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1 — Introduction

e Assumptions (ideal motor):

* Lyand L, are constant

* noiron saturation (no current dependence)

* no airgap field harmonics (no rotor position dependence)
* Lyq IS zero

* no d-q axis cross coupling
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— Lyand L, are constant ; Ly, is zero

d-q axis as in
IPM motors

Ly <L g
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A=A g SINOT
Nig=0

Sensorless drives

d-q are the actual axes which
position is unknown

d*-g* are the estimated axes
which position is estimated

a hf pulsating flux is injected
along d* (red vector)

a hf pulsating current occurs
not aligned with the flux if
there is a position estimation
error (green vector)
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— Lyand L, are constant ; Ly, is zero
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Sensorless drives

The pulsating flux has a
pulsating g-component
(red) (along the actual
g- axis)

This causes a pulsating
g-component of the
current (green)

Flux and current are
related by the hf g-axis
indutance at the
operating point
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— Lgand L,are constant ; Ly, is zero

Sensorless drives

The pulsating flux has also a
pulsating d-component (red)
(along the actual d- axis)

This causes a pulsating d-
component of the current
(green)

Flux and current are related
by the hf d-axis indutance at
the operating point

If (Ly < L) the d-axis current
is, proportionally to the flux
components, higher than the
g-axis one.




— Lgand L,are constant ; Ly, is zero

Ly < L,
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Sensorless drives

...then the hf current
pulses along a direction
which is between d*-
and d- axes.

This is recognized by
the presence of a
current component
along g*-axis .

A control mechanism
can adjust the estimated
position (of d*) toward
the actual one in order
to nullify the current i,.



— Lgand L,are constant ; Ly, is zero

X A B

* When i,=0, the directions of
d*- and d-axis coincide, as
well as those of the flux and

(L =0 current vectors, because a

current along the d-axis

produces only a flux along

dEdK the d-axis ....
‘ 9 \ me * .. provided that the mutual
inductance Ly, be null!
\ o
‘ X

ip=0

q=9
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— Lyand L, are constant ; Ly, is zero

Voltage injection scheme and e o
current response detection »| injection
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: ; Wine < required to separate hf
quantities from dc
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— Lgand L,are constant ; Ly, is zero

Injection of hf voltages in the estimated d*-g* axes and flux response

Motor equation o 71X = RT* + dir* + ijix
dt

Upny = Upg cOS Wyt

Injected voltages o .
Upg = Upg Sinwpt

UhgwWh—Upqwy

X . A =
Resulting fluxes Aha = Ana Sinwpt . hd Wh—w%
& *ax with U U
ha — Ahq CoS wpt _ Yhd@Wx—UhqWh
q Ahq - 2 2

Stator resistance voltage drop is neglected
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— Lyand L, are constant ; Ly, is zero

Injection of hf voltages for pulsating flux and current response

* Assuming U, =U,,0,/0, itresults

— Uhd
Ana= @h  and
Ahq —
iX = —hd (] 4 [, cos2A9) sinwpt = I, sin wpt
ha= G rary oz T o h hd h

* . X | ~ U d . . _ .
ihg —[thqu (LASUlZAﬁ)}Sln wpt —1n wpt

with Ly =(L,-Ly)/2
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— Lyand L, are constant ; Ly, is zero

Demodulation (hf current detection) and speed/position observer

Positive I, increases
estimated speed and
thus A9 and viceversa

This is forced to
zero by Pl action

-
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Ipgsin? wpt = Ipg/2 - Ipg/2 cos 2wyt
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— Lyand L, are constant ; Ly, is zero

Observer convergence in the I, - A9 plane (1,,=0 = (Lpsin2A9)=0)

Positive I, increases

i O stable | | estimated speed and
Right point % unstable thus A9 and viceversa
I |h =
hq o < L
// ® @ @ O
Opposite d-axis
direction

180,90 .. .0.. .. .90 . . 180=-180
At [degrees] ' DOROEED
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2 — Effects of d-q axis cross-coupling

* Assumptions:

* Lyand L, are constant

* noiron saturation (no current dependence)

* no airgap field harmonics (no rotor position dependence)

. LWro Ldq is constant # 0
* nod-q a%ss coupling
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— Lyand Ly are constant ; Ly, is constant # 0

Current response and estimation error equations

U .
A L —L Asin2Af — Lggcos2A0
M Sn(Tale— I3 A" i c0s300)
>0 = 2A6) = “ds
h tan(2A0) = 7
A

= &= Af= %arl'ctan (‘f:;iq)

—_

L4q should be as
small as possible for
accuracy reasons.
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— Lyand Ly are constant ; Ly, is constant # 0

Observer convergence plot ( lhe=0 = tan(2A60) = —Lqu )
A
— g*‘(—
10 | 1 —
O stable e £ (2 A )
#¢ unstable —-L 4o/l A

10 | Pog |
-180 -90 0 90 180

A9 [degrees]

11/27/2019 Sensorless drives 16



3 — Effects of iron saturation

* Assumptions:

*Lyand L, a&onstant
(no i%uration, no rotor position dependence)

«>>> =Ly(igi), &= (ig.i,) (differential)

. L;;?g zero Lyq is%cant z0

*>>> Ly =L0(i.1,) # 0 (differential)
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e =i, &=l Lo = Ligliio)

Measured Inductance maps of a SyRM

o [p-u]
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Measured Inductance along I*=0.5 and I*=1 (angle measured

from MTPA)

250
200}
150 | 2|

100 |

£ [mH]

-180 -90 0 90 180
A1} [degrees]

11/27/2019

£ gq[mH]

Sensorless drives

-180 -90 0 90 180
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- £d=£d(id'|q)f £q=£q(id'|q)’ tdq=£dq(id'|q)

Current response equation in presence of iron saturation

Uy, e e ,
P = . Ca(2g, 200) + €4, (74, 0s(2A7
& wh (€5, (id:1q) — Ca(ia, iq)gq(id,iq))[ i) Sin(2A5) + bag i ig) eos(209)
In case of sensorless drive:
ig] _ [cos(Ad) —sin(Ad)] [ig] _ [f(*,A9)
ig] ~ |sin(Ad) cos(Ad) | |i7| T |g(:*, AY)
Ing (3, A9) = U [0 (3%, AD) sin(2A9) + Lay(i*, AD) cos(2A9)]

(3 (i, AD) — La(i, Ad)lg(i*, AD))

_Edq(li*L Ad)
ta (], A0)

Ihq% 0 = tan(2Ad) =
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e =Ll &= Lligie) L= Ligliio)
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Observer convergence in the I, - AG plane (1,,,=0)
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- ldzld(ld’lq)’ lqzlq(ld’lq)’ ‘dqzldq(ld'lq)

Observer convergence points (l,,=0) for M*=0.5

@ @
5 3 ' 1%
m—tan(2A4)

O stable = ldq(Aﬂ)/lA (A9)
¢ unstable /

0 ®

£,=0
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— £d=ld(|d’|q)’

b, =L (igig),  Lyq=Lyoligig)

Observer convergence points (l,,=0) for M*=1.0 NO SOLUTION!

Equation

tan(2Av) =

 Lag([7], A)

(A (P, A0)

has not solutions
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e 4= lligid), L=, Lo = Liolinio)

* Compensation: two types of compensation can be
incorporated for
 achieving convergence at any torque level
* increasing stability margin
* increasing accuracy

* Angle compensation

* Current compensation
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- £d=£d(id'|q)f £q=£q(id'|q)’ tdq=£dq(id'|q)

* Scheme with Angle and Current compenstion
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- ‘dzld(ld’lq)’ lq:‘(q(ld,lq), quzqu(ldﬁlq)

Observer convergence points (l,,=0) with both compensations and for M* =1 :
margin is large
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4 — Effects of airgap field harmonics

* Assumptions:

* Lyand L, are constant with the current but varying with rotor position

* (no iron saturation, no rotor posi dependence)

* >>> Ly=L4(0.), Ly=Ly(0

me)

* Lyq i% Lyq CONstant with the current but varying with rotor position

* >>> Ly, =Ldg(9me) =0
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= Lg= Lg(Ome)s Ly = Lg(Ome)s L = LyolO

me)

* In case of airgap field harmonics (due to winding
distribution (an example is the fractional-slot winding))

* d and q self inductances vary with the rotor position

* d-q cross inductance appears (even if iron saturation is not present),

variable with the rotor position and with null average value. Then

1 — qu(ﬁme) )
&= Af= = arctan (
- Lﬂ(ﬁme)
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and current compensation. Light iron saturation is also present.
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- Ld = Ld(ﬁme)) Lq = Lq(ﬁme)l qu = qu(ﬁme)

Measured estimation error in presence of airgap field harmonics and fixed angle
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360

The maps previously
shown are changing
with the rotor
position in periodical
manner
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5 - Conclusions

* Self-sensing capability of Synchronous Motors (by pulsating hf flux injection) is
affected by iron saturation and air-gap field harmonics

 Self-sensing capability is difficult in high torque operation.

* Some «compensations» can be introduced for improving perfomance and
accuracy.

Next future EDLab activities

* Rotating hf flux injection exhibits similar limits and troubles, but has additional
features.

* Qverall perfomance can be improved by a proper design of the motor.
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