rad; Vmax =300V; Imax =20A.

PMSM

_( A AT BLv, £ BLE, )
dt
Vs

—]

i 7 X :
= ShEAL B BB K ]ﬁf

Sliding Mode Observer

[ (i)r=¢Tf(slAsinér—szAcosér)

i

<

x sty 3
Ry =—(sjig #5201 o
a L(la 2[3) )L

Adaptive Scheme

Fig. 7 Observer with adaptive sliding mode
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