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Abstract—We propose a parametric model of the saturated method of the magnetic parameters is proposed and riggrousl
Permanent-Magnet Synchronous Motor (PMSM) together with jystified: fast-varying pulsating voltages are impressethe
an estimation method of the magnetic parameters. The model motor with rotor locked; they create current ripples from

is based on an energy function which simply encompasses the hich th ti t timated by i least
saturation effects. Injection of fast-varying pulsating \ltages whic € magnelc parameters are estmated by linear leas

and measurements of the resulting current ripples then perrit ~ Squares. In section 1V experimental results on two kinds of
to identify the magnetic parameters by linear least squares motors (with surface-mounted and interior magnets) ithtst
Experimental results on a surface-mounted PMSM and an the relevance of the approach.

interoir magnet PMSM illustrate the relevance of the approah.
Il. AN ENERGY-BASED MODEL FOR THE SATURATED

Index Terms: Permanent magnet synchronous motor, mag- PMSM
netic circuit modeling, magnetic saturation, energy-dased- A. Energy-based model
eling, cross-magnetization The electrical subsystem of a two-axis PMSM expressed in
the synchronoud — ¢ frame reads
. INTRODUCTION
doa o do
Sensorless control of Permanent-Magnet Synchronous Mo- R Rig + E% (1)
tors (PMSM) at low velocity remains a challenging task. do, , do
Most of the existing control algorithms rely on the motor ot M Riq = E((bd +ém), 2)

saliency, both geometric and saturation-induced, foragximg where ¢4, ¢,,, are the direct-axis flux linkages due to the
the rotor position from the current measurements througlrrent excitation and to the permanent magnet, ani the
high-frequency signal injection [1]. [2]. However some magquadrature-axis flux linkages,, u, are the impressed voltages
netic saturation effects such as cross-coupling and pentarand iy, i, are the currents is the rotor (electrical) position
magnet demagnetization can introduce large errors on thed R is the stator resistance. The currents can be expressed
rotor position estimation[[3],[[4]. These errors decredse tin function of the flux linkages thanks to a suitable energy
performance of the controller. In some cases they may canfiction H (¢4, ¢,) by

the rotor total saliency and lead to instability. It is thus 0 ) 3)
important to correctly model the magnetic saturation effec v 17(0a; 6q
which is usually done through d-q magnetizing curves (flux iq = 02 H(¢a, dq), (4)
versus current). These curves are usually found either g finyhered, #£ denotes the partial derivative w.r.t. thé variable,
element analysis FEA or experimentally by integration dfee [9], [10]; without loss of generalit}(0,0) = 0.

the voltage equatiori [5]/[6]. This provides a good way to For an unsaturated PMSM this energy function reads
characterize the saturation effects and can be used to w@pro 1 1

the sensorless control of the PMSM [7]] [8]. However the FEA Hi(pa, dq) = f(bﬁ + féﬁ

or the integration of the voltage equation methods are not s?] ¢ a

easy to implement and do not provide an explicit model of tHEhere Lq and L, are the motor self-inductances, and we

saturated PMSM recover the usual linear relations

In thi_s paper a simple_parame_tric model of the saturated iqg = 1 H(Pa, bg) = %
PMSM is introduced (sectidnl Il); it is based on an energy func d
tion [9], [1Q0] which simply encompasses the saturation and ig = O H(ba, dg) = ﬁ

cross-magnetization effects. In sectfon Il a simple eatiomn Lq
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Notice the expression fai should respect the symmetry
of the PMSM w.r.t the direct axis, i.e.

H(¢da _(bq) = H(¢da ¢q)7 )

which is obviously the case fot,;. Indeed, [(L){R) is left
unchanged by the transformation

((b:jv u:ja Z:ia gbfp u:p 7’:17 9/) = ((bda Uqg, ida _¢q7 —Ugq, _iqa _9)7
this implies

NH(Py, ¢) = O H(¢a, bq)

827'[(@5&, QS;) = _aQH((bdv ¢q>a

He L BN T T
N H(ba, —pq) = 01H(¢a; ¢q) i, in A
0o H(pa, —bq) = —02H(dd; ¢q)- o Comstant
Therefore (@) Gultarta = Constant)
dH
%(¢da _(bq) = alH(¢d7 _¢q)
= 0 H(ba, Pq)
_dn o
- d¢d ((bda ¢q) g
M =
—((bda _(bq) = _62H(¢da _(bq) E
doq b
= 0y H(¢a, by) =
dH
= E(¢da ¢q)

Integrating these relations yields

-25 HPL =15 &1 -05 0 0.5 1 1.5 2 25

H((bda _(bq) = H((bda qu) + Cd(¢q> ‘ | |n A ‘
H((bda _(bq) = H((bda ¢q) + Cq((bd)a 4

wherecy, ¢, are functions of only one variable. But this makes
sense only ifcg(¢q) = cq(pa) = c with ¢ constant. Since Fig. 1. Flux-current magnetization curves (IPM)
H(0,0) =0, c = 0, which yields [5).

B. Parametric description of magnetic saturation

Magnetic saturation can be accounted for by consideri
a more complicated magnetic energy functiiin having H;
for quadratic part but including also higher-order termsnf iqg = O H(pa, dg)

(b) ¢q(iq = Constant,iq)

Il]:éom [3)-[4) and[{B) the currents are then explicitly givgn b

experiments saturation effects are well captured by cenisig ba ) ) s )
only third- and fourth-order terms, hence =1, + 3a3,00 + 1,20 + 4y 0dy + 2022049,  (7)
H(a, bg) = H(a, b4) tq = 021 (9a, &)
3 4 ¢q 2 3
o o = — 4+ 2« + 2« + 4o , 8
15 SLTMIT S I rowy ) A
=0 =0

This is a perturbative model where the higher-order terms aphich are the flux-current magnetization curves. Flg. 1 show
pear as corrections of the dominant tekn The9 coefficients examples of these curves in the more familiar presentation o
«;j together withLg, L, are motor dependent. Bl (5) impliesfluxes w.r.t currents obtained by numerically invertintr @)

a1 = ap3 = az1 = ai,3 = 0, so that the energy functionthe motor is the IPM of sectidi1V.

eventually reads The model of the saturated PMSM is thus given By [1)-(2)

_ 3 2 and [7)4(8). It is in state form witlp,, ¢, as state variables.
H(ba: 60) = HalBa, @) + a0 + 01,26, The magnetic saturation effects are represented by 5the

4 2,2 4 B
+ag00q + 22039 + a0ade- () additional parameterss,o, a; 2, oo, 2.2, 0o 4.



C. Model withig, i, as state variables CurrentinmA| Aan b b f\K Al
. The model of the saturated PMSM is often expressed wi P sna . M{\\ /_‘\\/k \/ TATATAVATATR ATV ATAY
4,14 as state variables, e.d./[5]. Starting with qux-currer--?f, —34 4 '\, Vi ~ ‘ .
magnetization curves in the form d = = \/ / ig = 400 mA
¢d = q)d(idv Zq) (9) i / i .
bg = Pylia,ig) (10) / § Time in ms
and differentiating w.r.t time {1J-[2) then becomes /¢ Transient part £
o
.. dig . dig . db ﬁ 15
L —< 4L —4 —uy— Rig+ —
adlia;ba) gy + Laalia, tg) 7 = wa = Ria + dt & / 5 ms/div
.. dig oo di . d ‘
qu(ldvlq)g + qu(’dvlq)d_tq = uq — Rig — %@d + ém),

Fig. 2. Experimental illustration of equation {15): timespense ofi;
where

(de(id,iq) qu(imiq)) _ (31‘1>d(id,iq) azq)d(id,iq))
qu(idviq) qu(idviq) 61(I)q(id=iq) 62(1)q(idviq) '

Though not always acknowledgédd;, and L,q should be B
equal. Indeed, pluggingl(3H(4) intbl (9)={10) gives ug(t) = tq + uaf(2t) (13)

bd = Ba (O H(as dy), D H(0a, 6)) talt) = o + g (), B9

bg = Pq(01H(da, Bq), RH(a, dq))- wheretg, tq, Ug, Uq, {2 are constant and is a periodic func-
tion with zero mean. The pulsatidn is chosen large enough
Taking the total derivative of both sides of these equatioRgy.t. the motor electric time constant. It can then be shown
w.r.t. ¢q and ¢, then yields see sectiof III-C, that after an initial transient

reliable. With the rotor locked in the positigh= 0, we inject
fast-varying pulsating voltages

1 0 LaqiOnH + Lqg012H  LgqOaH + qu822H> iat) = = |~ 1
= d =14+ ZdF(Qt) + O(—z) (15)
<0 1> <qu6117'[ + Lqq012H  LgaO21H + LggOaoH () . Pt 1 0 Si ) e
i =g +1 a7 ),
_ <de qu> <5117'l 3217'l> 1 qi a @
Lga  Lqg) \O12H 022 whereiy = %0, = 4%,i4,i, are constant and” is the

Since dy5H = 851 the second matrix in the last line isprimitivc_e of f with zero r_neanE has clearly the same period
symmetric, hence the first; in other words, = L. as f); fig. 2 shows for instance the current obtained for
To do that with the model of sectidi TIIB the nonlineaf’® SPM of sectiofi IV when starting fromy(0) = 0 and
equations [7)8) must be inverted. Rather than doing tH¥PYINg @ square signal, with © = 500Hz, uq = 23V
exactly, we take advantage of the fact the coefficients are andu, :_3OV.~.OQ the other hand using the saturation model
experimentally small. At first order w.r.t. the, ; we obviously the amplitudesq, i, of the current ripples turn out to be

have ¢g = Laia + O(|aij|) and ¢, = Lgig + O(laigl). -~ 1 /7y, - - L
Plugging these expressions infd (7)-(8) we easily find ia = 557 +2022L4i(2Laiatiq + Lyiqtia)
gging p y alz,
¢d = Ld (id — 30[370L3’L§ — a172L2i2 — 40&4_]0[422'3 + 12&470L§g§ﬂd —+ 60&3_’0Ld5d’l’1d + 20[172ngqaq) (17)
— 209 5 LgL%i4i2) + O(|ovi ;|? 11) ~ 1,4 _ _ _
.2,2 d qdq) ' (| J|) , . ( ) Z’q:_(ﬁ+2042,2Ldid(2Lqiqad+Ldidaq)
¢q = Lq(iq — 201,2LaLgiqiq — 2002 L3 L4151, Q\L,
— dagaL3i3) + O, ). (12) 12004 L2120, + 201 2(Laiaiy + Lyigiia) ). (18)
Finally,

As ?d,z'q can easily be measured experimentally, these ex-

Lga(ia,iq) = La(1 — 6as,0Lgiq — 12040315 — 2a272L3i3) pressions provide_ a means to iden_tify the_ magr!etic param-
. . 9. . eters from experimental data obtained with various values
qu(ld,lq) g qu(ld, Zq) g —2Lqu’Lq(0£1,2 + 20&272Ldld)

o _ - 59 of ﬁd,’ﬁq,ad,ﬁq.
Lyg(ia,iq) = Lq(l —2ay 2Lgiq — 202 2 L3515 — 12a074quq). . _
B. Estimation of the parameters
IIl. A PROCEDURE FOR ESTIMATING THE MAGNETIC

PARAMETERS Since combinations of the magnetic parameters always

o enter [1¥){(IB) linearly, they can be estimated by simpledr
A. Principle least squares; moreover by suitably choosingi,, t4, iy,
To estimate ther magnetic parameters in the model, we¢he whole least squares problem for th@parameters can be
propose a procedure which is rather easy to implement asplit into several problems involving fewer parameters:



e With 4q = @, = 0, henceigz = i, = 0, andug = 0 Plugging [27){(2B) withe = & into (7)-(8), and expanding
(resp.t, = 0) equation[(1l7) (resp. equation {18)) readsalong powers of} then yields
1 ad 1 uq
Ly=—=— resp. L, 19 - F(Qt
¢ Q id ( - Q Zq ) ( ) id(t) = id + (Q ) (L_ + 6CY3 O¢dud + 2041 2¢quq
« with @, = 0, hencei, = 0, andu, = 0, (I7) reads o o
q q q 4 12a470¢§ud + 202 2(2¢aPqttg + ¢§Ud)) +O(QL2)

~ U 1 _ _
id = E <— + 60&370Ldid + 120&4_]0L3Z§> . (20) ) - (Qt)

Q \ Lyg ig(t) =iq + —— q (L + 201 2(¢atly + Pglia)
Notice [I8) reads, = 0 hence provides no information o ! ~ ~
« with i, = 0, henceiy := 0, andi, = 0, (I7)-(I8) read + 2002 2(20adgtia + Ptig) + 12ao,4¢§6q> +0(3),
o (L e
4T (L +2a2’2L‘12q) (1) whereiy = iq(da, ¢q) andi, = zq(¢d,¢q) There remains

~  2uq I (22) to expresspq, ¢, in function of i4,i,. Rather than exactly
lg = 12 aly inverting the nonlinear equationg] (7)}-(8), we take advgeta

o - ~ ) of the fact the coefficients; ; are experimentally small. At
» with y =0, henceiq := 0, andiq = 0, (L7)-{I8) read first order w.r.t. theo; ; we haveg, = Lqiq + O(|a; ;]) and

T = 24 2 0 oLy 23) ¢q = Lgiq + O(|a 4]). Using this igl the previous equations
Q2 and neglectingO(qg>) and O(|o; ;|”) terms we eventually

7, = uq( 1 + 1200 4L2 2) (24) find (18)-[18). Using directly[(11)-(12) yields of courseeth
Q\L, same result.

L, (resp.L,) is then immediately determined frorh {19);
a3, anday o are jointly estimated by least squares fréml (20);
asg.2, a2 andag 4 are separately estimated by least squares
from respectively[(211),[(22]-(23) and (24). A. Experimental setup

C. Justification of sectiof IHA The methodology of section ]Il is tested on an interior
The assertions of sectidn IItA can be rigorously justifieghagnet PMSM (IPM) and a surface-mounted PMSM (SPM)
by a straightforward application of second-order averagifwith rated parameters listed below. The setup consists of an

of differential equations[[11, p. 40]. Indeed the electricandustrial inverter with a400V DC bus and atkHz PWM
subsystem[{1){2) with locked rotor (i.€2 = 0) and input switching frequency, 3 dSpace boards (DS1005 PPC Board,

IV. EXPERIMENTAL RESULTS

voltages [(IB)i(I3) reads when setting= Q¢ DS2003 A/D Board, DS4002 Timing and Digital /0 Board)
dbg 1, _ and a host PC. The measurements were sampled aléd/at.
= B+ 0af(7) = Ria(¢a.6)  (25)
oy 1, | . IPM SPM
- - q (g + Ugf(T) — Rig(da, dq))- (26) Pole pairs 6 2
Rated power | 200 W 1200 W

This system is in the so-called standard form for averaging,
with a right hand-side periodic i and % as a small
parameter. Therefore its solution is given by

Rated current 1.2 A 3.4 A
Rated speed | 1800 rpm | 400 rpm
Rated torque| 1.06 N.m | 29 N.m
Resistance 12.15 Q 6.69 Q

Ud

¢a(T) = 94(7) + o F(r) + O(gk) (27)
$q(T) = d3(7) + Q F(r) + O(q2), (28) B. Experimental results
where (¢§, ) is the solution of the system With the rotor locked in the positiofi = 0, a square wave

" voltage with frequency? = 500H z and constant amplitude
—1 = g — Rig(¢3, ¢)) Uq or u, (30V for the IPM, 40V for the SPM) is applied
ddto to the motor. But for the determination afq, L, where
ﬂ =iy — Riq(¢3,¢0) uq = uq = 0, several runs are performed with variotug
dt (resp.i,) such thati, (resp.i,) ranges from—2A to +2A

obtained by averaging the right-hand side [of] (25)-(26)eAft with a 0.3A4 increment (IPM), or from—8A4 to 8A with a
an initial tranS|ent(¢0( ), ¢0( )) asymptotically reaches the0.5A4 increment (SPM). The estimated parameters are listed
constant valugoa, ¢,) determmed byiiq = Riq(¢a, p,) and below; the uncertainty in the estimation stems from @m A

= Riy(da, dq)- uncertainty in the current measurements.
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Fig. 3. Measured values (circles) and fitted curve (solié)lifor [20).

IPM SPM

Ly (mH) 91.9+5 1554 £ 10
L, (mH) 58+1 58.6 + 2

aso (AWb2) [ 7.70£0.11 | 5.01+0.11
a1s (AWH ) | 5.35+0.61 | 4.83+0.27
a0 (AWB ) | 1942+1.34 | 1.83£0.28
22 (AWDH3) | 2218 +£2.80 | 8.76 £ 1.03
aos (AWH ) [ 6621042 | 1.18+0.17

The good agreement between the fitted curves and
measurements is demonstrated for instancelfdr (20) or[Figt.ef%S

iq in MA

=25 *‘2 =15 *‘1 *0‘.5 6 05 1 1.‘5 2 25
g in A
(a) IPM

o Measured value

gor Estimated value

% Z 2 o 2 4 6
g in A
(b) SPM

Fig. 4. Measured values (circles) and fitted curve (solié)lifor [22).

whole operating|{| = /i3 + 12 ranging from0 A to 24 with a
0.3A increment for the IPM, and froA to 5.5A4 with a0.5A4
increment for the SPM). Fid.] 5 shows for instance the results
for a 60° current angle; there is a good agreement between
the measured values and those predicted by the model.

As a kind of cross-validation we also examined the currents
time responses to large voltage steps. Elg. 6 shows the good
agreement between the measurements and the time response
1(ﬁl@_}tained by simulating the model with the estimated parame-

; it also shows the differences with the simulated reseo

and for [22) on Figl4. Noticd (20) illustrates saturationaon when the saturation effects are omitted. Hig). 7 shows the
single axis, while[(2R2) illustrates cross-saturation.

C. Validation

good agreement also between the “measured” flux values (i.e.
obtained by integrating the measured currents and voltages
and the flux values obtained by simulation.

The estimation procedure relies dnl(20)1(24), with either
iq # Or , i.e. current vectors with anglés, 90°, 180°, 270°.
To check the validity of the model tests were conducted with A simple parametric magnetic saturation model for the
current vectors with various angles and magnitudes on tR&SM with a simple identification procedure based on high-

V. CONCLUSION
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Fig. 5. Measured values (circles) compared to model-predligalues (solid
line) for a60° current angle.

frequency voltage injection have been introduced. Expemnim

¢q in mMWb

350~

300

(5]

(6]

tal tests on two kinds of PMSM (IPM and SPM) demonstratg7]
the relevance of the approach. This model can be fruitfully
used to design a sensorless control scheme at low velocity.
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