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Abstract—This paper deals with convergence analysis of
the extended Kalman filters (EKFs) for sensorless motion
control systems with induction motor (IM). An EKF is tuned
according to a six-order discrete-time model of the IM,
affected by system and measurement noises, obtained by
applying a first-order Euler discretization to a six-order con-
tinuous-time model. Some properties of the discrete-time
model have been explored. Among these properties, the
observability property is relevant, which leads to conditions
that can be directly linked with the working conditions
of the machine. Starting from these properties, the con-
vergence of the stochastic state estimation process, in
mean square sense, has been shown. The convergence is
also explored with reference to the difference between the
samples of the state of the continuous-time model and that
estimated by the EKF. The results theoretically achieved
have been also validated by means of experimental tests
carried out on an IM prototype.

Index Terms—Convergence analysis, extended Kalman
filter (EKF), induction motor (IM), observability analysis,
sensorless control.

[. INTRODUCTION

PROBLEM of great interest in real applications is that

of reducing the number of sensors needed for processing

a control law. This is particularly true for electrical machines

because they often work in hostile environments. Motion con-

trol of systems with induction motor (IM) without speed sensor

(sensorless) has been addressed by many authors, starting from

either a continuous-time model (cf., e.g., [1] and the references

therein) or a discrete-time model (cf., e.g., [2] and the refer-
ences therein).

A crucial problem to solve for the implementation of sen-
sorless control laws is the determination of both the rotor flux
vector and the speed. This can be carried out in a deterministic
setting by using observers (cf., for example, [3], [4], and the
references therein) in a stochastic setting using estimators (cf.,
for example, [5], [6], and the references therein) or in a global
way by constructing a closed-loop control law that allows
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the satisfaction of given design requirements, forcing three
variables to converge to the rotor flux components and the speed
[1]; in the last case, the computation scheme of the rotor flux
and speed works only in the contest of the proposed control law.

A common approach to estimate the speed of an IM is to use
an extended Kalman filter (EKF). Recently, variants of the EKF
have been proposed, such as in [7], where the design and imple-
mentation of unscented Kalman filters for IM sensorless drives
are investigated. In [8], the real-time implementation of a bi-
input EKF estimator is described, which deals with the estima-
tion of the whole state of the IM together with stator and rotor
resistances. To cope with higher computational efforts required
by these filters, alternative configurations based on Kalman
filtering have been proposed [9], [10], where the complexity of
the filter is reduced solving two linear least square subproblems
instead of a nonlinear one. Finally, different approaches could
be followed that are not based on Kalman filtering [11]-[13].

As well known, the observability property of the model is
crucial for the existence of state observers or estimators. In [1],
the persistency of an excitation condition, crucial for the exis-
tence of the described control law, is interpreted in terms of the
observability of the IM model. In [1] and [14], the observability
property of the IM continuous-time model is explored, assum-
ing the stator current components as output. Using the rank
condition, the authors pointed out that a sufficient condition for
lost of observability is that the excitation voltage frequency is
zero and the motor is operating at constant speed.

In [15], starting from a fifth-order model, the existence of
trajectories generated by the model is also shown, correspond-
ing to particular operation regimes, that cannot be accurately
estimated by any state observer, which implies that the per-
formance of the system is remarkably deteriorated. Recently,
in [16], a unified approach to ac machine observability, based
on the weak local observability concept, has been presented.
However, in [16], only the deterministic continuous-time fifth-
order model is considered, and the same conclusions achieved
in [1] and [14] are shown.

In this paper, the observability analysis is provided, but
differently from the previous works, this analysis is carried
out on the sixth-order discrete-time model since our goal is to
design a sixth-order discrete-time EKF for sensorless control
of IM. It is shown that, starting from the discrete-time model,
the observability conditions are obtained in a direct manner,
by extracting only the first 3 x 3 minor from the nonlinear
observability matrix, both at constant and varying speeds. At
the best knowledge of the authors, the approach followed to
determine the observability conditions is new.

0278-0046 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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2342

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 62, NO. 4, APRIL 2015

Moreover, the use of the EKF, considered as a means to
estimate the state of a sixth-order IM-load system model,
has two objectives: first, to obtain filtered stator current com-
ponents, which is essential to control the IM-load system;
second, to estimate stator flux components and the speed for
implementing sensorless state feedback control laws [17], [18].
The estimation of the load torque indirectly allows a better
estimation of the speed, but it can be also used to implement
control laws based on disturbance compensation.

It is proved that the EKF estimation error is bounded in a
mean square sense and bounded with probability one by using
the very interesting and comprehensive approach illustrated in
[19] and the convergence conditions derived in [20]. We also
provide an upper bound to the estimation error of the discrete-
time filter with respect to the state of the continuous-time model
computed at the sampling instants.

Experimental results are shown, which are referred to tests
carried out at high and low speeds. The aim is that of studying
the behavior of the closed-loop system in various operating con-
ditions. Particularly interesting is the analysis of the lost of the
observability property at low speed using the new observability
conditions derived here in terms of the state estimates instead
of the state of the motor—load system.

This paper is organized as follows. Section II describes the
model of the considered IM and its properties such as its observ-
ability. Section III deals with the observability of the IM—load
model. Section I'V shows the structure of the EKF, together with
the convergence analysis, and a study regarding the effects of
the discretization of the continuous-time model. In Section V,
the results theoretically achieved are validated by means of
experiments carried out on a prototype, which also shows the
capabilities of the estimator for constructing sensorless control
schemes. Finally, conclusions are given in Section VI.

Il. MATHEMATICAL MODELS OF THE IM
A. Continuous-Time Mathematical Model

Neglecting iron losses, saturation of the electromagnetic cir-
cuit and anisotropy of the geometric structure, the continuous-
time mathematical model of the IM in the stationary frame is
given by (see e.g., [21])

2(t) = Acz(t) + fe (2(8)) + Bevs(t) + gt () (1)

where 2 = (i, ig, Yo, Vs, w)’ (see Table 1), vs = (vq,vs)7,
and

—all 0 a12 0 0

0 —dai1 0 a2 0

AC = any 0 —ang 0 0

0 a1 0 —a92 0

0 0 0 0 —ass

J1 24 25 i 0
—f1 23 25 0 fi
fe(2) = —24 25 ,Bo=10 0
Z3 25 0 0
—fg(Zl Z4 — 22 23) 0 0

TABLE 1
LIST OF SYMBOLS

stator current component along a—axis

ia (ig) (B—axis) fixed to the stator, A
Va () stator voltage comppnent along a—axis
(B-axis), V'
Vo (Pg) scaled rotor flux along a—axis (S—axis), Wb
w rotor speed, el. rad/s
Rs (L) stator resistance (inductance), 2 (H)
Loy, (L) mutual (rotor) inductance, H
R, rotor resistance, €2
Tr (: é—:) rotor time constant, s
2
L. (: Lg — LL—T— stator equivalent inductance H
F viscous friction coefficient, N ms
F. Coulomb friction, Nm
tm (t7) motor (load) torque, Nm
I inertia coefficient, Nms>
P pole pairs
T, sampling time, s
I, identity n X m matrix

with g = (0,0,0,0, —gs), and

1 Ls— L. 1
Le

Tr Tr Le
Ls— L, 1 F
a1 = ———, 22 = —, ass = —
Tr , T Ju
1 2p p
fl_Le’ f3—3JM> 95—JM-

Remark 1: For sensorless control, the rotor speed w has
to be estimated together with the other state variables, and
consequently, it appears in the model as a state variable together
with the load torque ¢; that appears as an unknown disturbance.
Moreover, the Coulomb friction has not been modeled due to its
relay-type nature, which leads to a pulse derivative localized at
w = 0, which is difficult to be interpreted when Jacobian has to
be computed. However, it will be estimated by the EKF together
with the load torque.

B. Continuous-Time Model for the State Estimation

To cope with the problem of Remark 1, the following dynam-
ics are chosen for the load torque (see, e.g., [17]):

t; =0. (2)

Then, assuming ¢; as a further state variable, the following six-
order model is obtained:

i(t) = Aga(t) + fo (x(t)) + Be vs(t) A3)
where z = (27T, tl)T, and

(D) ), ae()

A discrete-time model corresponding to (3) can be obtained
by using first-order Euler discretization. By choosing the stator
current components as the system output, the discrete-time
model is given by

41 = Axy + f(xr) + Brs i + Gk
yr = Cxp + & 4)
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where ( and &, are system and measurement white noises, as-

sumed uncorrelated between them and other variables, whereas

A, B, C, and f(xy) are
A=(Is + T, A,),
B =T,B.,

f(xk) = Tsfc(xk)
C = (12702><4)-

C. Properties of the Discrete-Time Model

In the remainder of this section, we provide the following
properties of the discrete-time model, whose proofs are shown
in the Appendix.

Proposition 1: Function f(-) can be expanded around Zj, as

flzk) — f(@r) = J(@k) (2 — &) + h(xg, Tk)  (5)

where 2, is a state estimate, and .J(Zy,) is the Jacobian of f(-)
computed at zy, given by

. Of(2k)
T@) =T Din A A

0 0 0 Ji @5k fi,Zax O

0 0 —f1 &5 0 —f1Zar O

| o0 0 0 —T. s, —Taiap O

Tl 0 0 —Tiase 0 —Tiig 0

~f3 Tar f3 3k  f3Ton —f3 Tk 0 0

0 0 0 0 0 0

and h(-, -) contains all its nonlinearities, and it is given by
h(z, &) = H(ex) ex (6)

where ¢, = x — Iy, and

00 0 0 frew 0O

00 0 0 —fres 0
oo o 0  —Tiesp O
Ale) =19 0 o 0 T,esr O
0 0 fyew —faewr 0 0

00 0 0 0 0

Proposition 2: For matrices J (&) and H (ey), there exist

two positive constants M and « s.t.
[J@e) < Mllzell,  [H(ex)l < allexll ()

for all &, and ey, where || - || is the Euclidian norm.
From (6) and (7), it follows that, for all e, it occurs

1h(zr, 26)ll < o [lex]|. ®)

Proposition 3: Function f|(-) satisfies the following condition:

1f (@r) = f@R)ll < (M [| 2]l + a flex]]) lexll- (9

Proposition 4: Matrix A, = A+ J(&j) satisfies the fol-
lowing inequality:

[Ak[l < Al + M [ (10)

Proposition 5: Matrix Ay, is affine in the variables z; j, for
i=1,....5.

Proposition 6: Function f.(-) satisfies the following
inequality:|| fo(z)|| < 3a|z(t)]|?, with & = a/T.

[Il. OBSERVABILITY OF THE DISCRETE-TIME MODEL

As well known, the observability property of a model is
essential for the existence of an estimator of its state. As for the
IM system, many authors provide sufficient observability con-
ditions for the continuous-time model [14]-[16], [22]. At the
best of the authors’ knowledge, the observability of the discrete-
time model has not been addressed, although the estimators
described in many papers are based on the IM discrete-time
model. In this respect, the following theorem can be proved.

Theorem 1: The nonlinear model (4) is locally weakly
observable if the rotor flux vector rotates instant by instant in
the stator reference frame.

Proof: According to [19], the nonlinear model (4) is
weakly locally observable if the so-called rank condition is
satisfied, i.e., rank(O) = n = 6, where matrix O is given by

%(xiac)
o- Se(zhr) G ()

ofa (.. P

%(xk%) %(xk-ﬂ) e %(%)

where h(ask) = Cuzy,and fg = Axy, + f(:Ek) + fl’l}&k.
Denoting with O3 the 6 x 6 matrix obtained with the first

three terms of O, putting ), = x and ;11 = x™, its determi-

nant is given by

det(O3) = —« (x5 - x;') (.133]);_ + ux;f)

+ 8 (ahy + fasad ) (wsaf — afaa)

Y

where v = f3T,a12g5, and 8 = f2g5T. Now, it is worthwhile

noting that z3 () and x4 (z) are the components of the
- =+

rotor flux vector ¢, (¢, ) along the a- and b-axes of the stator

reference frame, respectively. Consequently, denoting with p

— >+ .
and p* the angles between vectors ¢, and ¢ ,. and the a-axis,
the above components are given by

x3 = dacos(p); x5 = ¢ cos(ph)
x4 = ¢gsin(p); xf = ¢ sin(p™)

where ¢4 = \$T|, and ¢F = |E>:_| With these positions,
det(O3) becomes

det(03) = —adady (x5 — x5 ) cos(p™ — p)
+ Boasy (ah + fiasad ) sin(* —p). (12)

The above equation shows that, at a constant speed (x5 = x;r),
the rank conditions are satisfied if p™ # p Vg #0, Vqﬁj{ #0,1i.e.,
if the rotor flux vector rotates in the stator reference frame. [

Remark 2: When the rotor flux vector is fixed in the refer-
ence stator frame, the rank condition is not satisfied, and conse-
quently, nothing can be deduced about observability. However,
it is useful to analyze the behaviors of the system in the set of
states in which the rank condition fails. This set contains the
states corresponding to the operating situations in which the
rotor flux vector is fixed in the reference stator frame, i.e., at
zero stator frequency. This frequency p is given by

p=w+a lq
= 21
Pa
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where i, is the in-quadrature stator current in the frame rotating
with the rotor flux, and its discrete-time version is

pt—p="Ts (w—I—aqu)
oy

in which w, iy, and ¢4 are evaluated at the discrete-time
instant k. The above set is then obtained putting p™ = p and is
given by

13)

)
w-i—agli =0.

Pa

Moreover, since the motor torque t,,, generated by the motor is
given by

(14)

tm = f31q0a
(14) becomes
a21
tm +w=0 (15)
f303

which represents a straight line with negative slope in the
t,» — w plane crossing its origin, i.e., a line that belongs to the
second and fourth quadrants of the above plane, crossing the
point t,, = 0 and w = 0, as shown in [14].

Now, let S = {(w,t;n) : w € (—Zmin, Tmax)} be the set of
points of the trajectory (15) around the origin of the plane
t;, — w, where the rank condition fails. It is useful to analyze
the behaviors of the induction machine in this set S. To this
regard, note that the induction machine, when it works as a
motor, cannot work in the second and fourth quadrants of the
plane ¢, — w at a constant speed because, in these quadrants,
the motor works like a generator and produces electrical energy
from the mechanical one stored in the motor, which conse-
quently reduces its speed. Operations in these quadrants can
occur during short transients due to, for example, a requirement
of strong deceleration or energy recovering during braking. The
only way to operate at a constant speed is to put the rotor in
rotation with an auxiliary mechanical source, i.e., forcing the
motor to work as an asynchronous generator.

Remark 3: Assuming the machine fluxed and at rest (i.e.,
w = 0and i4 = 0) and applying to it an active positive load, i.e.,
a load able to put the rotor in rotation, an operative condition
compatible with the model of the induction machine is that of a
motion evolving according to the following equation:

wt =—

a33w — gsli. (16)
Then, the machine accelerates in the negative direction toward
a steady-state speed equal to

95

w=—-———1
(1 + ass)

without generation of motor torque. This situation cannot be
observed by any model-based estimator, and consequently, it
has to be treated ad hoc.

Remark 4: During transients, it is more difficult to verify
whether the rank condition is satisfied or not. However, also in

this case, it is possible to do some considerations. From (13), if
x3 # x5, the rank condition is not satisfied provided that

+
+ N T5 — Ty

) = franp— 2= (17)
a2y + freseyd

tg(p

It is worth noticing that, when the rotor speed is positive
and increasing, x5 > 0 and :v;r — x5 >0, (17) implies that
tg(p™ — p) < 0 and thus that p™ < p. This is in contrast with
the hypothesis that the speed is increasing. The same holds for
the speed is negative and decreasing. For this reason, during
the motor working condition, (17) could be satisfied only for
isolated instants during braking. Equation (17) can be computed
online by using the estimated variables only. However, it could
be useful to verify offline if it is satisfied using the values of the
variables acquired during the experiments.

IV. EKF
A. Structure of the Filter

In order to obtain an estimate Z; of the state x; of the
discrete-time system (4), the following EKF is proposed:

Tpy1 = Az + f(@r) + Brsy + Ki(ye — C)  (18)

where K, is a gain matrix that has to be suitably updated,
according to the following procedure.

The dynamics of the estimation error, i.e., e, = £ — Iy, 1S
given by

ext1 = Aey + f(xr) — f(@r) — KpCep + G — Kii
which becomes, by using (5)
ert1 = (Ap — KiCley + H(ex)er, + G — Kiép. (19)

In the previous expression, Ay, is evaluated at the state 2, given
by EKF. As usual, the covariance matrix of the error e;; can
be obtained by neglecting the nonlinear term H (eg)ey in (19),
and it is thus given by

Pyy1 = (A — KxC)Py(Ar, — KxC)T + Qy,
+ K,L,CPL(Ay — K,C)T (20)

where @)y is a positive definite matrix, i.e., Qf > ql, with ¢ >
0, for all time instants &, s.t.

E (Cr¢f) = Qré(k — k).

Minimizing Py 1 with respect to K, the following expression

for K, is obtained:
Ky = AP, CT(CP.CT + Ry) 1)

where Rj is a positive definite matrix, i.e., Ry > rl, with
r > 0, for all time instants k, s.t.

E (&) = Rid(k — k).

The following proposition is useful whose proof is given in the
Appendix.
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Proposition 7: Matrix As j, = A, — K}, C is bounded, i.e., Proof: Consider the candidate Lyapunov function
T p-1
[Askll <5 V(er) = el P tey. (24)

for all time instants k, where .S is a positive real number.

B. EKF Convergence Analysis

To prove the results of this section, the following assump-
tions are imposed.

Assumption 1:

e There exist real numbers r, 7, ¢, and g, such that ¢l <
Qi < Glg and rly < Ry, < 7, for all k. a

e Py>0.

* The pair (A, C) is uniformly observable.

Assumption 2:

* There exists a real number N such that ||A|| < N for all
time instants k.

e Matrix Ay, is invertible for all time instants k.

The problem is to show that, under suitable conditions, the
stochastic process ej, is bounded. To this purpose, recall from
[19, Lemma 4.2] that there exist real numbers p and p, such that
the following inequalities: ;

pls < Py < plg (22)

hold under Assumption 1.

Remark 5: Only the third item of Assumption 1 needs
some discussion. First of all, it should be noticed that the
observability property of the model, discussed in Section III,
is a necessary condition for the existence of an estimator for
the model itself. A sufficient condition for the existence of an
estimator is the uniform observability of the couple (A, C).
Moreover, as it is easy to verify, the rank condition implies the
uniform observability of the pair (A, C). Indeed, matrix O3
(cf., Theorem 1), particularized with the state estimates instead
of true state, is equal to matrix (),, given by

C
CA,
CApi1 Ay

Qo = (23)

It follows that the conditions of uniform observability are the
same to those of the motor model, particularized with the state
estimates, i.e., the estimated rotor flux rotates, at a constant
speed, whereas the condition is lost if (17) is satisfied with
the estimated variables instead of the motor ones. However, the
test of uniform observability can be carried out only during the
experiments. This will be further discussed later, in Section V.

The first main result can be now stated on the convergence of
the proposed EKF.

Theorem 2: Consider the discrete-time IM’s model in (4)
and the EKF described in (18). Under the conditions of As-
sumptions 1 and 2, the estimation error e is exponentially
bounded in mean square and bounded with probability one if
the initial estimation error satisfies the following inequality:

leoll < ¢ = min [ 22, e
o 8Sap

where 8 > 0 is a suitable constant.

Note that V(0) = 0 and (1/p)[lex |2 < V(ex) < (1/p)lex]l®
for ), # 0, since P, is positive definite and upper bounded. It
needs to find an upper bound for the conditional expectation of
V(er+1) given ey. Direct computation gives

E(V(er+1)ler) = Vier)
= F (Fk(ek)ek + nk)T Pl;il (Fk(ek)ek + nk)) — V(ek)

where T'y(ex) = As i + H(ex), and ny = &, — K3 (j. Recall
from [19] that, under Assumptions 1 and 2, the following
inequality holds:

er AL Pl Asrer — e Pler < =BV (ex)  (25)

for some 3 € (0, 1). By noticing that A », P, *, H(ey,), and ey,

are independent of nj and by using (25), it is obtained

E(V(ers1)ler) =V (ex) < =BV (ex) +2¢5 AL Py H(ex)er
+ efHT(ek)P,;}lH(ek)ek—i—E (ank_jlnk).

Under the same assumptions and noticing that ||C|| = 1, there
exists a positive number 7, given by

6g 2N?p°F
Y=+ )
P pr

s.t. E(nng’_&lnk) <+ (see again [19, Lemma 3.3]). Hence, it
is possible to write

E (V(egt1)lex) — Vier) < =BV (ex) +d(ex) +

with

(26)

alS o? «
(ex) = ??Hekllg’ + ?Hekll4 = 5||€1<||3 (28 + aflex])) -

Moreover, for |leg|| <€ =25/a, itresults a|e|| <25, and thus

S )
5(er) < 4§||ek||3.

Finally, for |lex|| < e = min(¢, Bp/8Sap), it follows that

D 1
3(er) < AS0Zleul Ll < el < V(e

Inserting the last equation into (26) yields
E (V(ek+1)lex) — Vier) < =B'V(er) +7

for ||ex|| < €, where 8’ = 0.50. Indeed, as in [19, Lemma 3.3],
it can be assumed that, for the noise upper bound +y, there exists
€ < es.t.

27)

6/€2
Y==
p

whereas, for all ey, s.t. € < |leg|| < e, it results that

/ 2
5 < Flenl® o gy
p
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and thus, the right member of (27) is less than or equal to zero.
From (27), it is obtained that [20]

k-
E(V(ext1)leo) < Z (1-8)V(eo) (28)
i=0
and then
P — ,
E (llexl?leo) < 5(1 — )" lleoll” + Z g 9
P i=0

Now, observe that

e

-1

P e ni 1
-8) <Y (1-8) =%

=0

Il
=]

%

assuming that ||eg|| < e, ||ex|| remains exponentially bounded
in mean square and bounded with probability one. Moreover, it
results

lim E (|lexllleo) = €.

|

Remark 6: The items of Assumption 2, regarding matrix
Ay, need some discussion. As already said, matrix Ay depends
on the estimated state 'y, according to the following equation:
- 2 242 Po20a A a4

|Ap| = —ass (1] + #322;,) + — faps (Bondar — E1edar) sk

+ famn (fi (33 + 330) — pal@rns — Saniar)) - (30)

with M1 = A11G22 — Q12027 and Mo = allTs — a21f1 and

a11 = —(1 = Tsa11), ag2 = —(1 —Tsaz)
azs = —(1 — Tsass), a1z = Tsar2, a1 = Tsan
fi1=Tsf1, fz3="Tsfs.

With the sampling frequencies usually chosen (10-20 kHz), the
coefficients of (30) satisfy inequalities ass < 0, ue < 0, and
w1 > 0. From (30), it is difficult to infer about the existence
of the inverse of matrix Ay, because it depends on the estimated
state. Then, the condition |Aj| # 0 can be checked only after
computation of Zj, which can be carried out either online, i.e.,
during the experiments (see Section V), or offline using data
acquired during the experiments themselves. Moreover, if the
state estimates are near to the true ones, some physical consid-
erations can be made about the terms of (30). In fact, in this
hypothesis, the second term is proportional to the mechanical
power generated by the motor, and the third term is the sum
of a term proportional to the square of the rotor flux and a
term proportional to the product of the rotor flux and the direct
current producing the rotor flux. The first and third terms are
positive, whereas the second term can be positive or negative.
In this situation, it can be said that | A;| # 0 for &5, = 0, and
matrix Ay could be singular but in isolated instants of time.
With reference to the required bound of the norm of || Ay,
it can be checked during the experiments by computing the
maximum singular value of A and verifying if it is bounded
or not (see Section V).

C. Effect of the Euler Discretization

The previous convergence analysis shows that the estimation
error of the IM’s discrete-time model is bounded. In this sec-
tion, the accuracy of the proposed filter is proved by verifying
that it is also bounded the difference between the state of
the continuous-time model, computed at the sampling times,
and the state estimated by the EKF. This analysis is aimed
to highlight the effects produced by the discretization process
on the accuracy of the discrete-time model, i.e., effects whose
nature is deterministic. In this contest, the analysis will be
carried out in a deterministic setting, i.e., by neglecting the
terms relative to the system and measurement noises.

To this purpose, consider the solution x(¢) of the dynamic
system in (3) and its corresponding Taylor expansion computed
around x(tp), given by

x(t) = z(to) + (t) |+, (t — to)

JC(" |to to)n +

n+1)
I ' (t — "]y
n:

T 1) (t—to)"™ (31

where ¢\ € (to,t), and the last term of the equation is the
Lagrange remainder.

Putting tg = t; and t = 5,11 = t, + T, (31) can be special-
ized for n = 1, which gives the following Euler discretization:

2

T: .
(0,

(tg, tk+1). From (4), it results

T(tpgr) = o(ty) + Tso(t)]g, + (32)

where t, €

&()|, = Ax(tr) + f ((tr)) + Brs(te)

and direct computation of the second temporal derivative gives

j(t)ltxk

= Ad (12,) + ST (D) o, = A (1)

P4, @)
A=At =57 s

Consequently, (32) can be written as

I’(tk+1) = I(tk) + T (Ax(tk) + f (SC(tk)) + BI/S(tk)) + ok

where o) = (Tf/Q)i(t)hAk is the truncation error at tg.y;
given the values of the variables at ¢j.

According to (18), the structure of the proposed EKF is
given by

Tpp1=Tp+Ts (AR +f (1) +Brs(te)) + Ky (y(t) —Ciy) .

(33)

The dynamics of the discretization error ¢;, = x(t;) — 2, be-
tween the state = of the continuous-time model, sampled at the
continuous time tj, and the state j, estimated by the EKF at
the discrete step k, is

(I + AT, — Ki.C)er + T (f (x(tr)) — f(2

ki1 = k) + ok

which, by means of (5), can be simplified as
= As,kﬁk + H(ek)ek + 0.

€r+1 (34)
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Equation (34) is analogous to (19), except for the presence of |
the deterministic term o, instead of the noise terms. It follows
that the convergence analysis of ¢, can be carried out by means
of the classical Lyapunov method for discrete-time models.
It is then possible to prove the following.
Theorem 3: Under the hypothesis on the second derivative
of the continuous-time model’s solution, z(¢) and the sampling
time T, given by
#(t)T? <25, forallt (35)
the norm of the discretization error ¢; exponentially con-
verges to a value that is upper bounded by the quantity § =
—/ —/ .
\/25°p/pB , where 3 will be defined later.
Proof: Consider the candidate Lyapunov function
Viep) = el L te
( k) kSl Ok Fig. 1. Motor-brake system.
where Lj is a symmetric positive definite matrix, which is TABLE 1II
assumed here as the solution of the previous considered Riccati MOTOR PARAMETERS
equation. The forward difference of V'(¢;,) satisfies the follow- L.  05236H Tar 00056 Nms?
ing inequality: L.  0043H F, 1.68Nm
Rs 15.68Q2 F 0.0023Nms
_ 0.0669s 2
T AT p-1 Ir p
Views1) = View) < =BV(er) + 26, Ay o Py H (e e
TABLE 1II
T AT p-1 T 7T —1 T p-1
+ 2¢, As,kpk+1gk +e, H (Gk)Pk+1H(€k)€k + o}, Pk+10k- RATED DATA OF THE MOTOR
. .. . . Rated power 750W Rated speed 1410rpm
By using Propositions 2 and 7, this equation becomes Rated Sohage 380V Rated tgrque 5 Nmp
Rated frequency 50H z Pole pairs 2

V(ek+1) — V(er)

IN

- 1
—5V(6k)+5 (257 lexll +7° + o®|lex||* +25 ek [1°)

— o o
= =BV (er) + ;H%HS (25 + aflex]]) + % (25]lex] +)

under the assumptions |o,| < &, for all k. Assuming that

- (25 & B »p
< = _———=
el < 0 = min ( a’ 28’ 4Sap>

the previous inequality becomes

V(ers1) — Vier) < —BVi(ex) +7 (36)
where 5 = 2(52/p). Following the same procedure as in The-
orem 2, it can be proved that there exists a positive quantity
§ < 4, with §% = W/B/, s.t. for § < [|ex|| < 4 it results

!

7 < Sl < BV (er).

SRS

It follows that the sgcond member of (36) is negative or null,
and for 0 < ||eo|] < 9, ||ex|| is exponentially bounded and con-
verges to a value upper bounded by 4. |

V. EXPERIMENTS

Experiments have been carried out with the aim of validating
the above described EKF. The prototype constructed for this
purpose consists of a 750-W IM and a powder brake system
shown in Fig. 1. The IM is driven by a source voltage inverter,
and a microcontroller DSpace 1103 is used to implement both
EKF and the control law. In particular, the control law is
designed according to a field-oriented approach and consists
in a cascade controller with four PI control loops, two inner
current loops, and two outer rotor flux and speed loops [23]. (An
alternative control scheme for sensorless IM drives has been
recently proposed in [24].) The PI controllers are designed to
obtain a bandwidth of 10 Hz for speed and rotor flux loops and
40 Hz for current loops. An anti-wind-up scheme is designed
for the speed control loop. The modules of stator current and
voltage vectors are constrained to I, vax =7 A in order to
avoid damage of the machine, ie., Vi max = 0,866 Vpys.
The measured variables are the two stator currents given by
two Hall effect transducers. All the aforementioned four control
loops are closed through the proposed EKF. However, in order
to compare estimated and measured speeds, the speed is also
acquired by means of a 1024-ppr incremental encoder.

The whole controller, including the proposed estimator, is
processed at 12 kHz.

The parameters and the rated data of the motor are shown in
Tables II and III, respectively.
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Matrices () and R, necessary for processing EKF, have been
obtained by means of a suitable preliminary experiment so
that the estimated stator currents produced by EKF track the
measured ones. In particular, matrix R has been chosen equal to
the identity matrix I54o, and () has been parameterized as Q) =
diag(qi1laxz2, q22l2x2, 433, qaa), With i1 = 8.149 x 1072,
q22=4.68x107°, 33 =2.619x 1072, and q44 =11.363x 107°.

The results of some experiments are shown in Figs. 2-6.
Fig. 2 shows the waveforms of angular speed, stator currents,
rotor flux, and torque during a suitable test at a maximum
speed of 100 rad/s and rated load, whereas Fig. 3 shows the
waveforms of angular speed, stator currents, rotor flux, and
torque during a test at very low speed of 3 rad/s and rated
load. In particular, Fig. 2 shows the closed-loop responses
corresponding to a trapezoidal reference speed when the motor
is fluxed at 0.8 Wb at t=0, starts at t=0.5 s with a step
reference speed of w, =100 rad/s, then at t=10 s, there is a
speed reversal, and finally, the speed is put to zero by means of
a ramp. A load torque of 4 Nm is applied at 2 s and removed
at 8 s. Fig. 3 shows the closed-loop responses corresponding to
a very low speed test, which is a classical critical condition in
all the model-based observers/estimators for sensorless control
of induction machines, when the motor is fluxed at 0.8 Wb

~ 15
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Experimental waveform during a test at nominal speed and load and with speed reversal.

at t=0, then starts at t=0.5 s with a step reference speed of
wy, =3 rad/s. The load torque of 4 Nm is applied at 2 s and
removed at 8 s.

Finally, Fig. 4 is shown with the aim of verifying the observ-
ability conditions during the above two tests. More precisely,
both members of (17) are computed online using, obviously, the
estimated variables instead of the actual ones. This corresponds
to evaluate the observability property of the couple (Ax,C),
as required from Assumption 1 in Section IV-B. In particular,
in Fig. 4(a) and (b), the waveforms of the first and second
members of (17) are shown corresponding to the tests in Figs. 2
and 3, respectively.

From Figs. 2 and 3, a good behavior of the estimator is shown
in all operating conditions. In fact, the observer is capable to
track all state variables, and the controller with feedback from
estimated variables is capable to cope with the disturbance
very well.

Examination of Fig. 4(a) shows that (17) is satisfied near zero
speed before starting with the machine fluxed (¢ < 0.5 s), when
the speed passes through zero during speed reversal (about ¢t =
10 s), and then when speed is forced again to zero (¢ > 18 s).
When the rank condition is lost just either in isolated instants or
in a few instants of time, estimates given by EKF are careful, but
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Fig. 4 Observability condition (17) computed at the sampling instants for the test at Fig. 2(a) and for the test at Fig. 3(a).

when the rank condition is lost in several instants, the behavior
of EKF deteriorates. This is shown also in Fig. 2(a)—(d), where
the closed-loop system, after few instants in which it remains
at rest, displays a speed oscillating from about —0.5 rad/s to
about 2.5 rad/s, and also the estimated load torque presents an
error. While for isolated instants, i.e., during the speed reversal,
the lost of rank does not represent a big problem. Fig. 4(b)

shows that also for very low speed, after a time interval before
and at the beginning of the starting, in which (17) is satisfied,
indeed the system is capable to track the reference speed also
in presence of the torque load.

Finally, from the above analysis, it is useful to note that (17)
represents a strong instrument to analyze when the observer
and, therefore, the whole control system are working correctly.
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Fig. 6 Set of values of the maximum singular value of Ay, omax(Ax) computed at the sampling instants, for the test at Fig. 2(a) and for the test

at Fig. 3(a).

In Fig. 5, the set of values of |Ag| is displayed, computed
at the sampling instants, at the above discussed low- and high-
speed experiments. The shape of the corresponding waveforms
shows that matrix A is always nonsingular. In particular, it
appears that the computed minimum value is greater than the
term —agspy of (30). This fact has been confirmed in many
other experiments carried out in various operating conditions.

In Fig. 6, the set of values of the maximum singular value of
Ay, omax(Ag), is displayed, computed at the sampling instants,
at low- and high-speed experiments. As well known, it results
[[Ak|| = omax(Ak), and consequently, if opax (Ag) is bounded,
it is possible to verify the first requirement of Assumption 2. In
Fig. 6, it appears that matrix Ay, is bounded in norm, and the
bound diminishes with the operative speed range.

VI. CONCLUSION

Through the analysis carried out in this paper, interesting
properties of the discrete-time version of the IM model have
been shown. This allows giving convergence guarantees of the

state estimates of the motor—load discrete-time model in a mean
square sense and with probability one. The study effected in
this paper suggests some interesting comments. First of all, the
observability checking carried out on the motor—load discrete-
time model leads to conditions more understandable and simple
to be used than those obtained from the continuous-time model.
Second, the observability of the IM model is a necessary
condition for the existence of a state estimator, whereas the
sufficient condition is the uniform observability of its linearized
model. Third, the time-varying nature of the linearized model,
obtained at each sampling time, needs to check some properties,
either online or offline, such as uniform observability, existence
of the inverse of a matrix, and boundedness in the norm of a
matrix. The effects of the discretization are also analyzed in a
deterministic setting, showing, along with the observability and
convergence analysis, a good theoretical treatment of the EKF
when it is used to estimate the state of an IM. Experimental
findings are displayed with the aim of verifying the aforemen-
tioned properties and validating the capabilities of the estimator
in sensorless control schemes in both high and low speeds.
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APPENDIX
PROOFS OF THE PROPOSITIONS

Proof of Proposition 1: By inspection of the model (4). [J

Proof of Proposition 2: By inspection, matrix J (&) can be
written as J (&) = Z?:l JiZ4 k» where J1 = (0,0,0,¢1,0,0),
JQ = (0,0,—(]1,0,0,0), J3 = (O,—ql,0,0,qg,O), J4 =
(ql, O, O, 0, q4, O), and J5 = (0, O7 qs3,q4, 0, 0), with q1 = TS(O,
Oa 07 07 7f37 O)Tv q3 = Ts(oa 7f17 07 07 Oa 0)T9 and q4 = Ts(fla
0,—1,0,0,0)7. Then, we have

5 5
1T@)I <D 1 Tallldakl < D Il 2l- (A-1)
i=1 =1
Moreover,  being || /1| = [|Ja]| = Tsfs, [[Js]| = [|/all =

max{Ts f3, Ts\/1 + f?}, || 5] = Ts\/1 + f2, we obtain (6)
with M = Ts(2f5 + /1 + f2 + 2max{f3, /1 + f?}).

As for matrix H (ey,), recall that

|H o)l = /o (e Hie) =/ ()

where o(H) denotes the maximum singular value of matrix
H. Tt is easy to verify that the set of singular values of H is
given by

{0,0,0,0,T2fF (% x +€34) , T2 (14 f7) (€3 +ein) }
and, consequently, we have

I1H (ex)]|

= T, max f3\/m, \/(1 + /1) (e%)k + ei,k)

Multiplying the numerator and the denominator of the last

equation by ||ex|| =

mas {/ef +63, +\fed e} < e

Z?:1 e?, ., observing that

and, finally, choosing o = T max{ fs, /1+ f}, yields (7). O
Proof of Proposition 3: From (5)—(7), the following in-
equality holds:

1f () = F@) < T @) erll + [1H (ex)l] llex

and using (6) and (7), (9) is obtained. [l
Proof of Proposition 4: The relation directly follows
from (6). [
Proof of Proposition 5: By Proposition 2, it results Ay, =
A"‘J(fik) = A+Z?:1 Jziﬁz,k O
Proof of Proposition 6: Function f.(z) can be written as
fc(x) =(Miyzq + Maxg + Msxs)x, where M;=(0,0,0,mq,
0,0), M>=(0,0,0,—m1,0,0), and Ms=(0,0,m2,ms,0,0),

with m1=(0,0,0,0, —f3,0)T, ma=(0, f1,0,0,0,0,0)”, and
ms = (f1,0,—1,0, — f3,0)”. Consequently, we have

@), < (ol + oz + T+ fElas]) el

<a (|| + x| + |2s])

with & = «/Ts and « as in Proposition 2. Finally, we have
| fe()l, < 3a|z||? because of |z;| < ||| for all 4. O

Proof of Proposition 7: In [19], it is shown that the filter’s
gain matrix Ky is s.t. || K| < Np/r, for all k, where N is
a suitable positive number. Consequently, since ||C|| = 1, we
have || A, 4]l < |4xll + [ K& NICI < N(L+ (B/r)) = S. O

REFERENCES

[1] R. Marino, P. Tomei, and C. Verrelli, “An adaptive tracking control from
current measurements for induction motors with uncertain load torque and
rotor resistance,” Automatica, vol. 44, no. 10, pp. 2593-2599, Oct. 2008.

[2] B. Castillo-Toledo, S. Di Gennaro, A. Loukianov, and J. Rivera, “Discrete
time sliding mode control with application to induction motors,” Automat-
ica, vol. 44, no. 12, pp. 3036-3045, Dec. 2008.

[3] F. Alonge and F. D’Ippolito, “Design and sensitivity analysis of a reduced-
order rotor flux optimal observer for induction motor control,” Control
Eng. Practice, vol. 15, no. 12, pp. 1508-1519, Dec. 2007.

[4] C. Korlinchak and M. Comanescu, “Sensorless field orientation of an
induction motor drive using a time-varying observer,” IET Elect. Power
Appl., vol. 6, no. 6, pp. 353-361, Jul. 2012.

[5] Y.-R. Kim, S.-K. Sul, and M.-H. Park, “Speed sensorless vector control
of induction motor using extended Kalman filter,” IEEE Trans. Ind. Appl.,
vol. 30, no. 5, pp. 1225-1233, Sep./Oct. 1994.

[6] F. Alonge, F. D’Ippolito, A. Fagiolini, and A. Sferlazza, “Extended com-
plex Kalman filter for sensorless control of an induction motor,” Control
Eng. Practice, vol. 27, pp. 1-10, May 2014.

[7]1 S. Jafarzadeh, C. Lascu, and M. S. Fadali, “State estimation of induction
motor drives using the unscented Kalman filter,” IEEE Trans. Ind. Elec-
tron., vol. 59, no. 11, pp. 4207-4216, Nov. 2012.

[8] M. Barut, R. Demir, E. Zerdali, and R. Inan, “Real-time implementation

of bi input-extended Kalman filter-based estimator for speed-sensorless

control of induction motors,” IEEE Trans. Ind. Electron., vol. 59, no. 11,

pp. 4197-4206, Nov. 2012.

F. Alonge, F. D’Ippolito, and A. Sferlazza, “Sensorless control of in-

duction motor drive based on roust Kalman filter and adaptive speed

estimation,” IEEE Trans. Ind. Electron., vol. 61, no. 3, pp. 1444-1453,

Mar. 2014.

[10] E. D’Ippolito, F. Alonge, and A. Sferlazza, “Descriptor-type robust
Kalman filter and neural adaptive speed estimation scheme for sensorless
control of induction motor drive systems,” Robust Control Des., vol. 7,
no. 1, pp. 51-56, 2012.

[11] J. Holtz, “Sensorless control of induction motor drives,” Proc. IEEE,
vol. 90, no. 8, pp. 1359-1394, Aug. 2002.

[12] R. Vieira, C. Gastaldini, R. Azzolin, and H. Grundling, “Sensorless sliding
mode rotor speed observer of induction machines based on magnetizing
current estimation,” /EEE Trans. Ind. Electron., vol. 61, no. 9, pp. 4573—
4582, Sep. 2014.

[13] S. M. Gadoue, D. Giaouris, and J. W. Finch, “MRAS sensorless vector
control of an induction motor using new sliding-mode and fuzzy-logic
adaptation mechanisms,” IEEE Trans. Energy Convers., vol. 25, no. 2,
pp- 394-402, Jun. 2010.

[14] C. Canudas De Wit, A. Youssef, J. Barbot, P. Martin, and F. Malrait,
“Observability conditions of induction motors at low frequencies,” in
Proc. IEEE Conf. Decision Control, 2000, vol. 3, pp. 2044-2049.

[15] S. Ibarra-Rojas, J. Moreno, and G. Espinosa-Pérez, “Global observabil-
ity analysis of sensorless induction motors,” Automatica, vol. 40, no. 6,
pp- 1079-1085, Jun. 2004.

[16] P. Vaclavek, P. Blaha, and I. Herman, “AC drives observability analysis,”
IEEE Trans. Ind. Electron., vol. 60, no. 8, pp. 3047-3059, Aug. 2013.

[17] T. Du, P. Vas, and F. Stronach, “Design and application of extended
observers for joint state and parameter estimation in high-performance
ac drives,” Proc. Inst. Elect. Eng.—Elect. Power Appl., vol. 142, no. 2,
pp. 71-78, Mar. 1995.

[9

—



2352

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 62, NO. 4, APRIL 2015

[18] M. Barut, S. Bogosyan, and M. Gokasan, “Speed-sensorless estimation
for induction motors using extended Kalman filters,” IEEE Trans. Ind.
Electron., vol. 54, no. 1, pp. 272-280, Feb. 2007.

[19] K. Reif, S. Gunther, E. Yaz, and R. Unbehauen, “Stochastic stability of
the discrete-time extended Kalman filter,” IEEE Trans. Autom. Control,
vol. 44, no. 4, pp. 714-728, Apr. 1999.

[20] T.-J. Tarn and Y. Rasis, “Observers for nonlinear stochastic systems,”
IEEE Trans. Autom. Control, vol. 21, no. 4, pp. 441-448, Aug. 1976.

[21] E. Alonge, T. Cangemi, F. D’Ippolito, and G. Giardina, “Speed and rotor
flux estimation of induction motors via on-line adjusted extended Kalman
filter,” in Proc. 32nd Annu IEEE IECON, Nov. 2006, pp. 336-341.

[22] R. Marino, P. Tomei, and C. M. Verrelli, Induction Motor Control Design.
New York, NY, USA: Springer-Verlag, 2010.

[23] P. Vas, Sensorless Vector and Direct Torque Control.
Oxford Univ. Press, 1998.

[24] P. Alkorta, O. Barambones, J. Cortajarena, and A. Zubizarreta, “Effi-
cient multivariable generalized predictive control for sensorless induction
motor drives,” IEEE Trans. Ind. Electron., vol. 61, no. 9, pp. 5126-5134,
Sep. 2014.

Oxford, U.K.:

Francesco Alonge (M'02) was born in Agri-
gento, ltaly, in 1946. He received the Laurea
degree in electronic engineering from the Uni-
versity of Palermo, Palermo, ltaly, in 1972.
Since then, he has been with the Univer-
sity of Palermo, where he is currently a Full
Professor of automatic control with the Depart-
ment of Energy, Information Engineering, and
Mathematical Models. His research topics in-
clude electrical drive control (including linear
and nonlinear observers, stochastic observers,
parametric identification), robot control, parametric identification and
control in power electronics, and UAV motion control in aeronautics.

Tommaso Cangemi received the M.S. degree
in computer science engineering and the Ph.D.
degree in automatic control engineering from
the University of Palermo, Palermo, Italy, in 2003
and 2007, respectively.

From 2007 to 2009, he was with the De-
partment of Automation, University of Palermo,
where he assisted and worked in the field of
electrical motor drives, optimum control, and
internal models. Currently, he is a Consultant
with Altran ltalia S.p.A., Rome, ltaly. He works
on the development of projects in the field of automatic control and
software embedded for automotive and power electronics.

Filippo D’lppolito (M’00) was born in Palermo,
Italy, in 1966. He received the Laurea degree in
electronic engineering and the Research Doc-
torate degree in systems and control engineer-
ing from the University of Palermo, Palermo, in
1991 and 1996, respectively.

He is currently a Research Associate with
the Department of Energy, Information Engi-
neering, and Mathematical Models, University of
Palermo. His research interests include control
of electrical drives, control of electrical power
converters, adaptive and visual/force control of robot manipulators,
rehabilitation robotics, and marine robotics.

Dr. D’Ippolito received the 2000 Kelvin Premium from the Institution
of Electrical Engineers, U.K., for the paper “Parameter identification of
induction motor model using genetic algorithms.”

Adriano Fagiolini (M’05) received the Laurea
degree in computer science engineering and
the Ph.D. degree in robotics and automation
from the University of Pisa, Pisa, Italy, in 2004
and 2009, respectively. He was a summer
student at the European Center for Nuclear
Research (CERN), Geneva, Switzerland. He
enrolled in the International Curriculum Option
of doctoral studies in hybrid control for com-
plex, distributed, and heterogeneous embedded
systems.

He is currently an Assistant Professor with the University of Palermo,
Palermo, Italy.

Dr. Fagiolini led the University of Pisa’s team at the first European
Space Agency’s Lunar Robotics Challenge, which resulted in a second
place prize for the team. His research interests include Boolean and
Set-valued consensus and intrusion detection in distributed multirobot
systems.

Antonino Sferlazza (S’12) was born in
Palermo, Italy, in November 1987. He received
the Master’s degree in automation engineering
in 2011 from the University of Palermo,
Palermo, where he is currently working toward
the Ph.D. degree in system and control
engineering in the Department of Energy,
Information Engineering, and Mathematical
Models.

His research interests include the develop-
ment of feedback control algorithms for non-
linear dynamical systems, optimization techniques, estimation of
stochastic dynamical systems, and applications of control of electrical
drives, power converters, and mechanical systems.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


