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Introduction

Sensorless rotor position estimation over the full speed range

Field-oriented control needs the rotor angle ¢,.
= A position sensor adds (i) cost, (ii) error rate, (iii) installation space and cabling.
= estimate ¢, from the electrical quantities only.
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= estimate ¢, from the electrical quantities only.

method

C bottleneck: carrier demodulation

2 filter phase shift and amplitude error, fundamental acts as DC offset
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3 bottleneck: no back-EMF at standstill; rotor angle not observable at
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Introduction

Sensorless rotor position estimation over the full speed range

Field-oriented control needs the rotor angle ¢,.
= A position sensor adds (i) cost, (ii) error rate, (iii) installation space and cabling.
= estimate ¢, from the electrical quantities only.

method

bottleneck: carrier demodulation
filter phase shift and amplitude error, fundamental acts as DC offset

bottleneck: no back-EMF at standstill; rotor angle not observable at
low speed

state of the art

fast and selective demodulation: mSOGI decouples bandwidth from selectivity,

DCI removes the DC offset

= one estimator from standstill to 110 % of ng, no handover between two methods

0 f
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Machine model and anisotropy frame

Where the position information sits

dq
ugq = qu dq +w, quJ'qu + qu éit ;1‘1 + 85{;
P
dd  1d
with L% .= alpdq = |k L
oi Lt L

and the rotation matrix J = [(1) _01}

H . Saliency-based rotor position estimation
| MRES J. Rossmann, C.M. Hackl

3/13



Machine model and anisotropy frame

Where the position information sits

dq C q
dq _ pdq dq dq 7.dq dg d ;dq | O, Tan
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dd d q ~
dq 81/1 dq Ls qu " (]em
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i1 Lq qu
*s s s A anJan -
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and the rotation matrix J = [1 o } ~
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Machine model and anisotropy frame

Where the position information sits

ul? = R{%{" + w, LI T4l + L
opls  |LIT LY

with LI := J
L%

d
81t

and the rotation matrix J =

qu is symmetric, hence diagonalizable by a

rotation ¢, = ¢, an — Op:

T, () LTy (0) =

uganQau _ Rganqaniganqan +prgaxlqan JiganQan + LganQau%i;ianqau +

|
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Transformation with T}, 1(gi)am) into the (dapn, ¢an )-frame:
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Pulsating carrier injection

Position information in the carrier current

Carrier voltage injected along the estimated c?an—axis

q
(We > wp): Tan j
d N oS (E ~ ~ an d
us,acnqan = Usc COS(UJCt) . <~an) y Qan = ¢p,an - ¢p,an "
Zac D) | () N )
::us,c(t) AN N Dan
) d)p,an dan
1S
d)p,an Qan
d
ép
(e}

H . Saliency-based rotor position estimation
r

LMRES J. Rossmann, C.M. Hackl 4/13



Pulsating carrier injection

Position information in the carrier current

Carrier voltage injected along the estimated c?an—axis

q
We S>> w.): Gan
(e > wp) j
b, an 2
dovdun cos(Pan) ~ = an
usmcn = us c COS(UJCt) e ) ¢an - ¢p,an - ¢p,an
L T sin(an) N ]
::us,c(t) 2 S N Pan
Opa ) Dpan \ Tan
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Pulsating carrier injection

Position information in the carrier current

Carrier voltage injected along the estimated c?an—axis

q
. a
(we > wp): j
b, Tan 2
dovdun cos(Pan) ~ = an
usmcn = us c COS(UJCt) e ) ¢an - ¢p,an - ¢p,an
L D in(a) N )
::us,c(t) 2 S N Pan
Dp. on
F) . p,an
With L negligible at carrier frequency and (S andad
(Dan
a ~ O d)p,an
dt ¢an :
_ Rfan 0 cos(d,y) d
d ;dandan _ | rZan%an ~p antan | [ Lgendan | ép
dt ’s,c = s Rgan s,C sin(Fg S,C
7:1{ _Lganqan 2 Sqan o

Estimation principle

The carrier g,,-component vanishes, if $an =0Aw,=0
— a PLL can drive il — 0.
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Proposed sensorless control scheme

Overview
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Signal model and DCI

What the current sensor actually delivers

Measured current:

idan‘/jan — idan&an + /:daanm
s - s,f s,c
DC: feedback for the current control carrier response: carries (g_m
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Signal model and DCI

What the current sensor actually delivers

Measured current:

idanGan _ G “anGan oG
s - ’Ls,f + zs,c + Zy (27
N
DC: feedback for the current control carrier response: carries (Z_m higher harmonics

Internal model principle: both obey one common model, the fundamental as the DC state ),
the carrier as the rotating state x.:

d To\ _ 0 O; _
dt <wc> - wC(t) |:02 J Z, y= (17 17 0) Z.

H . Saliency-based rotor position estimation
& | MRES J. Rossmann, C.M. Hackl 6/13



Signal model and DCI

What the current sensor actually delivers

Measured current:

idanGan _ G “anGan oG
s - 7’S,f + zS,C + ZI, 1sv
—— ~ —_———
DC: feedback for the current control carrier response: carries ¢, higher harmonics

Internal model principle: both obey one common model, the fundamental as the DC state ),
the carrier as the rotating state x.:

d To\ _ 0 O; _
dt <wc> - wC(t) |:02 J Z, y= (17 17 0) Z.

The DC part is estimated by a first-order DC integrator (DCI)

%53\0 = _wc(t) lo Ty +wc(t) lo Yo, Yo = Zo»

with observer gain l, > 0 scaled by w.(t).
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mSOGI: bandwidth decoupled from selectivity

The core of the demodulator

Carrier current is demodulated by modified second order generalized integrators
(mSOGI)

d= _ ~ Tl s | ~ ~_ T
amc = We |:Jc - lccc :| T + wclcyca Yy=cCe T,
J, c.

with Z, := (@\wc, @wC)T, J. = = (1, O)—r and two independent gains [, = (kc,gc)—r
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mSOGI: bandwidth decoupled from selectivity

The core of the demodulator

Carrier current is demodulated by modified second order generalized integrators
(mSOGI)

~_ Tx
y_cC xC?

dos _ ~ T ~ ~
awc = We |:Jc - lccc :| T + wclcyca
with Z, := (@\wc, f[wc)—r, J.=J,¢c. =(1, O)—r and two independent gains I, = (k., g.

)"

unstable
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mSOGI: bandwidth decoupled from selectivity

The core of the demodulator

Carrier current is demodulated by modified second order generalized integrators
(mSOGI)

d ~ o~ T ~ o~ o~ T~
awc = We |:Jc - lccc :| T + wclcyca Yy=cCe T,
with Z, := (@\wc,f[wu)T, J.=J,¢c.= (1,0)—r and two independent gains [, = (kc,gc)T.
sSOGI
—— mSOGI
sSOGI
@k 4
Peaj2 = ——5 (1i 1‘,72)
R) :
20, .
mSOGI (for g, = —-¢)
@k, s~
Pcij2 = ——35 +jwe

unstable
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Cascaded DCI4+mSOGI

Why a second stage is needed

DCI and mSOGI run in parallel, in a cascaded structure:

J—lc" 0 0 0 ()
PSR le, J-lc' 0 0 P 0 0 _
T = wc(t) 0 0 J— lCT 0 T+ wc(t) 0o I Y, Yo =20
0 0 le;, J-lc' 0 0
with the stage state a;:@o,@\wd@: ) J_[ o 02 ] l _(l07 kca gc)7 CT:(17 17 0) Cc :(07 17 0)7
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Cascaded DCI4+mSOGI

Why a second stage is needed

DCI and mSOGI run in parallel, in a cascaded structure:

J—le' 0 0 0 1 0
N le! J—lc' 0 0 N 0 0 T
d -~ c ~ ~
T = wc(t) 0 0 J— lCT 0 T+ Wc(t) 0o I Y, Yo =20
0 0 le;, J-lc' 0 0

with the stage state a;:@oa@\wd% ) J_[ o 02 ] l _(l07 kca gc)7 CT:(17 17 0)7 C::(O, 1 0)7 2

y:Z an 6&1]
s .

= The second stage sharpens the band-pass selectivity:

= Essential at high speed, where transients of the fundamental currents would otherwise leak into
the PLL error signal.
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Does the second stage pay off?

Single vs. cascaded mSOGI, scalar case without DCI

TTTTT T T T TTTTI] T T T TTTTT T T T TTTIT
Three demodulators compared, normalized to the or

carrier w¢, fundamental at w,/20:

—20

B single stage, k., =1

|G| / dB

B cascaded, same k. =1

single, k:c =1

cascaded, k. =1
—60 = i Ll

o S M MK Ll
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10 10 10 10 10
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Does the second stage pay off?

Single vs. cascaded mSOGI, scalar case without DCI

Three demodulators compared, normalized to the
carrier w¢, fundamental at w,/20:

B single stage, k., =1
B cascaded, same k., =1

single stage, k. reduced until the fundamental
attenuation matches the cascade
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Does the second stage pay off?

Single vs. cascaded mSOGI, scalar case without DCI

Three demodulators compared, normalized to the
carrier w¢, fundamental at w,/20:

B single stage, k., =1
B cascaded, same k., =1

single stage, k. reduced until the fundamental
attenuation matches the cascade

attenuation  tyo; (1%)

at w./20
single, k. =1 —13.8dB 8.6/w,
cascaded, k, = 1 —27.6dB  11.8/w,
single, k. = 0.39 —27.6dB 23.4/w,

= same selectivity, but twice as fast; a single
stage never reaches —40 dB/dec.
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From carrier currents to angle and speed
Error signal and PLL

Angle error:

0
0

iy, 0, ~
us,acn an % lsi:n an _ %qana ;;{Z\ana
0 0 7S‘°2 5 4 S’CQ =< cos(2wet + 2¢.)
—
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From carrier currents to angle and speed
Error signal and PLL

Angle error:

0
0

@, oy @,
us,acn an X zsi:n on = fiaana gaana
0 0 s,cz s,C + ,,(‘.2 s,C COS(QUJCtJrQQOC)
—

DC
The DC part is proportional to the unwanted g,,-current; its sign tells whether the estimated angle is too large or
too small.
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From carrier currents to angle and speed
Error signal and PLL

Angle error:

0
~ —~ N-1
d, 3, a7, 0 sliding average t R
us,acn an X zsi:n on = fiaana gaana g:> ® EII’LL[k:] = C%%Eml § :C[k - Z]
0 0 s,cz s,c + ,,(‘.2 s,c COS(QUJCtJrQQOC) c pard

DC
The DC part is proportional to the unwanted g,,-current; its sign tells whether the estimated angle is too large or
too small.
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From carrier currents to angle and speed
Error signal and PLL

Angle error:
0
~ ~ N-1
d, 3, a7, 0 sliding average t .
(“s,ac" M) x (e ) = | jAang idang_ B epLLlk] = fegtral > xlk — ]
0 0 S U

§,02 — + 2 COS(cht + 2506) N =0

DC
The DC part is proportional to the unwanted g,,-current; its sign tells whether the estimated angle is too large or
too small.

Speed and angle tracking by PLL:

= PI controller with anti-windup maps epry, to the raw

frequency @,. PLL — —
= Pure integration gives $p,an, no additional delay fp.an
in the angle path. E DCI
€pLL ‘ Bp Wp filt

= A parallel DCI removes noise and the 2w, ripple and
yields @, g1 for speed control.
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Test case

4 kW reluctance synchronous machine (ABB)

Simulation environment

cascaded, field-oriented control
space-vector modulator
switching two-level inverter

measurement-based nonlinear machine
model

viscous friction load

Estimator and control tuning

=

Carrier: f, = 2kHz, U . = 50 V;
sampling 8 kHz.

Current loop f; cuy = 50 Hz, speed loop
fa,cut = 1Hz, £ =0.7.

DCI4+mSOGI tuned by pole placement,
v=0.2.

)
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Motor parameters:

Parameter Symbol Value
Rated power P r 4kW
Rated speed Ng R 1500 rpm
Rated torque Mm R 25.5 Nm
Rated current Iy g 9.4A
Rated voltage Uttt R 380V
Rated el. frequency fsr 100 Hz
Stator resistance s 1.62Q
Pole pair number ny, 2
Switching frequency fowm 20kHz
DC link voltage Upc 325V

Inductance

Lé/u

L/

maps

LY/H

over the (i%,i%)-plane; L2, LI% < 0.011 H.
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Simulation results

Speed reversals between —1700 rpm and +1500 rpm

=

|
LMRES

n / tpm

A¢y / deg

time t /s
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Simulation results
Speed reversals between —1700 rpm and +1500 rpm

= Reversals up to 110 % of rated speed,
including zero-speed crossings.

n / tpm

= Estimated and real speed track the
filtered reference with negligible lag.

u ggp stays locked to ¢, at all speeds.

= A¢, near zero; short excursion at
t =~ 5s during a zero-speed crossing,
with fast recovery.

A¢y / deg

time t / s
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Simulation results
Speed reversals between —1700 rpm and +1500 rpm

n / tpm

time t / s
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= Reversals up to 110 % of rated speed,
including zero-speed crossings.

= Estimated and real speed track the
filtered reference with negligible lag.

u ggp stays locked to ¢, at all speeds.

= A¢, near zero; short excursion at
t ~ 5s during a zero-speed crossing,
with fast recovery.

No handover

One estimator from standstill to above
rated speed — no switching between a
low- and a high-speed method.
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Conclusion & Outlook
Summary & Future Work
Summary

= Saliency-based sensorless scheme for RSM: pulsating injection in the estimated anisotropy frame,
demodulation by cascaded DCI4+mSOGI, tracking by PLL.

= mSOGI: two independent gains decouple bandwidth from selectivity — fast and selective.

= DCI: explicitly removes the fundamental current acting as DC offset in the anisotropy frame — the
effect that limits classical demodulators at high speed.

= High-fidelity simulation with a measurement-based nonlinear 4kW RSM model: accurate angle
tracking during rapid reversals up to 110 % of rated speed.
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Conclusion & Outlook

Summary & Future Work
Summary

= Saliency-based sensorless scheme for RSM: pulsating injection in the estimated anisotropy frame,
demodulation by cascaded DCI4+mSOGI, tracking by PLL.

= mSOGI: two independent gains decouple bandwidth from selectivity — fast and selective.

= DCI: explicitly removes the fundamental current acting as DC offset in the anisotropy frame — the
effect that limits classical demodulators at high speed.

= High-fidelity simulation with a measurement-based nonlinear 4kW RSM model: accurate angle
tracking during rapid reversals up to 110 % of rated speed.

Future Work
= Experimental validation on the laboratory drive test bench.

[] Influence of measurement noise, inverter dead time and nonlinearities.
[J Acoustic noise at high speed; operation in the field-weakening region.
[ Parameter sensitivity: temperature drift, magnetic saturation, cross-coupling.
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Summary

= Saliency-based sensorless scheme for RSM: pulsating injection in the estimated anisotropy frame,
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= mSOGI: two independent gains decouple bandwidth from selectivity — fast and selective.

= DCI: explicitly removes the fundamental current acting as DC offset in the anisotropy frame — the
effect that limits classical demodulators at high speed.
= High-fidelity simulation with a measurement-based nonlinear 4kW RSM model: accurate angle
tracking during rapid reversals up to 110 % of rated speed.
Future Work
= Experimental validation on the laboratory drive test bench.

[] Influence of measurement noise, inverter dead time and nonlinearities.
[J Acoustic noise at high speed; operation in the field-weakening region.
[ Parameter sensitivity: temperature drift, magnetic saturation, cross-coupling.

Thank you for your attention.
johannes.rossmann@hm. edu
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