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Abstract: A state observer is proposed for asynchronous machine; with this observer it possible to observe rotor flux and
rotating speed. The gain of this observer involves a design function that has to satisfy some mild conditions which are given.
Of particular interest, at the powerful of Field-Oriented Control with the new observer. The control agorithm is studied
through simulations and applied in flux and speed profiles, and is shown to be very efficient.
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1 Introduction

Theremoval of the mechanical speed sensors offersan eco-
nomic interest and may improve the reliability in the fields
of low power applications.

This article has as a principal objective to study the
technique of determination mechanical speed and rotor flux
of the asynchronous machine without velocity sensor.

The robustness, the low cost, the performances and the
maintainability make the advantage of the asynchronous
machine in many industrial applications or general public.
Joint progress of the power electronics and numerical elec-
tronics makes it possible today to approach the controlling
of axisat variable speed in applicationslow powers. Jointly
with these technol ogical projections, the scientific commu-
nity developed various approaches of order to control in
real time the flux and the speed of the electric machines.

That it is the vectoria control, the scalar control or

DTC control , to control the speed of the load it is neces-
sary to measure this one by means of a mechanical sensor.
For economic reasons and/or of safety of operation, certain
applications force to be freed some.
The information speed must then be rebuilt starting from
the electric quantities. Multiple studies were undertaken,
and without claim of exhaustiveness, we can distinguish
several approaches (see[1], [2], [3]).

The control speed sensorless must however have per-
formances which do not deviate too much from those that
we would have had with amechanical sensor. It isthussig-
nificant, during the devel opment of an approach of velocity
measurement without sensor to lay the stress on the static
precise details and dynamics of this one according to the
point of operation of the machine.
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Thearticleis organized in four sections:
Dynamic model of asynchronous machine;
Sensorless speed high gain observer;
Synthesis of Field-Oriented Control;

Results and simulations.
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2 Dynamic Model of Asynchronous
Machine

In this study, the model of the motor rests on the following
hypothesis[4]:

¢ Thefluxes and the currents are proportional by thein-
termediary of inductances and the mutual.

e Thelossesiron are neglected .

e Theair-gap is constant (squirrel-cagerotor).

e The homopolar componentsare null.

It results from these assumptions that the various mutual
between rotor and stator can be expressed like functions
sinusoidal of the rotor position.

Itsvector stateis composed by the stator currents, rotor
fluxes and speed, as follows:

s = —vis+ KAQ)r + -us

e = qris— AQ)Y, 1
QO = BTy, - 5T

TL = €T
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The states variables accessible to measurement are the
. . . T .
stator currentsi = [ iso s | buttoinno caserotor

fluxy) = [ sa  tss ]  and possibly rotating speed.

T
The source of energy u = | usqa Usg |
The parameters are defined as follows:

T, =
K=

0 0 -1
1 :| ) j2 = |: 1 0 :|
A(Q) = 7%7«1-2 pﬂjg

In these equations:

: Pole pair motor,
. isthe 2-dimensional identity matrix,
Jo . isaskew - symmetric matrix.

L, : Stator inductance cyclic,

L, : Rotor inductancecyclic,

M  : Cyclic mutual inductance between stator and rotor
R, : Stator resistance,

R, : Rotor resistance,

o . Scattering coefficient,

T, : Timeconstant of the rotor dynamics,
J : Rotor inertia,

T, : Resistivetorque,

p

1y

We need to transform system (1) to the triangular form.
One will introduce the change of variable according to:

( Iz - ij2) Py 2
[Q Ty ]T=[2’31 Z32 ]T

Using thistransformation and atime derivative of these
states, we can rewrite from model (1), afollowing model :

21 = —yz1+ Kz + %us
Z2 = T% (TMTZI ) 2312 (_Zl - Z2)
—pdwJothr + 5232 Jo1h,
i3 = | 3242?52%%9 T ]T
y = 2
©)
With dw = %LM Tt and  eq = —%TL.

3 Sensorless Speed High Gain Ob-
server

Consider the nonlinear uniformly observable class of sys-
tems asthe following form :

i o= flu,z) +&(t)
{y = Cz=2 “)
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with
zz[i];@(t):[ 8 ];63(75):{69];
t) T

23
C=[2 0

fl(u,21,2’2)
f(Z,U): f2(u721722,23) =
f3(u’z)

—vz1 + Kzo + GL Us
( T (%21 —22) —pz1> ( 21 —22) ) _
—pdwJ21)r T]Z32.72¢r ’
[ 51tz Tothy 0]
Our objective consists in designing state observers for
system (4). We pose the following hypothesis (see. [7]).

‘H1: There arefour positive constants o and 5 such as:
T
0 < a?< Ofi1(u,2)\ " 0fi(u,z)
82’2 822

8fa(u,2)\ " 0fz(u,2)
0 < C¥2§< 82’3 > 823

<8 (5)

< B (6)

‘H2 : Thefunctiones(t) isuniformly bounded by § > 0.

When e3(t) = 0, system (4) is identical to that con-
sidered in [5] and it characterizes a sub-class of locally IU-
uniformly observable systems. In [6], the authors consid-
ered a sub-class of systems which involve the same uncer-
tain term, &(t), as (4). In the sequel, one shall use a strat-
egy of observer design for asynchronous machine similar
to that adoptedin [5], [6] and [7].

One shall firstly introduce an appropriate state trans-
formation allowing to easily design the proposed observers.
Then, the equations of these observerswill be derivedinthe
new coordinates before being given in the original ones.

3.1 State Transformation

Consider the following change of states:
®: R®> — R3;

z1 T ®(2)1
2= 2z | F—ax=| 22 | =8(2) = | P(2)2
23 T3 ®(z2)3

wherethe ®;(z) ,j = 1, 3 are defined as follows:

Ir1 = @(2)1 =21
ro = ‘I’(Z)Q = KZQ

pj2( 21—22) ]Tz;g
JL721/}7‘
= z=®(z) = Az (7)

I3 :(P(Z)g :K[

where A block diagonal matrix and A —! is hisleft in-
verse:

A = diag (I, KI,, —KpJh| #21 — 2 - )
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Using thistransformation and atime derivative of these
states, we can rewrite from model (1), afollowing model :

i = @2+ i(u, )
Ey = @3+ p2(u,11,22) g
by = (8)
r3s = 3 (U, 1‘)
Y = Ol‘ =1
Where

prlum) = —ym o

pa(u,z1,22) = —pKZzJozs + % (%21 — 2

SOB (u, 1‘) — 8':1);?:72) 2':1 + 8‘1);)(:121/,2) 22

9

Proceeding asin [5, 6], one can show that the transfor-
mation ¢ puts system (1) under the following form:

&= Az + ¢(u,z) + acggz)é(t)
(10)
y=Cx =
where (u; z) has atriangular structurei.e.
0 Zo O p1(u, 1)
A=10 0 Iy | ad ¢(u,z)= | @2(u,z1,22)
0 0 0 p3(u, T)

3.2 Observer synthesis

Asintheworksrelated to the high gain observers synthesis
[6, 7, 8, 9], one pose the hypothesis :

H3: The functions ®(z) and ¢(u,z) are globally Lips-
CHITZ with respect to z uniformly in u.

Before giving our candidate observers, one introduces
the following notations.

1) Let Ay isablock diagona matrix defined by:

. 1 1
Ag = dmg (IQ, EIQ, 0—212> H

6 > 0 isarea number.

2) Let S = Syp—; isadefinite positive solution of the AL-
GEBRAIC LYAPUNOV EQUATION:

S+ATS+SA-CTC=0 (12)

Note that (11) is independent of the system and the
solution can be expressed analytically. For a straight-
forward computation, its stationary solution is given
by: Snp) = (=1)" POy, Where CF = St
forn > 1 and p < 3; and then we can explicitiy de-
terminate the correction gain of (3) asfollows:

PATTALSTIOT =
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A+ p(u, &) — A, STHCT 4

0% (2) (Al ~ <aq(;_(z)> 1>

0z
oA LSO 5y

(13)

is an observer for (10); Where & = & — x error in esti-
mation; u is the input of system (10) and # > 0 is ared
number.

Finally one givesthe following lemma (seg[7]):

Lemma:

Assume that system (10) satisfies hypothesis H1 to
‘H3. Then,

369 > 0; VO > 6; IXN>0; Jug > 0; IMy > 0;
Yu € IU; Vz(0) € IR; onehas:
2]l < X0~ exp™#e" ||Z(0)[| + Mpd

where z is the unknown trgjectory of (10) associated to the
input u, & is any trajectory of system (13) associated to
(u,y) and ¢ isthe upper bound of £3(t). Moreover, one has
limy__ o {/1,9} = +ooandlimy__, {Mg} =0.

3.21 Stability Analysis

: Onehas:
& = A% —0A,'ST'0Ta + p(u, &) — p(u, 1)
—73‘1’(%;1 @) 24y - 0(@)08, 157 C T,

where
r(s) = 222 2 <A1 B (%(q;z (f)))‘ >

Noticethat I'(z) isalower triangular matrix with zeros
on its main diagonal. Moreover, using hypothesis /1 and
"H3, one can easily deducethat I'() is bounded.

Now, one can easily check the following identities:
A, 'ANg = Aand CAy = C. Set 7 = Agi. One
obtains:

I = 0AZ —0STICTE + Ay (0(2) — p(u, )

_ Ao%:(x))é(t) — A T(2)A; SOl

To prove convergence, let us consider the following
equation of Lyapunov V(z) = z7Sz. By calculating
the derivative of V' along the £ trajectories, we obtains:

vV = 2z'Sz
= 20578 Az —2077C" %,
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+2z2TS Ay (¢(u, &

-1
—2£TSAgMTx5(t)

—202TSAGT(2)A, ST CT 5
= 077 (-S+07C)z
—2057CT 7, + 28T S A (o(u, #) —

—2575A, %jx))é(t)

—207TSAT(2)A; 'S0 7
= 9V +0zTCTCz—202TCT 5
+2i.TSA9 (p(u, 2) — p(u,z))

B,

AtSTCTa

p(u,x))

—2z7SA
—205T SAGT ()

By taking account of the (11) the derivative of V' be-
COMes:

: 1
V = —0V+29 <§wTCTC:E - wTT(x1)>
+2£TSA0 ((p(/u'a;i') - QO(U,Q?))

—2575A, %jaj»é(t)

—207TSAT(2)A; 'S CT 7
—0V + 23" SN (p(u, ) — p(u, z))

—2z3TS Ay %:(x))é(t)

—202TSAGT(2)A; ' ST CT 5

IN

(15)

Now, assumethat # > 1, then, because of the triangu-
lar structure and the L1PSCHITZ assumption on ¢, one can
show that :

140 (p(u, &) = @(u, )| < (Il

where ( isaconstant of LipscHITz. Similarly, accord-
ing to hypothesis7{1 and to the LIPSCHITZz assumption on
® (hypothesis #3) , I'(z) is bounded. Moreover, and since
I'(&) is lower triangular with zeros on the main diagonal,
one has:

(16)

|0AT(2)A; || < o for 6> 1 (17)

where o > 0 is a constant that does not depend on
6. Finally, according to the structure of &(¢) and since

M istriangular, one can show that:

2

0®(d1(x)) Il <
g2 " = g2

INCLLST R R UTPE

where 6 = sup {&(¢)} given in hypothesis #2; 3 is
given in hypothesis {1. Using inequalities (16), (17) and
(18) inequality (15) becomes:
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Vo< 0V + 2hma(S) ] (C 2]+ on(S) 5]
2
F2man(5) 256 1]
< —(0—cl)v+9—25\/17

where ¢; = 29°(S)(¢C + on(S)) and ¢ =
26°1(S) v/ Amax (S) With Amin (S) @nd Amax (S) being re-
spectively the smallest and the largest eigenvaluesof S and

n(S) = /55
Now taking 6y = max {1, ¢; } and using the fact that
for§ > 1, ||#]| < ||Z]] < 62]|Z||, one can show that for

0 > 6y, onehas:

n’(S) 5
(9 —Cl)
Itiseasy to seethat A, up and My needed bytheresult

lae A =n(S), pg = and My = 28> 1L <S . This
completes the proof.

Jall < osyexp |- (L5 ) o] ey + 25

9(‘1

3.3 Observer equation in theoriginal coordi-
nates

Proceeding as in [6], one can show that observer (13) can
be written in the original coordinates z asfollows: (seee.g.
[9,5, 6)]):

2= f(u,2) —OATIAISTICT (5 —21)  (19)
Or
( %1 = —’)/21 + K2y + L Us — 30(21 - Zl)
2, = 7 (Tle - 2'2) PZ31.J2 (MA - 22)
—pdwjz’l/}r + leﬂ,[}r — 3 (Zl - 21)
% — p M Tj2¢r
3 "0
-1
+10(_3p [ ,_72 ( 21 — 22) _%jfwr ]
{ (21— 21)
(20)

Referring to (7), the rotor flux is governed by the fol-
lowing equations:

1/;7‘ = (%22
4 Synthesis of Field-Oriented Con-
trol

-1
- PQLE) 2y (21)

The field-oriented control is based on the transforma-
tion of the vector of the stator currents and rotor fluxes
[ tsa 453 Ura tpp | represented in the reference
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(a, B) who turns with the vector of flux [ ¢,e s |,
tosee[12], [13] and [14]. Thistransformationis given by

isa | [ cos(®)  sin(d) s
[ R e | A
ra | [ cos(@)  sin(d) Vra
Rl e e | P G
with .
wrﬁ
¥ = arctan | = 24
arcta <¢M> (24
Knowing that cos(}) = w\lfla, sin(d) = % and & =

g[zr 3, then of the two equations (22) and (23), we
obta| ns:

~ _ ¢ra%sa + @Z)rﬁgsﬁ

Usd = ‘IJ
%sq Qbroﬂsﬁ ¢Tﬁlsa (25)
. N U
1,{}7“(1 = VU
Qbrq = 0
with the associated control
~ ~ -1
Usey T wra wrﬁ :| |: Usd :|
=U A o 26
|:US,3 :| [ _¢Tﬁ Yra Usq (%)

then, the asynchronous machine model given by the equa-
tion (1), becomes

A 2
disq MZS!I

Usd
dt = ’Wsd + T, ¢rd +pﬂlsq + O U.zs
di 4 . Migqi
d_sq = —Visq — pKQQbrd - pglsd - —sd%sq
t r"/}rd
+&
. gLs
dwrd - _ wrd + Misd
dlf T, T,
ds M5 os T
d_I; = tZ])_Lr'QZ}rdlsq - 7
ﬁ = pQ + — M,qu
\ dt Trwrd

Now, Let us consider the following nonlinear feedback
state

Usd
Usg

b A M2
_Kwrd _pQqu T, ;q + vg ]

:| = oL, Mlsdzsq
pKQ¢rd + pQ'Lsd + Totbra + vg

27)
the equation (26) is written then:
~ ~ —1
|: Usq :| — O'Ls‘i’|: /lbfa QPT‘B :|
Usp _wrﬁ wra

K 7 A% My 2q
_f¢rd_pﬂlsq de+ d (2)
pKQ"j}rd + pQ%sd + Mlmlsq + Vyq

Ty Yra
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Consequently, we leads to a simple system, with a dynam-
ics of the linear norm flux

disq

dt = _’std + vd
disq A
dt = _VAqu — Yq .
dwrd - _ wrd + Mlsd
dt T, T,
ds M os 1
d_I; = tZ])_qubrdlsq - 7
df Mi
av _ pQ 4 olsa Mlsq
\ dt Trwrd

When the amplitude of rotor flux z@nd = U reached its ref-
erence .. Who is constant, the dynamics rotor speed be-
comesalso linear. If we considersthefollowing subsystem:

d'ﬁzjrd - _ erd + M%sd

dt . T (29)
Bsa

dt - ,y sd d

and like it was shown in [15] and [16], the dynamics of the
amplitude of flux can be controlled by v 4 by simple PI as
follows

t
Vg = kit (Prep — V) + de/O (%gf - ‘i’(T)) dr (30)

If oneisinterested now in the second subsystem given by:

dQ I T

— bM Urdlsq — ld

= JL. rdlsq
@ A J (31)
dij = —7isq + 4

one can notice that the dynamics speed is linear if ¢4 is
constant, and can also be also controled independently by
v, by using aregulator of the type PI asfollows:

t
Vg = kgt (Qes — Q) + kq2/0 (er - n) ar (32

The adjustment of the gains is rather easy when the model
is perfect, knowing that it is sufficient to calculate the gains
of PI for afirst order system. When the parameters vary,
the gains become difficult to regulate.

5 Resultsand Simulations

We conceived simulation by carrying out the diagram gen-
era in blocks as the figure shows it (Fig.4).

5.1 Simulation Block Diagrams, Machine
Data and a Benchmark

We show a detailed scheme SIMULINK of the control with
the observer in Fig.5.
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>| 2=f(zu)+£

Machine
asynchronous

s S

|:vq:| m Y Fooc |: :|

Regulator

SN P R Y o

— ’1=§lmﬂ‘ﬂ)+lﬁ[ (ﬂw‘ﬁfﬂ)‘? Observer
Fref
[mf} A F
: o g=l gl
b= oL -
lisa 'is,ﬁ’ w:rrx WJ’,G’ QJ
Figure 4. Diagram genera of the field-oriented control
with high gain observer.
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Figure 5: Genera block schemein SIMULINK.
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T
— Rr=3
0.6 — Rr=45
Rr=6
0.5r —
04r 0 T

0.3F

0.2

Flux error [Wb]

01r

I I I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time[s]

Figure 6: Sensitivity to rotor resistance.

| R, | | rotor resistance error |
30 [Mean | —19x10 ¢
Var 8.1507 x 10~°
450 | Mean | —9.8577 x 10~ ¢
Var 4.9437 x 10~*
62 Mean | —4.8098 x 10~*
Var | 10 x 1072

Table 3: Means and variances of rotor resistance error.

Rr=3Q Rr=4.5Q Rr=6Q
4500 T 4500 T —— Gaussian
Il Histogram
4000 - 1 4000 1 4000~
3500 - 1 35001 1 35001
3000 - 1 30001 1 3000
2500 4 2500 4 2500
2000 4 2000 4 2000
1500 - 1 1500 1 1500
1000 - 1 1000 1 1000
500 500 1 500 ﬁ
Q o 0 .
-0.2 0 0.2 -0.5 0 0.5 -0.5 0 0.5 1

Figure7: Gaussian and histogram of error rotor resistance.

5.3 Powerful of Control Associated with the
High Gain Observer

The vector of state of the motor is initiali%ed with the
stopped state [ isa i Yra Urg Q] =

[000 00O ]T; whereas that of the observer in a
functional state [ i.a  ieg Vra Urg O ]T =

[02 02 1 1 10 ]T. The results of simulation are
given by the curves obtained law of field-oriented control

E-ISSN: 2224-350X
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which regulator coefficients k4; = 2000000, kg2 = 200,
kq1 = 200000, kg2 = 10000.

5.3.1 Rotor flux

Before t = 1.5s, speed is null (blocked rotor). The ro-
tor flux norm follows the trajectory. When speed starts in-
crease; it createsapeak (seefigure 8). At momentt = 2.5s
the speed takes the opposite direction; there is a reduction
in flux. The gaussian error density and empirical error of
observation and regulation show in table 4.

| Error | Observation | Regulation |

Mean | —57x10~% | —95x 10~¢
Var 71452 x 10~% [ 17 x 1077

Table 4: Mean and variance flux errors of observation and
regulation.

—— Observed flux
| —- Simuled flux
| reference flux

08F ;‘ L ‘ 4

0.4

Flux [Wb]
o
o
I

0.2 b

| I I I I I
0 1 2 3 4 5
Time

Figure 8: Observed, simulated and reference flux norm.

5.3.2 Rotating speed

After the transient state due to the conditions initial; we
note a very good tracking (Figure 9). The gaussian error
density and empirical error of observation and regulation
show intable 5.

| Error | Observation | Regulation |

Mean | 2267 x 10 % | 1524 x 10 ¢
Var 2.3126 5.4344

Table5: Mean and variance speed errors of observationand
regulation.
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150
—— Simuled speed
— - Obseved speed

Reference speed

100

50 -

Speed [rad/s]
o

-100

-150

I I I I I
0 1 2 3 4 5 6
Time [s]

Figure 9;: Observed, simulated and reference rotating
speed.

5.3.3 Stator current error

We show the plot of error stator current in figure 10(a).
There are oscillations at moment (t=0, 0.5, 1, 2, 3); we
notice at these time flux and speed changestheir values. In
graph 10(b) appear gaussian errors density and empirical
errors histogram of stator current error where means equal
17 x 10~* and variance equal 53 x 10~*.

@) x 10" (b)

— Gaussian
I Histogram

25F

15F

Stator current error

0.5

LA

. . . . .
0 1 2 3 4 -1 -0.5 0 05 1
Time [s]

Figure 10: (&) Current error. (b) Gaussian and histogram of
current error

6 Conclusion

In this paper, we presented a new robust high gain observer
based on afield-oriented control scheme for machine asyn-
chronous. The observer proposed in this study offers the
advantage of only one tuning parameter §. The stabil-
ity observer is proofed with a carefully built LyAPUNOV
function. The results of simulations regarding the observa-
tion of rotor flux, the robustness of the observer, the speed
tracking and the rotor flux tracking confirm the theory sug-
gested. We wish to validate these resultsin real time.
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