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Permanent Magnet Synchronous Machine




Permanent Magnet Synchronous Machine
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Variables (voltages, currents) treated as vectors in 2D space.
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Motivation - sensorless control

Model of the drive in oo — 3

kp,p2W
Weyl = W + MAL‘(/@J cos(¥) — i e sin()) —

J J
19t+1 = 191' + Atwme.
Observations
R VoAt o
s = (1= Ay + — M2 pesind + A2t
’ LS ’ Ls LS
R Vpy At
iger1=(1— TsAt)iB’t — %wme cosv + Atuf’t

At w = 0, Y. is unobservable.
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Motivation - sensorless control

Model of the drive in oo — 3

Wegl = We + WAt(i@t cos(¥) — i e sin()) — ppJAt 7L,
Ver1 = Ut + Atwpme.
Observations
fa,er1 = (1= %At)i%t + \UPZAtwme sind + AtuLL:,
i1 = (1= %At)fﬂ,t - w%ftwme cos ¥ + Atuf:,

At w = 0, Y. is unobservable.
Working estimation technique: High-frequency injections with
phase-lock-loop.



Physical model of the PMSM drive

Observation equation for currents in dq coordinate system:

. s . . At

Id7t+1 = (]. — At)ld’t + quttht —+ Ud,tia
Ls,d Ls7d

, Rs , m o At

lg,t+1 = (]. — L At)lq’t — (’li}p + ld,t) Atwt + Uq7tT7 (1)
S,q S,q S,q

Inductances in d and g axis slightly differ — cca 2-5%.



Physical model of the PMSM drive

Observation equation for currents in dq coordinate system:

. s . . At

Id7t+1 = (]. — At)ld’t + quttht —+ Ud7t77
Ls,d Ls7d

, Rs , Vpm | . At

lg,t+1 = (]. — L At)lq’t — (Lp + ld,t) Atwt + Ug,t L ) (1)
S,q S,q S,q

Inductances in d and g axis slightly differ — cca 2-5%.

» Detailed measurement of inductances is difficult
» Restructuring the model:

It — idt—1 . .
us = [La;Rs,Lg] [Atv’d»_’qwme] + Sud>
. g — lgt—1
ug = [Ldv Rsa an me] ldWme; Iq, %7U}me + guq’
—
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Recorded data
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Estimation with recorded data
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Residue ud

Residues

Amplitude Spectrum
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Sample Autocorrelation Function (ACF)
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Is the

measurement noise Gaussian?

Currents a+b+c
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Different parametrization

Model
inars = (1= 5 B0ige + gt + ud,té;
is

id,t+1 = [ad, bd, Callid,¢, ig,twe, Ud,¢],

iq,t+1 = [aq, bq, fq, Cq][l’q’t,wt, I’d’twt, Uq7t],

0 ¥

— Parameters have no physical meaning,

+ Directly applicable in a state space estimator.



Results of estimation, A = 0.995, \ = 0.9995
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Dead times and voltage drops

» The input voltage is not
exact!

» It is transformed by PWM
unit.

» voltage drops,
> dead times

» Model

Uy true = Ux t— Udead,timeSgn(IX)'



Dead times and voltage drops

» The input voltage is not
exact!

» It is transformed by PWM
unit.

» voltage drops,
> dead times

» Model

Uy true = Ux t— Udead,timeSgn(IX)'

> Ugead time €Stimated
stationary,

» Estimated sampling time At
matches its true value in the
q axis!




Residues

Amplitude Spectrum
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Automatic search - hypothesis testing

Correlation of the residue with its previous value suggests a missing

element.

Existing regresands in q axis:
,(/): [iq,ta Wt, id,twta Ug,t, Sgn(iq)]7

Candidates for extension:

[ additional element [ none [ 1 [ iy [ wg [ igug [ sgn(ig) [ iqe—2 ]
marginal likelihood 46% 1% 11% 10% 17% 13% 1%
-0.302 | -0.301 | -0.300 | -0.301 | -0.301 -0.301 -0.08
-0.01 -0.01 -0.01 -0.01 -0.16

autocorrelation -1
autocorrelation -2 -0.01 -0.01




Automatic search - hypothesis testing

Correlation of the residue with its previous value suggests a missing
element.

Existing regresands in q axis:
,(/): [iq,ta Wt, id,twta Ug,t, Sgn(iq)]7

Candidates for extension:

[ additional element [ none [ 1 [ iy [ wg [ igug [ sgn(ig) [ iqe—2 ]
marginal likelihood 46% 1% 11% 10% 17% 13% 1%
autocorrelation -1 -0.302 | -0.301 | -0.300 | -0.301 | -0.301 -0.301 -0.08
autocorrelation -2 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.16

ARMA?

[ additional element [ none | ¢_1 [ €1, nosgn(ig) |
marginal likelihood 0% 100.00% 0%
autocorrelation -1 -0.302 -0.124 -0.104
autocorrelation -2 -0.01 -0.08 -0.04
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Parameters of the ARMA model, A\ = 0.9995




Parameters of the ARMA model, A\ = 0.995
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Conclusion

» Model elicitation from real data is a demanding task

> experiment design,
> sensor calibration!

» Poor excitation is the d axis can be improved by inefficient control
(exploration),

» PMSM drive model:

> is it an ARMA process?
€t — 0.5615_1

» can ARMA model replace dead-times and voltage drops?
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