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Abstract—We show that the pair (rotor position, resistance) of
a non-salient Permanent Magnet Synchronous Motor (PMSM)
is not observable in the sensorless setting, namely when only
the electrical signals (voltages and intensities) are measured.
However, if the rotation speed w and the current in rotating
frame i, are not constantly zero, we prove that there only
exist a maximum of six indistinguishable solutions, the resistance
being the root of a polynomial of degree six. Besides, in the
particular case where w, iy and i, are constant, we show that
the number of possible solutions is reduced to two, with two well-
identified possible values for the resistance. Those two solutions
can be dissociated if the sign of i; (namely the mode of use
of the motor) is known. Inspired by the nonlinear Luenberger
methodology, this property enables us to propose an estimation
algorithm which relies on a one-dimensional minimization of a
criterion involving the voltages and intensities filtered at three
distinct sufficiently large frequencies. Its performances are tested
and illustrated in simulations on real data.

Index Terms—PMSM, sensorless, resistance estimation, non
observability, Luenberger observer

I. INTRODUCTION

For an observer to give an asymptotically converging es-
timate of the system state, this system must be detectable
if not observable. So for any application, before attempting
any design of an observer, observability should be studied.
The application we are concerned with in this paper is the
estimation of the rotor position of a non-salient Permanent
Magnet Synchronous Motors (PMSM) with known inductance
L , known magnet flux ®, but unknown stator resistance R,
and in the so-called sensorless setting, namely when only
electric variables — currents and voltages — are measured.

A. Context

In order to reduce their cost and increase their sobriety and
reliability, Permanent Magnet Synchronous Motors (PMSM)
are not always equipped with mechanical sensors. Their con-
trol and supervision thus require observers to estimate the
mechanical variables — rotor position and speed— from the
measurement of the electric variables only, and using a model
of the dynamics which typically involves R, L and .

A review of the first steps towards sensorless control was
given in [1] and a Luenberger observer was proposed in [2]
in order to estimate the position of a PMSM from electrical
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measurements only. Then, in [3], pursuing the same goal, was
proposed a very simple gradient observer which turned out to
be extremely effective in practice. However, from a theoretical
view point, it was proved in [4] to be only conditionally
convergent: it may admit several equilibrium points depending
on the rotation speed w. Fortunately, later in [S], the authors
showed how a minor modification enables to achieve global
asymptotic stability thanks to convexity arguments.

All these observers typically require the knowledge of
the parameters R, ® and L. Unfortunately, while L may
be considered known and constant (as long as there is no
magnetic saturation), R and ® do vary significantly with the
temperature and these variations should be taken into account
in the observer. That is why efforts have been made to look
for position observers which do not rely on the knowledge
of those parameters, or even better, which also estimates
them. For instance, [6], [7] have proposed sensorless position
observers which are independent from the magnet flux. This
line of research was completed in [8] by directly extending
the gradient observer proposed in [3] with the estimation of
&. But as far as the resistance is concerned, we are not aware
of any sensorless observation algorithm with proved global
convergence. A first attempt appeared in [9] using an adaptive
sliding mode scheme. Then, in [10], [11], and recently in [12],
[13] observers/control for PMSMs with unknown resistance
were proposed, but guaranteeing only local stability. In [14],
the authors proposed a global adaptive observer to make the
gradient observer from [3] independent from the resistance,
but only a qualitative convergence to a neighborhood of the
solution is ensured; quantitatively, there is no control on the
size of this neighborhood.

Actually, along those attempts at observer design, we have
not found any report on the study of observability of the pair
(rotor position, resistance) for a PMSM. Some observability
studies were carried out in the context of induction motors
for instance in [15], [16], [17], the latter two exhibiting
pairs of indistinguishable trajectories in steady state when the
torque or stator resistance is unknown, thus explaining why
most control/observer designs with parameter adaptations are
inherently local. We show in this paper that, in accordance
with those observations for induction machines, a PMSM with
unknown resistance is not observable unless other information
is added (see also [18]). Nevertheless, it is a peculiar kind
of non observability because we prove that when the rotation
speed and the current in rotating frame 74 are not constantly
zero, there are at most six possible values for the pair (rotor



position, resistance). Besides, when the rotation speed and
the currents evaluated in the rotating frame are constant,
the number of indistinguishable solutions is reduced to two,
and can be dissociated thanks to the extra knowledge of the
motor mode of use (motor or generator). This finiteness of the
classes of indistinguishability, already described in [16], [17]
could not appear in a linear context where non observability
necessarily implies an infinite number of indistinguishable
trajectories.

But then, can an observer be proposed when the system
has classes of indistinguishability with finite cardinality? A
positive answer was given in [16], [19] when the system
can be written in an ‘“observable-like” form which, due to
unobservability, involves a set valued map that is considered
in the design as an unknown input. Here we propose another
positive answer of a completely different nature, relying
on a nonlinear Luenberger design. This design consists in
transforming the system dynamics into asymptotically stable
linear dynamics with the measurements as input, and this,
independently from the given system observability. Then, an
estimate is obtained by inverting the transformation, invert-
ibility being here related to observability. This approach was
first developed by Luenberger himself for linear systems in
[20], then extended to stationary nonlinear systems ([21], [22]
and references therein), and finally to time-varying systems in
[23], [24]. It was also successfully applied to the sensorless
position estimation of a PMSM (with known resistance) in [5].
In all those papers, this design is used for observable systems
where the invertibility of the transformation is guaranteed.
But we show in this paper that it is still useful in the
absence of observability and invertibility. In our particular
example, it enables to transform the problem of estimating the
pair (rotor position, resistance) from a single output equation
valid at all times into the one of solving at each time a
set of three equations which are valid only asymptotically
as time goes to infinity, but exponentially fast. They involve
the voltages and currents filtered at three distinct sufficiently
large frequencies. Because of non observability these three
equations must have non unique solutions. A key result that
we establish is that there are at most six possible values of
the pair (rotor position, resistance). So we recover exactly the
property of unobservability. Actually these possible solutions
can be a posteriori discriminated according to extra knowledge
of those quantities, such as bounds for the resistance, mode
of use of the motor, etc.

Hence, by going with a Luenberger design, we get an
observer with two components
e a dynamic component made of a cascade of linear filters,
e a static component, its output map, delivering the estimate

computed from the filters’ states. It is a set valued map since

its image has in general 6 values.
This is to be compared for instance with the observer in [17]
and [18], the dynamics of which are a differential inclusion.

B. Problem statement

We consider a balanced three-phase wye-connected PMSM.
Using Joule’s and Faraday’s laws, its equivalent two-phase

model expressed in a fixed stator frame reads (see [25, (7.69)])

¥ =u-—Ri (1)

where W is the total flux generated by the stator windings and
the permanent magnet, (u,%) are the voltage and current, in
the fixed stator frame, and R the stator winding resistance.
The quantities u, ¢ and ¥ are two dimensional vectors. The
way the total flux U is related to the rotor angle 6, differs
depending on the geometry of the rotor and stator. When the
repartition of the windings and the profile of the magnet are
perfectly symmetric, the motor is said to be non-salient and
the total flux may be expressed simply as (see [25, (7.72)])

cosf ) @)
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sin 6

where L is the stator inductance, ® the magnet’s flux, and
6 = n,0, the electrical phase, with n, the number of poles
(winding pairs) of the stator. Plugging (2) into (1) leads to the
usual PMSM model

~ _ L. —sin(ny,0,.)

Li = u—Ri—®nyw, < cos(n,6,) ) (3a)
0, = w, (3b)
— 1 [ —sin(n,0.) \

Tw, = DPnyi ( cos(ny6y) TL 3c)

where Z is the inertia of the rotor and 7, the load torque. But
this operation makes w, = 0, appear in the model along with
two new parameters Z and 7;, which must be either known or
estimated. Fortunately, as noticed in [2], (2) implies

W —Li>-®*=0 4)
0 =arg(¥ —Li) . (5)

So, according to (5), in the case where L and ¢ are known, an
estimate of 6 can be simply recovered from an estimate of the
total flux W. Therefore, as suggested in [2], it is preferable to
consider the model made of (1)-(4) instead of (3a), namely

O —L2iP =00 -2Li"¥ (6)

U =u—Ri ,
with known inputs (u,?) and where the information given by
(4) is used as a measurement. These equations are independent
from the parameters Z and 7.

It is proved in [8] that it is possible to estimate both ¥ and
® at the same time. In this paper, we rather suppose that the
flux ® produced by the magnet is known, and the resistance R
unknown. We want to know if it is possible to estimate both
¥ (and thus #) and R.

In Section II, we show that the knowledge of (u,i), ¢ and
L is generally not enough to determine uniquely ¥ and R.
However, when the rotation speed and the currents evaluated in
the rotating frame are non zero, there are at most six possible
solutions, which may be distinguished from one another by the
extra knowledge of the mode of use of the machine (motor
or generator). Then, we exploit this knowledge to propose an
estimation algorithm for (¥, R) (and thus (#, R)) based on
a nonlinear Luenberger observer design in Section III. In
Section IV, we propose a possible practical implementation
and study its robustness to measurement and model errors



(such as the presence of saliency) in Section V. We finally
illustrate its performance on a simulated scenario, as well as
on real data in Section VI

Notations The annulus C/(a,rg,71) is the set of points such
that 7o < |z — a] < 71 and B,.(a) denotes the ball
with center a and radiu$> r. The rotation matrix is denoted

R(0) := (cos€ —sinf

sinf  cos6

and the particular one for § = —%

is J := (01 (1)) The current in a rotated frame of angle 6
is given by
_ ( 1a(0) \ _ :
I44(0) = ( 5,00) )~ R(—0)1 @)
and its evaluation along a solution is
: ia(t) ) < Ly(6(t)) )
igq(t) == 1q4(0(t)) = . = .
dq( ) dq( () ( Zq(t) Iq(ﬂ(t))
The angle corresponding to a flux ¥ is denoted
O(V) := arg(¥ — Li) 8)
II. OBSERVABILITY ANALYSIS
Inspired by (6) we consider the time-varying system
r = u-—2x31
i3 = 0 ©))

y = ®2 - L2%i]> = 2Tz—-2Li"z

with L, ®, v and ¢ given. The input time signals » and 3
are assumed to be consistent with this model, i.e. such that
z = W and z3 = R is a particular solution. In the following
(z(t), z3(t)) denotes a generic solution whereas (¥(¢), R) is
the notation for this particular solution. In some cases, it will
be appropriate to rewrite the last equation of (9) equivalently
as

0=z —Li*>—->. (10)

The output function h and its corresponding output y are then
given by

h(z,t) = |z — Li(t)]? - & | (11)

We want to know whether, given the time signals (u,7) and
parameters (L, @), the particular solution (¥, R) is the unique
solution to System (9).

In the following, we answer this question depending on the
properties of the particular solution (¥, R). For that, we let 6

be the unique time-signal such that
(1) = < cos 0(t)

cos(A(t))
sin(6(t))

Do) ) = (00 wl) =000

Our starting point is the following result.

Theorem 1. If
a) forall t, w(t) =0

or

y=0.

U(t) = Li(t) + ( (12)

and we denote

b) there exists t such that w(t) # 0, but for all t, i4(t) = 0,
and %(t) is defined and constant,
then there exists an infinite number of solutions to System (9).
Otherwise, there exist at most 6 solutions.

Proof. Omitted due to space constraints. See [26]. O

The fact that the system is not observable when the rotating
speed is zero is not surprising since it is well-known even
when R is known. But, in the usual case where w and 74 are
not constantly zero, this result says that there exist at most six
possible solutions (x,x3). In the next section, we show that
the study of a stronger differential observability gives more
hindsight about those solutions.

A. Differential observability of order 3

We consider now the following more stringent observability
question expressed using the notation (11) for the output:
How many solutions in (x,z3) may the following equation
have

Hj(z,23,t) =0 = (h(x,t), h(m;,t), h(:;t)) 7 (13)

If there is only one solution the system is said differentially
observable of order 3. Of course, in the cases of non observ-
ability identified in Theorem 1, the answer is more than 1.
But we want to study in more details what happens in the
other cases, in particular when there exists a time ¢ such that

w(t) # 0 and i4(t) # 0.
By differentiations in (10), we obtain

| — Li(t)]? — @2
2(ws,t) " (x — Li(t)) ,
203, 8) T (x — Li(t)) + 2n(as, 1)
where we have denoted

H3(xax37t) =

n(xs,t) = w(t) — z3i(t) — Lf;(t) . (14)

We have the following result:

Theorem 2. Consider a time t such that w(t) # 0 and iq(t) #
0. There are as many solutions (x,x3) to the equation

ﬁg,(l‘,ﬂ?g,t) =0 )

as the number of distinct real roots of the following polynomial
of degree six:

P(z3,t) = w(t)°®°x _ (15)
x 1—(5(;)?) @(t)—2iq(t)
>
O ol
- (1 + (i@f;)mq + (fquﬁf |¢(t)|2>3
L)
where' u(t) = ﬁw If besides i,(t) #

141 is the ratio between w and the rotation speed of i.
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iy (t), then P(x3,t) admits at least two distinct real
w

roots.

Proof. To study how many solutions in (z,z3) the equation
(13) has, we remark that the second and third component of
H; give a linear system in 2 — L i. So our approach is to solve
this system and replace it in the first component. This gives a
function of z3 only. Hence the first question is invertibility of
the linear system, i.e. colinearity of n(x3,t) and 7(xz3,t).

Assume that, for ¢ given in the statement and some z3,
n(xzs,t) is non zero and colinear with 7(xs,t), namely
N(zs,t) = An(xs,t). Then, (13) gives

n(xs,t) (a—Li(t)) = 0, My(xs,t) (a—Li(t)) = —|n(zs,t)|”

and necessarily n(x3,f) = 0 which is a contradiction.
Therefore, colinearity can only happen if n(x3,t) = 0. But
differentiating (12) with respect to time and combining this
expression with (14), we get

n(xs,t) = —w(t)@Jz(t) + (R — z3)i(¢) . (16)

By imposing n(zs,t) to be zero and multiplying by R(—6),
we obtain (R — x3)iq(t) = 0 and (R — x3)i4(t) = —w(t)P,
which is impossible since w(t) # 0 and i4(¢) # 0. Therefore,
for all x3, n(x3,t) and 7)(x3,t) are not colinear.

It follows that we can get x from the second and third
components of Hz, namely

(x—Li(t) "'n(zs,t) = 0
(@ — Li(t) Ti(es, t) = —[n(zs, b)) (17)
o Li(t) = [z, D) Jn(zs,t) . (18)

77(553» t)TJﬁ(xfiv t)

Inserting this expression in the first component of Hj gives
2

32— n(3,)] n(ws,1)|°
77(3337t)TJ77(133at) [77('%‘37t)TJ7'7($37t)]2

so that z3 is a root of the following polynomial
P(ws, t) = ®2[n(ws, t) " Jn(ws, )]> — |n(ws,t)[°

Differentiating (16), we get

Jﬁ(x&t) =

n(xs,t) = —w(t)<1>Jz(t)—w(t)2<1>z(t)+(R—:c3)’?(t) , (19)
which yields

n(xs, t) T Ji(zs,t)
= det(n(xg, t) ) ﬁ(xl% t))

T
=w3®? — (R — 23)® lwziTJz — @itz w T z‘|

+(R — 1173)2 ZTJ/:L\

where we have used the fact that 'z =i and i ' Jz = —i,,.
Inserting those expressions in the expression of P, we get the
polynomial (15). The coefficient of degree 6 is |i|® which is
non zero by assumption. Since the value of x is imposed by
that of x3, we get the first statement.

R is one real root of P(z3,t). Because P has an even
degree, there is at least another real root. But we have

)
e 7 . .
g—;(R, t) = 0 iff ,(¢) = — ;d (t). Therefore, if this
condition is not satisfied, R is a simple root and there exist at
least two distinct real roots. O

With this result, we recover the fact that there exist at most 6
)

possible values for (z,z3). Also, because i,4(t) = — Z;d (t)
is likely to happen for specific inputs only, we can expect
the system to be generally not differentially observable, with
at least two candidates for (x,x3) at each time ¢. We may
wonder if P admits other real roots, or if its other 4 roots are
complex. To answer this question, we restrict our attention to
the particular case where w, i4 and ¢, are constant.

B. Particular case where w, iq and i, are constant

In this case, we already see from Theorem 2 that differential
observability is possible only if i, = 0. Let us describe more
precisely the roots of P.

Corollary 1. If w, iq and i, are constant with w # 0 and
iq # 0, then the polynomial P in (15) has only two roots in
3 given by

20w 14
i

r3=R , xz3=R+

2n

Therefore, the equation Hs(x,x3,t) = 0 admits one solution
if iq¢ = 0 and two distinct solutions if iy # 0.

Proof. We have:

™

i = ijdn(—a)n(—§)’7z(—0)idq‘
So when 74,4 is constant, we obtain:

~ .

i'J7 lag RA=OR(=5) R(=0)iag

@ ijyR(=O)R(=2) R(S)R(O)iaq

= Wwligg* = wli

This implies p(t) = 1 and

2
_ 66 (R—x3),.  (R—x3)?
P(J?g) = —Ww [} (1+ T%q—&— 2®2 "L|
(R —x3) . (R—1x3) .9

e \Fat g i)



The polynomial 1 + 2i,X + X?|i|* has a discriminant equal
to —44% < 0 and does not admit any real root. The conclusion
follows. Note that in this case, according to (20), P also writes

Plg) = ~#det (n(rs) , i(rs))

(R—uas) (.  (R—a3)
X (21q+wq)|z ) . (22)

O

This theorem says that the system is not differentially
observable of order 3 unless i, = 0. This does not mean
that the system is not observable because the solution cor-
responding to x3 = R + 2%‘;"‘ may not be admissible for
System (9). Actually, it turns out that both solutions are truly
indistinguishable:

Theorem 3. Assume w, iq and i, are constants such that
w # 0 and ig # 0. There exist exactly two indistinguishable
solutions (x,x3) to System (9). They are of the form (¥, R)
and (Vs, Rs) with

20w i . . . .
R5 :R+ ‘Z|2 4 ) 1d,s = d g, = —lq ,
(A)é:é(;:é:w,
, [n(Rs, t)]?
WUs(t) = Li(t Jn(Rs,t 23
5( ) 7’( )+ U(Réat)—rt]"KRé,ﬁ) 77( 3 ) ’ (23)

with 1) defined in (14), 05 = O(¥s) and i4qs5 = ILiq(0s).
Besides, if (R,0) is one of the solutions (R,0) or (Rs,05),
then the other solution is

N ~2

E

L2005, - Tgid o
R+ fyarctany | 2224 1-2-2 | | | (24)
if? lif? li[?
where @ = qu(é) and & = 6.
Proof. See Appendix A. [

We conclude that the system is not observable if i, # 0,
but with only two possible solutions. It was observed in [18]
that they actually correspond to those recently exhibited in [17]
in the context of induction motors, once we apply the letter
swap proposed in [12] to go from an induction motor model
to a PMSM one. Those two indistinguishable trajectories can
be dissociated with the additional information of the sign of
14. In fact, the sign of i, determines the mode of use of the
machine: if 4, > 0, the torque is positive and the machine acts
as a motor, whereas if i, < 0, the torque is negative and the
machine acts as a generator. In other words, both solutions can
be distinguished if we know the mode of use of the motor.

This result also says that, in practice, if an estimation
R among {R,Rs} is available (for instance thanks to an
observer), it is possible to find the other candidate. However
for this, we need as estimation of the rotation speed w. This
will be exploited in the estimation algorithm presented below.

Remark 1. In fact, from a physical point of view, those two
values of R correspond to two systems with same total energy

but with different energy repartition. Indeed, the total energy
is

L 7
E = §\i|2 + 5%2»

From (3) and the fact that w = npw,, it satisfies:
. . Lw

E = —Rli*+u'i——7
Tp

When iq, iq and w are constant, E is constant and we have:

1
—Rli|*+u'i— —wr, =0 ,
np

Pnpiq = —Pnyi Jz =7

So when u, i and w are known but the sign of the mechanical

power =11, = ®iqw is unknown, there are two possible values
P

for R

u'i— Dlig||w|

[if*

uli+ @iy |wl

= e

The difference 2(}"1177'9‘”' between the two values is exactly what

we have found above. And the fact that ﬁ; is larger or smaller
than R depends only the sign the mechanical power.

We conclude from this observability analysis that System
(9) is not observable when w or ¢y remains at 0. However,
when w and ¢4 are nonzero, the number of indistinguishable
trajectories is reduced to maximum six: the possible values of
R are the roots of a polynomial P of degree six given by (15).
This polynomial is likely to have at least two real roots in the
general case, and only two if w, 74 and ¢, are constant. In that
latter case, there are exactly two indistinguishable trajectories
and they can be distinguished with the additional information
of the sign of ¢,. Note that by continuity, if w, 74 and ¢, vary
slowly, we may expect P to have only two real roots at each
time ¢.

III. FROM SOLVING A SINGLE EQUATION AT DIFFERENT
TIMES TO SEVERAL EQUATIONS AT THE SAME TIME

With the observability study in hand, we would like to
design an estimation algorithm. For this, we follow the Lu-
enberger methodology. It consists in finding a transformation
(x,23,t) — T(z,x3,t) that maps the system dynamics (9)
into a Hurwitz form

2= Az+ B(y)

of a certain dimension with A a Hurwitz matrix. Indeed,
implementing .
z2=Az2+ B(y)

for any initial conditions then gives an estimate Z which
asymptotically converges to z = T(x,x3,t). If (z,23) —
T(xz,x3,t) is besides injective (uniformly in time t), it is
possible to deduce an estimate (&, 23) of (z,x3) by inverting
the transformation. Although the injectivity of T  typically
requires the observability of the system [24], this design may
still be fruitful in the context of non observable systems like
the PMSM under study here.

In fact, in the present context, the output map defined in
(11) remains zero at all times. Therefore, using this output



map in the Luenberger design and B linear gives Z = Az.
It follows that a possible estimate is simply Z = 0, which
becomes valid exponentially fast, and the Luenberger design
comes back to solving online T'(Z(t), #3(t),t) = 0 at all times.
More precisely, choosing A diagonal leads us to take 7" =
(Tx,,---,T,,) for some complex numbers \q,..., \,, with
positive real part, and Ty : R? x RT x R — R of the form

Ta(z,x3,t) = N2 x4+ Aea(t) Tz + Aagby(t) Tz
+ ax(t)zs + dA(t)xg —exn (29

with ay, by, ca, dy, and ey the outputs of the following filters

ax —X(ay —c)i+blu) (26a)
by = —A(by—2i) (26b)
= —=X(ex+2u+2)\Li) (26¢)
dy —X(dx — b)) (26d)
ex = —X(ex —cyu+ NL2i]2 — \20?%) . (26e)

We have the following result.

Lemma 1. For any complex number \ with strictly positive
real part, for any initial conditions in the filters (26), any
solution (U, R) to System (9) verifies

T\(T(t), R, t) = exp(—\t) Tx (¥(0), R, 0) .

Proof. Straightforward computations show that the function
t — Th(¥(t), R,t) is solution to 2 = —\ z, hence the result.
O

This means that, up to neglecting terms decaying with time ¢
as exp(—At), we can replace the single measurement equation

®2 — L|i(t)]? = ='x—2Li(t) "z,

exact at each time ¢, by as many following equations as the
number of A\ we choose to pick

Th(z,z3,t) = 0

which (exponentially fast) become exact as ¢ goes to infinity.

This leads to the following question: can we choose some
number m of A;, such that, given ¢, (z,x3) — T(x,x3,t) =
(T, (z,x3,t), ..., T, (x,23,t)) is injective? Indeed, in this
case, along any solution we would have for this ¢, the
implication

T(x,z3,t) =T(¥,R,t) = a=¥, z3=R.

Unfortunately, as we have established, when w, i4 and 7, are
constant, two solutions (¥, R) and (¥, Rs) are not distin-
guishable by the dynamics, and thus necessarily, whatever m
is, we have

T(U(t), R, t) = T(Vs(t), Rs,t) Vit .

This means that it is hopeless to prove the injectivity of 7T,
but it may still be possible to recover the (at least two and at
most six) possible values of (¥, R).

A. Inversion of T

As observed in [22], [23], there usually is a tight link
between the Luenberger map 7" of dimension m and the map
H,,, made of the output map and its m— 1 derivatives. Inspired
by the study of differential observability in Section II, we
therefore select m = 3 and take A;, A, A3 as positive real
numbers to simplify the notations. We could as well pick one
real number and one complex number.

We denote:
T)\l (xy xs, t)
T(xz,z3,t) = | Th,(x,x3,1) 27
Ty, (z,x3,1)
=myz z+ A(c(t) + z3b(t)) x (28)

+ a(t) x3 4 d(t) x3 — e(t)
where A = diag(\1, A2, A3),

T
2
)\% a)\l b_AI}
my = )\2 , a= A, s b= b)\2
2
A3 Ax; b;\r
3
-
Cx dAl ex,
_ T _ _
c=1| ¢, , d=1 dx, , e=| ex
C;\r dx, €xs
3

Because of Lemma 1, we are interested in finding the solutions
(z,z3) to:

T(z,z3,t) = 0 (29)

at each time ¢. To compact the notations, we let

I ST
My = ( 0 A -3
which is such that

Mymy =0, (30)

and introduce the following functions of (z3,t)
M3, t) = MyA (c(t) + 5 b(t)) (31a)

X(xs,t) = M(xs,t) " My (e(t) — al(t) z3 — d(t) 23)
(31b)

J(x3,t) = m;\r (e(t) — T(x(z3,1), atg,t)) ) (31¢)

For (x,x3,t) verifying (29) and such that M(x3,t) is invert-
ible, we have

J(x3,t) =0 , x=x(zs3,1t)

i.e., the roots of J(-,t) give the possible values of z3 and
X(x3,t) the corresponding value of z.

In fact, for all times ¢, except maybe for the unlikely ones
where both det (M)Ac(t)) and det (M)Ab(t)) are zero, the
determinant of the 2 x 2-matrix M (z3,t), affine in z3, is
a polynomial of degree 2 in x3. Therefore, M/(x3,t) is
invertible for all z3 except maybe for at most two bad values
denoted {3, (t), x35(t)}. Then, x(z3,t) is a two-dimensional
matrix made of rational fractions in x3 with numerator of
degree 3 and denominator of degree 2, defined everywhere
except at {3, (), zsp(t)}. Similarly J(zs,t) is a rational



fraction in x3, with numerator of degree 6 and denominator of
degree 4 defined everywhere except maybe at {3, (t), z35(t)}.
We have the following result.

Theorem 4. Consider any (A1, A2, A3) in (Rs¢)3, any initial
conditions of the filters (26). Assume the input (u,i) is
bounded. Then, any solution (U, R) to System (9) such that
there exist positive real numbers t and § such that

)det (M(R,t))‘ >§>0  Vi>1i
verifies
tilgrnoo U(t) —x(R,t)=0 tilgrnoo J(R,t)=0.
Proof. See Appendix B. O

This result says that, if M(R,t) is invertible for all ¢, our
model is equivalent, at least asymptotically (and exponentially
J(R,t)

fast) to
O =
v = X(Rv t)

We have thus replaced the scalar equation y(t) = h(U(t),t),
written with the compact notation (11), valid at all times ¢,
by the three equations in (32) to be solved at each time t.
Because ¥ is explicitly given by the last two equations, the
problem of estimating (¥, R) reduces to finding the roots of
x3 + J(xs,t) at each time t.

In order to deduce from this a possible estimation algorithm,
we must therefore answer the following two questions:

(32)

- Is the matrix M (R, t), involved in the expression of x (R, ),
invertible, or, more precisely, is |det ( M(R,t))| lower-
bounded at least after a certain time?

- If yes, is R the only root of J(-,t) (on its domain of
definition) at least after a certain time? If not, which are
the other solutions?

It turns out that the observability analysis carried out above

gives some insight about those questions.

B. Link with observability
The following technical lemma shows that there is a
tight link between M(x3,¢) and J on one side and

(n(zxs,t),n(x3,t)) and P encountered during the observability
study on the other.

Lemma 2. Assume the inputs (u,i) and their time derivatives
are bounded. We have the following relations

det (M(as,1)) = OO det (n(s, 1) , i(ws,1) ) + O .
(33)
and if (xs,t) is such that the matrices M(x3,t) and

(n(xs,t),n(xs,t)) are invertible
0 1
(s, 12 > +O ()\)

T T
( zgngT > (x(ws,t) — Li) = <
(34)
7 FO(N’) (35)

P(Jig,t)

det (77(1’3,t)7 77(5”37t))

J(3,t) = O(\)

with n defined in (14), P in (15), and the notation O()\k)
indicates a term f(A1, A2, A3, x3,t) such that, for any fixed
(A1, A2, A3, x3), t — f(A1, A2, Az, @3, t) is bounded and for
any t >0,

lim sup f(a>\17 O[)\g, O[)\g, xs3, t)
a—+4o0o ok

’<+oo.

Proof. This is obtained by expanding the filter solutions as
(positive or negative) powers of \. See Appendix C. O

It follows that, when the \; are sufficiently large, M is
tightly related to (n(xg, t), n(xs, t)) and J is tightly related
to P. We can thus hope to transfer the known properties of
those functions to M and J.

1) About Equation (33): From (33), we get the impres-
sion that the invertibility of M(x3,¢) is related to that of
(n(asg, t), n(xs, t)) at least for \; sufficiently large. Actually,
we have a more precise result.

Theorem 5. Assume the inputs (u, 1) and their derivatives are
bounded. Pick three distinct positive real numbers (A1, A2, A3)
and take (A1, A2, A3) := (a1, ada, al3), with « a positive
real number to be tuned. Then, for any initial conditions in
the filters, there exists t : RT — R™T satisfying

a1 =0
and,
1.) for each x3 and each d, satisfying for all t,

‘det (77(37& t) ) 77(33:;,15))’ Z d >0 y
there exists o > 0 and 6 > 0, such that for any o > «,

'det (M(xg,t))‘ >5  Vi>ia).

2.) If there exists w > 0 such that |w(t)| > w for all t, there
exists a > 0 and § > 0 such that, for any o > q,

‘det (M(R, t))‘ >0 vi>ia).

In particular, if w, iq and i are constant with w # 0 and
iq # 0, then, for any 0 < € < 1, there exists o > 0 such
that for all o > « and for all t > t(c), the only two roots

of det (M(xg,t)) are complex and located in the annulus
C(R,re,7z) with re = 2 (1 —¢) and 77 = ‘I’T(f(l +e).

I
Proof. This is done by bounding the terms O(A) in Lemma
2 uniformly in time, and applying Rouché’s theorem. See
Appendix D. O

We conclude that, if w is lower-bounded away from zero,
it is possible to guarantee the invertibility of M(R,t) at least
after a certain time ¢ by taking the )\; sufficiently large. Also,
the larger the );, the shorter the time needed before M (R, t)
becomes invertible. Therefore, at least after some time, any
value of 23 making M (z3,t) non invertible (and thus J(x3,t)
not defined) cannot be R and can be put aside in the algorithm.
Note that according to Theorem 3, if w, ¢4 and i, are constant
with w # 0 and iq # 0, M(z3,t) becomes invertible for all



x3 in R for all ¢t > ¢ and J(z3,t) is then defined also for all
T3 in R.

2) About Equation (34): (34) implies that x(x3,t) is solu-
tion to the same system (17) (at the first order of %) as x in the
observability analysis. Therefore, whenever (n(zs, t), n(xs,t))
is invertible, x(x3,t) corresponds to z in the observability
analysis, and further ||x(z3,t) — Li|* — ®?| corresponds to
P(x3,1), still at the first order in §. Thus, in order to find 3,
one could minimize ||x(z3,t) — Li|> — 2| instead of finding
the roots of J. But the injection of the input ¢ in the criterion

increases its sensitivity to noise.

3) About Equation (35):
values of A;, the J(z3,t)

Plas,?) 5 Wwhich is also a rational fraction
det (77(1'3” t) ) 7.7(1‘37 t))
with numerator of degree 6 and denominator of degree 4.
Therefore, we can hope that, by choosing \; sufficiently large,
one can ensure that J does not have more roots than P, and
the roots of J are close to those of P. Since P is perfectly
known with Corollary 1 when w, i4 and 7, are constant, it is
possible to state the following result.

(35) implies that, for large
can be approximated by

Theorem 6. Assume the inputs (u, i) and their derivatives are
bounded, and that w, iq and iy are constant with w # 0 and
iq # 0. Pick three distinct positive real numbers (5\17 5\2, 5\3)
and take (M1, A2,)3) = (a5\17a5\27a5\3), with « a positive
real number to be tuned. Then, for any initial conditions in
the filters, there exists tg > 0, and for any 0 < € < 1, there
exist a > 0, such that for all o« > «, for all t > fgtha,
by defining - as in Theorem 5, the function xz — J(x3,1t)
admits in [R —r., R+ r.]

- only one zero Ry(t) if i, > 152
- two distinct zeros (Ry(t), Ro(t)) if 0 < iy < L2 i)

- only one zero Ry(t) if iy =0

il ;

>

Proof. The proof of this result relies on Rouché’s theorem. It
is omitted due to space constraints. See [26]. ]

We conclude from this study that when |w| is lower-bounded
away from zero, the invertibility of M(R,t) (and lower-
boundedness of |det (/\/l (R, t))
taking the \; sufficiently large. According to Theorem 4, this
means that lim;, o, J(R,t) = 0, so that R appears among
the roots of J after a certain time.

In particular, when w, ¢4 and %, are constant with w # 0
and iq # 0, J has only one or two zeros in the vicinity of R.
Note that (U, R) and (¥s, Rs) identified in Corollary 1 are
both solution to the dynamics. Therefore, Theorem 4 apply to
both and we have in fact:

lim J(R,t) = tlgnoo J(Rs5,t) =0 .

t——+oo

) is ensured arbitrarily fast by

This means that the two zeros of J exgected with Theorem
6 are likely to be R and Rs; = R + “";‘b;" asymptotically.
In fact, although we are not able to prove it theoretically at
this point, simulations seem to indicate that P(-,¢) has always
only two roots, as soon as ig(t) # 0 and w(t) # 0. Therefore,

J(-,t) has, at least after a certain time, also two roots, with
one converging to R.

IV. ESTIMATION ALGORITHM

Following the results of the previous section, our algorithm
consists of two parts :

o a dynamic component made of the filters (26) implemented
for three distinct sufficiently large positive real numbers Aq,
A2, A3 and from any initial condition at ¢t = 0,

o a static component which solves (32) at each time ¢, namely

1) extracts the roots of x3 — J(x3,t) with J defined in
(31c), giving the possible estimates R(t) of R

2) computes x(R(t),t) for each candidate R(t), with x
defined in (31b), to obtain the possible estimates W(t)
of U, and ©(¥(t)) of §, with © defined in (8).

3) selects the most probable estimate based on the sign of
iq or on any other a priori known knowledge.

This algorithm can be multi-valued since it returns the at most
6 possible values of the state. What is crucial to remark is that
the dynamic part of the observer is completely independent
from the static part. This means that any errors committed in
the latter have no impact on the former and a good estimate
can always be recovered at the next try.

From a numerical point of view, only the root
search/selection in the static part of the algorithm is delicate
and we dedicate the rest of this section to its practical
implementation. Since x3 is one-dimensional and we often
have a fairly good idea of the interval in which R lies,
this can be managed with a one-dimensional grid, which can
either be fixed around the initial guess R(O) or placed at
each iteration around the previously found value R(t) This
latter option enables to follow the slow variations of R with
the temperature. Also, unlike U (and thus é) which must be
computed at every time, it may not be necessary to update
R at each iteration since R is fairly constant: it is enough to
search for the roots of J(-,t) only every ditg > 0.

Also, note that, as seen in Theorem 5, depending on the
initial conditions of the filters, a certain time has to elapse
before M(R,t) becomes invertible and thus J(R,t) defined.
A solution is to launch the dynamic part at £ = 0, and wait
for a time ¢ after which the filters have reached their steady
state and “forgotten” their initial condition to start the static
part. This happens exponentially fast, depending on the chosen
eigenvalues in the filters.

Remark 2. The dynamic part of our estimation strategy
necessitates the implementation of 7 filters (by and cy of
dimension 2, and a), dy and ey of dimension 1) for three
values of \, namely 21 filters. An alternative solution with only
14 filters exists, but with a criterion J which explicitly depends
on the input i. Therefore, in presence of noise, the invertibility
of x and the estimation of R and ¥ may be deteriorated, and
a compromise between computational burden and robustness
to noise must be found.

A. Static part based on root search on fixed grid

Assume that the resistance is known to belong and remain in
an interval [R,,, Ry] of R>o. Choose a positive real number



dt and a grid G of the interval [R,,,, Rys]. We assume to know
the mode of use of the machine, namely the sign s € {1, —1}
of i4. The static algorithm can be built as followed.

- At each time ¢ > ¢, computation of

vy =xRt b =0(¥®),

given the current value of R, with © defined in (8).
- Every dtgp > 0, browse the gridAg in search of the
roots of J(x3,t). When a root R; is detected, com-

pute
W—(E)
oY)
Zqﬂ =1 (9 )

If 44, is of the right sign, ie. 7,;s > 0, take R = R,

Otherwise, carry on to next root. If no root is found take

R = Argmin,___; [J(z3,1)].
The root detection can be carried out by detecting a change
of sign of J. This algorithm is based on the fact that
R € [Ry, Ry] and lim;, o J(R,t) = 0 according to the
previous section. It also assumes that R is the only root giving
14 of the right sign. This is guaranteed by Theorem 3 when
w and i44 are constant, and this has always been verified in
simulations when they are not. Actually, even if two roots with
14 of same sign appear, they will be close to one another by
continuity, if w and 4, do not vary too fast, so that the error
made by choosing the wrong one is small. The algorithm can
also easily be changed to return all the possible values of R,
or use extra knowledge to discriminate them.

A drawback of this algorithm is that the grid is constant
and may need to be wide if little is known on the evolution
of R. Achieving the required precision on R may thus ne-
cessitate to take a grid of very large dimension, with a heavy
computational cost. In the following section, we propose a
solution with a possibly smaller dynamical grid and without
root search.

B. Static part based on the estimation of w = 0

In the previous algorithm, we do not take advantage of
(24) which gives the expression for the other root, when the
wrong root is found. In this section, we propose to use this
information to avoid the root search and move the grid when

no appropriate root is found. This requires the estimation of 0.
More precisely, choose positive real numbers G and dtr and
a grid G of the interval [—G, G]. We still assume the sign s
of ¢4 is known. The static algorithm can be built as followed.
- At each time ¢ > t, computation of

\Il(t) = X(Rv t) ,

0(t) =0(¥(1)
given the current value of R, with © defined in (8).
- At each time ¢, estimation of w(t) = é(At) (see below).
- Every dtr > 0, update of the value of R with the following
algorithm:
R = Argmmm chtg |J(z3,t)]
\Ijl (Eh )
0, = O(¥,)
ig1 = Iq(61)

if ig15 > 0 then
R=R,
else . N
Ry = Ry + PGt
0=Ry— Ry
if [6| > G then
R=R,
else if 6 > 0 then
R=Argmin, . (gr(3.6]) 1/ (23,1)]
else
R = Argmin

end if
end if

In other words, the minimum of J is computed on the grid
R+G centered at the current value R and, if the corresponding
14 is of right sign, this value is kept. Otherwise, we take the
other candidate given by Theorem 3, or rather, if this other
value is in the grid where J has already been computed, we
take the true minimum of J around that value. This latter
option offers the possibility of correcting the estimate given
by Theorem 3 when w, ¢4 and 7, are not constant and/or when
W is not exact. .

In order to implement this algorithm, &w = 6 needs to be
estimated. But observe that it is enough to have an approximate
estimation of w since its value is only used to know in which
part of the grid the other root is, or to move the grid to a place
where R is more likely to be at the next iteration. An estimator
for @ can be designed neglecting its dynamics in numerous
ways, including dirty derivatives, exact differentiators etc. See
[25, (18)] for example. Here to exploit the fact that 6 lives in
a circle and not in the real line, we design our estimator from
the model

) 1 (@3, )]

T3 €R+(gﬂ[

Xs = —lxs — [(?+&? sin(é) ,
Xe = —Ixe — [(>+&? cos(0) , (36)
s = 0,

obtained from § = w, @ = 0 and the coordinates

Ye = —@ sin(@) — £ cos(d), xs = @ cos(d) — ¢ sin(6) .

The interest of the model (36) is twofold. One, when @
is known and (sin(f), cos(d)) is an input, an observer for
(Xs;, Xc) is obtained by simply copying the dynamics and
choosing ¢ strictly positive. Second, we can obtain @ as

At D i or & = xs cos(f) —xe sin(f) .
(37
Then an estimation of @ is given by
Xs = —xs — [ +&]sin(d) ,
Xe = —Xe — [(?+ @] cos(h)
B . AN e (A (38)
w = k ([Xc cos(f) + xs sin(0)] + Z) )
Qe = R cos(d) — e sin(f)

obtained from (36) and (37) via a very basic Lyapunov design
of adaptive observers.

Lemma 3. If & = 0 is constant, for any positive scalars k
and !, any solution to (38) verifies lim;_, @, — @ = 0.



Otherwise, for any positive scalars wy,, dwn,, € and kg, there
exists £* > 0 such that for any £ > (*, any solution to (38)
with k = (%ky, a € (0,1], |&| < wy, and |@| < dwy, verifies
|0e — @| < € after a certain time.

Proof. If @ is constant, the claim is a direct consequence of

. . 1. .
[Re = Xel? + [ —xa)? + & — &%) =
-2 ([)2<: - XC]Q + [)25 - Xs]2)
Otherwise, see [26]. O

When @ is not constant, practical convergence is obtained
for x. and X, but not for @, hence the interest of (37).

Notice that § is used to estimate & which in turn is used
in the estimation algorithm of #. This may appear circular.
However, the estimate of w is only used to move the grid

and “switch” the basin of attraction when the sign of 2’: is
not right. This is in particular useful when R is not in the
grid and thus enables to take a smaller grid width and have
more precision with fewer computations. Actually, to use even
less this estimation, we could also combine both algorithms,
namely carry out a root search on the grid and use (24) only
as a security escape if no root with appropriate sign of i,
can be found in the grid. Finally, it is important to note that
the filters (26) (and therefore the criterion J) are completely
independent from the static algorithm to recover 6 and R.
Any other strategy could be implemented, in particular more
efficient ones to avoid full evaluation on the grid (e.g. Newton-
Rapson).

V. ROBUSTNESS
A. Noise/delays in input signals

The inputs » and ¢ entering the algorithm are likely to
contain noise and phase shifts due to the dynamics of the
sensors, as exhibited in [27].

The dynamic part of the algorithm behaves well in presence
of noise thanks to the low-pass filters (26) whose eigenvalues
can be chosen as part of the design. Regarding the static part,
it is important to notice that the criterion J and the map x
depend only on those filtered versions of the inputs w and <.
Therefore, the root search and the computation of U are little
impacted by the noise. Only the computation of 6 with (8)
and of i, relies on a direct injection of the noisy signal ¢. It
follows that the root selection based on the sign of z'Aq could be
compromised for small values of ¢4, but (21) suggests that in
that case, the two roots are close to each other, thus resulting
in a small error on R. Finally, another source of noise exists
in the algorithm of Section IV-B through the use of %
However, as pointed out above, this quantity is only used for
a rough grid positioning or to determine which side of the
grid is likely to contain the right root, and a small noise on
that quantity have no impact on the estimation.

As for the impact of delays or other disturbances like errors
on the parameters ® and L, a more precise study should
be carried out. In this paper, we address those issues only
implicitly in Section VI-B when applying our observer to real
data.

B. Modelling errors

The model on which our observer is based, is only an
approximation of reality. For example, L and ® are actually
not constant, (6) is not valid if the electric signals are not
balanced, or if the repartition of the windings and the geometry
of the magnet are not perfectly symmetric, namely if the
machine is salient. The effects of all these disturbances should
be studied, but in this paragraph we concentrate our attention
to the effect of saliency. According to [28], this means that
(12) is not verified and is replaced by

. cos20 sin260 \ . cos 0
V="Loi+ I (sin 20 —cos 29) i+ (sin 9) (39)
with Ly and L; given by
Lg+ L Ly—L
Ly=—""""™1 L,=—2 "
0 D) 9 1 2 )

where Lg and L, are the inductances in the rotating frame.
When there is no saliency, Lq = L4, L1 = 0 and we recover
our model (12). But as noticed in [8], (39) is equivalent to

U = (Lo — Ly)i + (® 4 2Lyi4(6)) <‘f9s 9) (40)
sin 0
and therefore, when 44 is constant, (¥, R) is still solution to
our model (9) provided we replace L and ® by

Li=Ly—L, , ®,=|P+2Liq4,

namely

U — Lgi|> —®2=0. 41)

Therefore, we could adapt our algorithm replacing L by L
and ® by ®,. The problem is that ®, is unknown because i4
depends on the unknown 6. However, it was observed in [§]
that for any W, there exists a unique 6 = ©4(¥) verifying (40)
which can be computed without the knowledge of ®, by?:

0.(1) :{arg(\ll — Lgi) , if ® — 2L I4(arg(¥ — Lgi)) > 0
s arg(V — L4i) + 7 , otherwise
(42)
We can thus consider the following modified function

T(x,xg,t) = T(x,23,t) +mx(P? — ®,(2)?)
where
D, (x) = |D + 2L114(O4(x))] .

We can check that, if W verifies (41) instead of (12) with &4
(i.e. ig) constant, t — T(W¥(t), R,t) still exponentially decays
to zero when taking L instead of L in (26) . Now, because
Mymy = 0, M,\T = M,T and Theorem 4 still holds with
the same function y defined in (31b) and criterion

J(xs5,t) = m] (e(t) - T(X(acg,t),xg,t))

instead of (31c). Therefore, we can implement the algorithm
presented in Section IV-A but replacing

(43)

- L by L, everywhere
- criterion |J| by |J|
- the function © by O,

2The sign of ® + 2L1i4 is unknown, so 6 = arg(¥ — Lt) is no longer
true.



Of course, in presence of saliency, the convergence is ensured
only for solutions (¥, R) giving a constant (or slowly varying)
14. This is illustrated in Section VI-B on real data.

VI. SIMULATIONS
A. Ideal data with non-salient model

We start by testing our observer on ideal data produced by a
PMSM model of the type (3), under a plausible torque scenario
and where the input u is chosen to follow the rotation speed
scenario wr shown on Figure 1. The corresponding voltages
and currents are plotted in Figure 2 in the rotating frame.
Note that at ¢ = 3, although the speed setpoint is constant, an
external torque is added, resulting in a transient behavior in
the signals. This torque then remains constant throughout the
simulation.

5 10 15 20
Time

Fig. 1. Ideal data: Rotation speed w = 6 and estimated rotation speed w = 6.
The estimation algorithm starts at ¢ = 0.5.

The results of the simulations are presented in Figure 3,
for two resistance grids with amplitude G = 1 and G = 0.1
respectively. At the beginning, we wait for 0.5s before starting
the estimation, to let the filters reach their steady state. The
estimation of & (and thus w) uses observer (38) with £ = 1000
and k£ = 500 and is shown in Figure 1 .

Observe that with G = 1, the algorithm finds the right value
of R in two iterations only, whereas with G = 0.1, it takes
a longer time before R can appear in the grid. In fact, for a
same precision, the broader the grid, the higher the chances
of R appearing in it, but the larger the number of points and
computation time, and also the higher the chances of having
several minima in the grid. In practice, one know roughly
well the initial value of the resistance, so that a grid with
small amplitude around the initial guess can be chosen, which
then follows R throughout the experiment (if it evolves due
to temperature for instance).

The evolution of the criterion J during the simulation with
G =1 is shown in Figure 4. One can see that the minimum
is well marked around R = 1.452.

As for the estimation of 6, it naturally converges once R
has converged. It is interesting to observe the peak in the
error around ¢ = 3 (which in turn appears on &) shown on

=
L

0 5 10 15 20 25
Time

(@) iaq = R(—0)i

N

—

0 5 10 15 20 25
Time

(b) ugg = R(—0)u

Fig. 2. Ideal data: currents and voltages in the rotating frame.

Figure 1). This is due to the sudden addition of a torque which
destabilizes i4 and w and makes them go through 0. We have
seen that in this case, observability is lost and M(R,¢t) is
likely to be non invertible (the assumption of Theorem 5 is
no longer verified). This event is not visible on R because it
is not updated at those precise moments. A very interesting
feature here is that this anomaly is not propagated in time.
This is because it does not appear in the dynamics of the
observer but only in its (static) output function transforming
the observer state (ay,,bx,,cx,,dy,,€y,) in the estimate R,
and él.

B. Real data

In order to test the robustness of our algorithm with respect
to noise and saliency, we apply it in open-loop (and offline)
to real data obtained from a PMSM used in a test bed at
the French institute IFP Energies Nouvelles. For this motor,
an identification of the parameters involved in the model (1)
with (39) has led to Ly = 0.72mH, L, = 0.78mH, & =
8.94mWb, and R = 0.151. Note that this motor presents
saliency because Lq # L,. The experiment from which the
data comes from aimed at keeping the rotation speed constant
at a regime of w, = 150 rpm (with n, = 10, this gives w =
157 rad/s). We have at our disposal the measurement of the
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Fig. 3. Ideal data: Results of the observer algorithm discussed in Section
IV-A with A1 = 20, A2 = 30, A3 = 40, dtg = 0.1, and two grids with
amplitude G = 1 and G = 0.1 respectively. The estimation starts at t = 0.5.

rotor position 6,,, for verification and transformations between
rotating and fixed frame: it is not used in the algorithm. The
recorded measurements of voltages and currents are plotted in
Figure 5 in the rotating frame.

The results of a simulation of the observer using the
modifications discussed in Section V-B to take saliency into
account, are presented in Figure 7. The observer manages to
reconstruct R rapidly and then 6—6 converges to 0, with
some oscillations due to the noise. The amplitude of these
oscillations depends on the chosen eigenvalues \;, and a more
thorough analysis of this phenomenon should be carried out
in order to select those parameters optimally.

Finally, the evolution of the criterion |.J| during the simula-
tion is shown in Figure 6. Because w, ¢4 and i, are constant,
the criterion |.J(-,)| tends to a constant criterion which has
two roots given by R and Rs = R + 2(}@2 ‘e as predicted by
Theorems 3 and 6.

VII. CONCLUSION
Unlike the pair (¥, ®), the pair (¥, R) is not observable
for the electric equations (6) of the PMSM model. However,

we have proved that when w and ¢4 are not constantly zero,
only a finite number of indistinguishable trajectories may

12
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(b) Zoom around R = 1.45

Fig. 4. Ideal data: Plot of the criterion |J(-,¢)| on the grid with G = 1
at each iteration where R is updated, i.e. every dtp = 0.1.
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Fig. 5. Real data: currents and voltages in the rotating frame.
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Fig. 6. Real data: Plot of the criterion |J(-,¢)| on the grid with G = 1 at
each iteration where R is updated, i.e. every dtp = 0.1.
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Fig. 7. Real data: Results of the observer algorithm discussed in Section V-B,
with A\ = 40, A2 = 50, A3 = 60, dtgp = 0.1, and a grid with amplitude
G = 1. The estimation starts at ¢ = 0.5.

exist, and they are reduced to two when w, iq and %, are
constant. Such a property is very different from what we would
get if the system was linear and could motivate theoretical
research on the fact that this finiteness is generic or rare. Also,
our estimation strategy is inspired from the well-established
nonlinear Luenberger methodology and enables to recover the
maximum 6 indistinguishable candidates. This is interesting
because there is currently no theoretical result saying that
the inversion of the transformation attached to the Luenberger
design enables to recover the indistinguishable trajectories in
the absence of observability. This may motivate future research
on the generality of this peculiar property.

From a more practical point of view, the important robust-
ness to saliency requires in our design either the saliency to
be small or that i; be constant/slowly-varying. A way to avoid
those assumptions and obtain a more general design would be
to carry out the same observability analysis but directly on the
salient model (39). Note that simulations of our observer with
a salient model in the case where 7, is not constant indicate
that the criterion obtained in this paper still has a finite number
of roots, with R among them. But we do not know how to
distinguish them yet.

As for the impact of the noise, the choice of the eigenvalues
A; plays an important role and a detailed analysis could help
to determine how to choose those parameters optimally. More
generally, the impact of unmodelled effects such as delays in
u and ¢ needs to be more precisely investigated.

APPENDIX
A. Proof of Theorem 3
Consider a solution to System (9). According to Corollary
1, since y(t) = y(t) = ¢(¢) = 0, it is necessarily (¥, R) or
(Us, Rs) where, according to (18), Uy is given by (23). It
remains to show that (Us, Rs) is a solution to System (9).
Using (16), we get

In(z3,t)*> = w?®® + 2(R — 23)Pwi, + (R —x3) |i?

and thus, |n(Rjs,t)| = w®. It follows that there exists 65 such
that

_ —sinfs \ _
n(Rs,t) = wd ( cos 05 ) = —wdJz;
where we denote z5 = ( cos Os > We deduce according to
sin 05
(16) that
20w i
Bz = —wbJz + (R — Rs)i = —wdJz — |;|J2Zq i

and after a rotation of angle —6, we have
cos(6s —6) \ _ 0 2ig .
7 ( sin(@5—0) )~ \ -1 ) Tt

Therefore, 5 — 6 is a constant and ws = 95 =w . It follows
that x5 defined by x5 = Li + ®z5 verifies the dynamics:

(44)

d5 = LT —PwsJzs = LT —0wJzs = LT +n(Rs,t) = u—Rs i

and 0 = y = |xs — Li|?> — ®. Thus, (zs, Rs) is a solution to
(9), which must appear among {(¥, R), (¥s, Rs)}, i.e. it is



necessarily (Us, Rs). Therefore, (¥, R) and (U, Rs) are the
only two indistinguishable solutions.
Now, according to (44),
2

cos(fs —0) =1— 2| ‘|12 , sin(fs —0) = 2%
But after a rotation of —6s instead of 6, we would have
obtained:

0 _ cos(f — 0s) 2ig .
( -1 ) - J( sin(0 — 05) )t Jip "0
i.e.
’Lq q,0 . ’qud F)
cos(fs —0) =1+2-"2= | sin(fs —0) =2—-~

i[? i[>

which gives the result.
Now, if R = Rjs, one can find R by computing

o~
20w i,
[if?

and if R = R, one can find Rs by computing

R=f- 2
i

20wiq _ A

Rs =R+ HE =R+

2007,
2|2

Similarly, if § = 6, then 6 =  + A with A defined by

cos(A) = 1-2 W = 1—2|Zq‘2
—~
sin(A) = —2’|‘;|” = 22‘(1'12(1
and if 6 = 0, then 65 = 6 — A with —A defined by
-2 5:\2
cos(=A) = 1-2ph =1-27
sin(-A) = 290 = fuzd

B. Proof of Theorem 4
Observe that
My T(x, z5,t) = MyA (c(t) + 23 b(t)) x
+Mya(t) x3 + Myd(t) 23

is linear in z. This means that for any x5 and any ¢ such that
the matrix M (x3,t) is invertible, x is solution of:

= M(x3,t)" My (T(;v,xg,t)

— M,\e(t)

—Mya(t) 3 — Myd(t) x3 + e(t )
Thus, (z,z3) = (¥(¢), R) satisfies this equation for all ¢ > ¢
and we have

Lemma 1 gives the result if

L 1
M7 = et (Mm(R, 1))

is upper-bounded in time, where M*(R,t) is the comatrix
of M(R,t). t — M™*(R,t) is a continuous function of

M (R, )]

the coefficients of ¢ and b which are filtered versions of
the bounded input (u,¢) and which are thus bounded. Since

‘det (M(R t))
sion follows.

is lower-bounded away from 0, the conclu-

C. Proof of Lemma 2
It is straightforward to check that the quantity

[L)\(l’g,t) = 7(0)\ + 3 b)\ +2)\LZ) (45)
verifies
pa(w3,t) = =A(px(zs, t) — 2n(2s,1)) (46)

with 7 defined in (14). This means that u) is a filtered version

of 27. Besides, denoting pt = (1x, , fx, » ,u>\3)T we have
Ap(zs,t) = —(Ac+ x3 Ab 4+ 2Lmyi ")
and thus since Mym)y = 0,
M(z3,t) = —MA p(z3,t) . 47

Let us further investigate the link between p and 7. According
to the dynamics (46), puy can be developed in the following
way:

21 (xs,t 2r o a(xs3,t
,LL)\(SU3,t)=277(I3,t)— 77( 3 ) /,)\( 3 ) (48)
A A2
where the remainder r,, 5 follows the dynamics:
Tua(@3,8) = =A(rpa(es, 1) — (3, 1)) - 49)

This yields
| < exp(=At)|rua(xs,0)] + sup lij(zs, )]

s€[0,t]
(50)
Since 7j is a polynomial in 23 with coefficients depending on

|TM,>\(CC3’ t)

the bounded signals (i, 7,i(®), we obtain
2n(x3,t)

1
20 0(5) -

o,
It follows that p) can be approximated by 217 — 777 for large

pa(xs, t) = 2n(xs, t) —

values of \. Therefore,

- vo ()
M = —2MA n—%+0<%§)
03]
)\1)\2()\2 — /\1) )\% — /\% ’I7T
=_9 O(\
( A2As(As — A2) A3 — A3 0’ + ((;1)

and straightforward computations give
det (/\/l (x3, t))

— D21 — A2) (A2 — Ag) (A3 — Ap) det (n(xg,, 1), i(zs, t))
+O(XY)
ie. (33).



Let us now develop x(z3,t) with respect to A. To do that,
we define p) with

pa(x3,t) = —ex +axzs +dawd — ALuy i — N2L2|i|? + A\2®? |

(52)
which follows the dynamics
—_—
pa(as,t) = =AMpa(@s, t) — pales, t) 'n(ws,t) . (53)
In other words, by denoting (px, , pPr, , Pxrs) ' » We obtain

p(xs,t) = —e(t)+a(t)ws+d(t)xs—LApi—myL?|i|*+my®? .

(54)
When M is invertible, by definition of x in (31b), we have
M(z3,t)x(x3,t) = Ma(e(t) — a(t)zs — d(t)a3)
and thus since Mym) = 0 and (47),

M3, 1) (x(w3,1) — Li) = =My p . (55)

As we did above for p, it is possible to develop p thanks to
(53). Indeed, it is straightforward to check that

rp (23, 1t)

pa(w3,t) = 2|n(w3,1)|* + h\

with 7, (z3,t) = —A(r,(23,t) +6n(x3,t) "9(z3,t)) . In other
words

1
it =2mea P +0(5) 60

which gives (34) with (51) and (55).
Finally, according to the definitions (27), (45) and (54), it
is straightforward to check that

T(x(xs,t), 3,t) = my (|x(w3,t) — Li]* — %)
— A p(zs, t) (x(zs,t) — Li) + p(as,t) .

It follows that for z3 and ¢ making (n(xg,t), ﬁ(xg,t))
invertible

J(xs,t) = —(AT+ A3+ A3) (Ix(2s, ) — Li]* — ®%) + O(N?)
P t
=X+ ) (2s.1)

det (77(37& t) ) 77(3337t))

D. Proof of Theorem 5
Assume ‘det (n(xg,t), ﬁ(x;;,t))’ > d. In order to deduce

from (33) that ‘det (M(xg, t))‘ > ¢ for all ¢, if « is
sufficiently large, we need to bound the term O(A*) uniformly
in time. In the present case (50) is
7,5 (23,0)] = |r, 5 (23,0)]e™*N + sup [ij(zs, )] -
t€(0,t]
And, since 7j is a polynomial in 23 with coefficients depending

on the bounded signals (ii,7,i®), there exists a polyno-
mial R, (time and o independent) such that |r, 5(zs,t)| <

7, 5 (23, 0)]e ™A + R, (|z5]) . But (48) gives

2 5\2[/L(.’£37 0) - 277(1'3” 0)]
2

7’”’5\(.%3,0) =« +O£5\T.](33370)

5 +O(N) .

So with (45), if o > 1, there exists a polynomial 2R, o depend-
ing only on A, the initialization of the filters and the input, such
that [, 5(z3,1)| < @® R, o(|73])e* M +R,.(Ja3|) . Therefore,
there exist £o and a polynomial MR,., both depending only on
A; and the initial conditions in the filters, such that, denoting
ta) = folne, Ir,.5(@s, )] < R, (|z3]) for all t > #(«a).
Following this term in (51), and then in its determinant (33),
the reader can check that O(\*) in (33) is also a polynomial in
23 with bounded (in time) coefficients, at least after ¢. Thus,
there exists a polynomial R (time and « independent) such
that for all & > 1 and all ¢ > #(«)

% )det (M(xg,t))' > 4320 — Aa) (e — Ag)(As — A1) d
Rl

which is positive when « is sufficiently large.
If besides |w(t)| > w > 0, according to (20),

’det (n(R, t), i(R, t))‘ = W@ > We? > 0

for all ¢, hence the second point of the result.

Assume now that w, 74 and 4, are constant, with w # 0 and
iq 7 0. As seen in the proof of Corollary 1, det(n, n) and P
are time independent polynomials with

) R—x3)_. R—x3)?
det (777 77) (z3) = W ®? (1 + %2@ + (w2<I)23)|Z|2>

P(l’S) = P2 det (7}(%3), f)(xg))Q (‘RLU_T;EB)

(21‘(, + wu‘?) .

Therefore, the roots of det (77(3:3), 7'7(3:3)) are the complex

numbers I%’i’ (—iq%tj iq), both situated on the circle with center
P(Ig)

R and radius %, and
R—
; (20 + i)
det (n(zs) . i(ws))
is a polynomial of degree 2, with the two roots (R, Rs) =
(R, R+ Qﬁgq) identified in Corollary 1.

Now, take any ¢ > 0 and consider I',_(R) and I'=-(R), the
circles with center R and radius r. and 7, respectively. The

(R —z3)

= 2
wd

polynomial det (n(xg), n(xg)) has no root on those circles
so that it can be lower-bounded by some d > 0. Also, R
introduced in (57) is continuous on those compact sets and
is bounded by some :R. Choosing (A1, A2, A3) as suggested in
the theorem and denoting 7y = 4X2(A; —X2)(A2—As)(A3—A1),
we have for all ¢ > t(«) and all z5 in I''=(R) UT,_(R),

‘;det (M(Ig,t)> — 7 det (77(503) ) 7'7($3))‘

R R
< (D) < —<17d< ‘W det (77(333) ; 7'7(333))‘
o e
for o sufficiently large. Both functions being holo-

morphic (polynomials), according to Rouché’s theorem,



det (M(xg,t)) and det (7’](.’1}3), 7’](£L'3>) have the same num-
ber of roots in B, (R) (resp Br(R)), namely no roots

in B, (R) (resp 2 roots in Br-(R)). Since we know
det (M(acg,t)

) is a polynomial of degree 2, we deduce that
its only two roots are situated in the annulus C'(R,r.,77).

Besides, since det (n(x3), 77(1:3)) does not admit any real
roots, its modulus is lower-bounded on the real axis and
according to (57), one can make det (./\/l(xg, t)) positive for
x3 in the compact set [R — 7z, R — 7] U [R + r., R + 7]
by choosing « sufficiently large. In that case, its roots are in
C(R,rs,T2), but not in C(R, 1., 72) NR: they are necessarily
complg(. o
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