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Abstract

An algorithm of adaptive estimation of the magnetic flux for the non-salient permanent magnet synchronous motor (PMSM) for
the case when measurable electrical signals are corrupted by a constant offset is presented. A new nonlinear parameterization of the
electric drive model based on dynamical regressor extension and mixing (DREM) procedure is proposed. Due to this parameterization
the problem of flux estimation is translated to the auxiliary task of identification of unknown constant parameters related to
measurement errors. It is proved that the flux observer provides global exponential convergence of estimation errors to zero if the
corresponding regression function satisfies the persistent excitation condition. Also, the observer provides global asymptotic convergence
if the regression function is square integrable. In comparison with known analogues this paper gives a constructive way of the flux
reconstruction for a nonsalient PMSM with guaranteed performance (monotonicity, convergence rate regulation) and, from other
hand, a straightforwardly easy implementation of the proposed observer to embedded systems.
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voltage offset

Acknowledgements. The work was written with the support the Ministry of Science and Higher Education of the Russian Federation,
ITHUDP unique identifier REMEFI57818X0271 "Adaptive Sensorless Control for Synchronous Electric Drives in Intelligent Robotics and
Transport Systems".

For citation:

Pyrkin A., Bobtsov A., Vedyakov A., Bazylev D., Sinetova M. Adaptive Flux Observer for Nonsalient PMSM with Noised Measure-
ments of the Current and Voltage, Mekhatronika, Avtomatizatsia, Upravienie, 2019, vol. 20, no. 4, pp. 215—218.

YK 681.51 DOI: 10.17587/mau.20.215-218

A. A. MbIpKKH, O-p TEXH. HayK, Npod., Nnpodeccop, BeAd. Hay4. coTp., a.pyrkin@gmail.com,
A. A. BobuoB, a-p TexH. Hayk, Npod., npodeccop, . Hayy. coTp., bobtsov@mail.ru,
A. A. BepsikoB, kaHAl. TEXH. HayK, CT. Hay4. COTp., accucTeHT, vedyakov@gmail.com,

0. H. Basbines, KaHA. TeXH. HayK, nHXeHep, bazylevd@mail.ru,
M. M. CuHeToBa, nHxeHep, sinetovamadina@gmail.com,
Yuusepcutet UTMO, r. CankT-INeTepbypr

ApanTuBHbIN HabnogaTenb MarHUTHOroO NOTOKa
ANS HeABHOMOJTKOCHOIo CUHXPOHHOIO ABUraTesns ¢ NOCTOAHHbIMU
MarHuTamMu B YCIIOBUSIX LUYMOB B USMEPEHUAX CUNbI TOKa U Hanpﬂ)l(eHMﬂ1

Ilpedcmasnen areopumm adanmueHoO20 OUEHUBAHUS MACHUMHOZ0 NOMOKA OAS HEA8HONOAIOCHO20 CUHXDOHHO20 08u2amens
¢ nocmosinHoimu maenumamu (PMSM) oas cayuas, koeda usmepsaemoie sneKkmpuyeckue CUeHAAbL UCKANCEHbl NOCMOSIHHbBIM CMe-
wenuem. Ilpednodcena HO8as HeAUHEUHASs NADAMEMPU3AUUS MOOEAU IACKMPUYECK020 08uzamens, OCHOBAHHASA HA NPoyedype

'PaGora Gbina nonaepXaHa MMHHUCTEPCTBOM HayKuM M Beiciero obOpaszoBaHus, I[THUDP yHuKaapHBI HASHTHUOUKATOP
RFMEFI57818X0271 "AnanTrBHOE G€CCEHCOPHOE YIIPaBJIIEHUEe CUMHXPOHHBIM 3JICKTPOIIPUBOIOM [JISI MHTEJIEKTYaJIbHBIX POOOTOTEX-
HUYECKHUX U TPAHCITOPTHBIX CUCTEM",
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JuHamuueckoeo pacuupenus u cmewuganus peepeccopa (DREM). baaeodaps amoiti napamempusayuu npodiema oyeHu8aHus
MAZHUMHO020 NOMOKA MPAHCAUPYEMCS 80 6CHOMOLAMENbHYIO 3A0a4y UOeHMUDUKAYUU HeU3BECIHbIX NOCMOSHHbIX NAPAMEempos,
3asucauux om oumubok usmepenus. Jlokazano, umo Haba0amens MAeHUMHO20 HOMOKA 2apanmupyem 2A00a1bHYH0 IKCROHEH YU~
AAbHYI0 CXOOUMOCIb OUUOOK OUEHUBAHUS K HYI0, eCAU COOMBEMCMBYOUUI peepeccop y0061emeopsaem YcA08UI0 HelcHe3anuje-
20 6030yxcoenus. Taxxuce Habarwdamenv obecnevusaem acCUMNMOMUYECKYI0 CXOOUMOCMb, eCAl QYHKUUS peepeccopa A8As1emcs
K8adpamuuno unmezpupyemoll. B cpagnenuu ¢ u3geCmHuIMU AHAN02AMU 8 IMOU cmambe 0aH KOHCMPYKMUBHbIIU CHOCOO 80C-
CMAHOBACHUS MACHUMHO20 NOMOKA CUHXPOHHO20 08U2amenst ¢ 2apanmupo8aHHbIMU NOKA3AMeAIMU Kavyecmea (MOHOMOHHOCHY,
CKOPOCHb CX00UMOCMU), A MAKICe NPOCMASL C UHICEHEPHOU MOUKU 3DeHUs Peaiu3ayus Ha GbIMUCAUMENbHbIX NAAMPOPMAX.

Karoueevie caosa: neaunetinvie cucmemol ynpaenenus, poﬁacmﬂbte Haﬁﬂro()ame/m, CUHXDOHHbLE 081,{261}116/!1/1, MAa2HUMHBLU
nomok, Habarwoamens cKopocmu, 6€CC€HCOPHI)HI noaxod, CMeuLeHUue 6 UBMEPEHUAX HANPAWCEHUA

Introduction

The problem of so-called "sensorless" control is
very resonating and challenging today. The main dif-
ficulty is a nonlinear model of the PMSM in which
the magnetic flux is unmeasurable variable. Very pop-
ular strategy in literature is to reconstruct mechani-
cal variables of the drive using knowledge of the total
flux. And usually the magnetic flux observation is a
key problem, which attracts a lot of scientists from
adaptive control and electric drive societies, including
L. Praly, R. Ortega, R. Marino, P. Tomei, K. Nam,
A. Stankovic, and many other famous researchers.

Although a lot of different approaches are existed
and even already implemented as preset feature in
distributed actuators, however, the performance of
such control strategy is still an open "hot" prob-
lem. Existed, known for authors, methods do not
guarantee the convergence of regulation error to 0
in scenarios with measurement errors. Some ap-
proaches give robust estimates that acceptable in
practical applications. Estimators which ensure the
asymptotic convergence of estimates to observable
states of electrical drives usually are not robust with
respect to measurement noise because were de-
signed with strong assumptions regarding this issue.

In this brief paper we focus on the problem of
observer design of the flux in PMSM which is, form
one hand, is robust with respect to biases in mea-
surements and does not contain any open-loop in-
tegration schemes, and, from other hand, provides
convergence of all estimation errors to zero with such
performance properties as monotonicity of estimates
and possibility of convergence rate regulation.

Problem formulation

Consider the classical, two phase aff model of the
unsaturated, non-salient, PMSM described by [1, 2]

L=v-Ri
jo=—fo+t, -1, €))
0 =0,

where A e R? is the total flux, i € R? are the currents,
v e R? are the voltages, R > 0 is the stator windings
resistance, j > 0 is the rotor inertia. 0 € S := [0, 2x]
is the rotor phase, o is the mechanical angular velocity,
/> 0is the viscous friction coefficient, t; € R is the —
possibly time-varying — load torque, 7, is the torque
of electrical origin, given by

T
T =nyi J

with #n, € N the number of pole pairs and J e R2 %2

is the rotation matrix

J:ﬁ’ ‘01]

For surface-mounted PMSM’s the total flux
verifies

% = Li+1,C0), Q)

where L > 0 is the stator inductance and
C(6) = col(cos(n,0),sin(n,0)).

Assume the only signals available for measure-
ments are the current i and the voltage v, which are
corrupted by constant unknown bias terms §; € R?

and 3, € R?, respectively, that is

€)

where i,, and v,, are actually measured signals. The
resistance R and the inductance L are assumed to
be known.

The goal is to reconstruct asymptotically the to-
tal flux A with asymptotic convergence of estima-
tion errors to 0.

I,=i+08;;v,=v+0,,

Main result

The adaptive flux observer for PMSM was pro-
posed in [3] and was based on the equation
- Li* ~22, =0, @)

which follows from (2).
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The approach [3] requires only measurements of
the voltage v and the current i, however it was as-
sumed that there is no bias or noise exist in electri-
cal signals. Nevertheless, even if noise is absent the
offset about zero is always possible, and that should
be taken into consideration to guarantee the robust-
ness of the adaptive observer even in nominal mode.

The paper [4] was devoted to the case when the
measured signals v and i contain an uncertain bias
as formulated in (3) and which are assumed to be
constant. Expression (4) may be rewritten as

AAN=2L0 i+ LAii A +iim, 13 =0, (5)

where n, =2L5;, m,=-2L1%;, n;=1L1%8, -1}
are constants that are unknown.

In [4] the approach, firstly appeared in [5], was
extended that allows to find a linear regressor equa-
tion depending on uncertain flux X, set of unknown
parameters, and measurable signals. The following
proposition establishes this fact.

Proposition 1. Consider the model of PMSM (1)
with measurable signals (3) corrupted by uncertain
offsets. The following regression model holds

A=-Ri_ +Vv, +m,;
y=0 A+¥ n+sg,,

where the known functions y, ®, ¥ may be com-
puted from available signals, and unknown constant
vectors

MNm :Réi_Sv;n:

MM
Proof. The proof is based on [4, Lemma 3.3] and

may be easily repeated with the following steps.
Step 1. Differentiate (5).

After 4 steps we introduce the following filters
‘%l = _Val Vs
&y = —vEy +2vy, + 2V2Lim;
%3 = _V§3 + Vim;

€4 =—VE4+Ey + 2y,

Es=—VvEs+y ey +VILA ] (7)
&6 = —VEg + VEs — &)
&7 = —vE; + VEy;
&g = —vEg + V(i —&3);
&9 = —VEg + VEs _Vszi;nrim + Y (VE4 —E)),
that operates the known signal
Yu=—Ri,+v,.
The proof is completed by picking
Y =85 =Ly, ~Eo;
® =28, -2vLi, —Vv&,; [
& &
v V(i — &5 —&g) .
28,
2v!

Then we will use the basic result of the Proposi-
tion 1 in design the adaptive observer of the mag-
netic flux. In [4] two observers were presented, ro-
bust version with reduced dimension and adaptive
one designed with a classical gradient approach. In
this paper we propose to apply the DREM proce-
dure [7] to get performance enhancement of the
observer in comparison with [4].

Directly, the DREM procedure is not applicable
to the model (6), since A is a function of time. Ne-
glecting the exponential term ¢, let us apply one
more filter with some coefficient o > 0 to the sec-
ond equation of (6):

Step 2. Apply the filter A , where p:= a is
a differential operator. prv dt @y % oL wTy=
Step 3. Using the Swapping Lemma [6, Lemma 3.6.5] pto pta pta
v ol Ly % o] (XT ° ®j+nT ¢ -
(x Z):Z ( xj_ (Z ( XJ]g p+a pt+a pt+a pt+a (8)
p+V p+v p+v p+v - 1
WL S S X
get the regressor equation where the flux A and vec- pro pra
tor n enter linearly only. X[(—Rim v, ) a (Dj %y
Step 4. Apply the filter P pra P
ptv and rewrite as
Step 5. Rewrite obtained operator expression as _ _
ordinary differential equations. 2y =M ®a+n' W, )
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where
2z, = * ys ((—Rimntvm)T ¢ (Dj,
p+o p+o p+a
0
_ _ 0 2
o=-—" - v-—"w-| | % o
p+a p+a L{(p+a)

Following the concept of dynamic regressor ex-

. . . . o ;
tension we consider the set of linear filters !

___ p+o;
with different gains o; > 0, i=L N, where
N = dimA + dimn = 9 and get a system of N linear
equations

@) =1 (@)D (1) +n Wi(?), (10)

where index i denotes the coefficient a; of the
corresponding filter. In matrix form (10) looks like

Zm:MmP?}

where
—T
(O]
s M(1)=|

—T
DN

Zy(2)
Z(1) =

Zy ()

=T
Vi

¥y
At this point the key step of regressor "mixing"

of the DREM procedure is made to obtain a set of
scalar N equations as follows.

adi(M (1)) Z(#) = adj(M (1) M (1) Fﬂ _

- det(M(t))F(t)}
n
or
Y, (1) = A@MD); (11
Y, (1) = A, (12)

Y, (?)

where Y() = {Y o
n

} =adj(M (1)) Z(t) and
A(t) =det(M(z)).

As soon as we get scalar equations (11), (12) then
the observer of the flux becomes straightforward
which is shown in the following Proposition.

Proposition 2. Consider the parameterized model
of PMSM (6). The update law

n = 7,AY, - An); (13)

A = Ri, +v, 40, + 1AL, — AR, (14)

provides asymptotic convergence of A=%-1 and
n=n-n to0fory,, v, >0.
Proof. Compute the derivatives of errors 1 and A

N (1) = =y, A2 & (1) = —1,A2 (D)7 +1,,

- ’“/njA2(s)ds ~

which yields n(#t) =e ° n(0). Convergence of
n depends on properties of A(f) and the gain y,. If
A() is persistently excited, then n converges to 0
exponentially, which guarantees convergence of A to
0 as proved in [8, Lemma 1]. If there is a lack of exci-
tation but A(¢) ¢ £, then A tends to 0 asymptotically.
Otherwise A converges to a bounded set about 0.

Conclusion

In this paper we propose the new adaptive ob-
server design algorithm which allows to parametrize
the model of disturbed PMSM as a linear regressor
equation with respect to observable flux and some
constants depending on measurement errors (biases
or offset). Using DREM procedure the vector re-
gressor equation may be splitted to a set of scalar
regressor equations with a common measurable re-
gressor and unknown variables or parameters. Such
decomposition allows to guarantee monotonical con-
vergence of estimation errors to zero and to regulate
the convergence rate via adaptation gains. Based on
this flux observer it becomes possible to design the
speed ant position observer which would be also ro-
bust with respect to measurement noise. And this
challenging problem — a full state observer design —
will be pursued in future works of authors.
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