IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 2, FEBRUARY 2025

2887

Reduction of the Effect of Machine Saturation
on the Quality of Self-Sensing Control

Niklas Himker”, Member, IEEE, Pieris Sourkounis

Georg Lindemann

Abstract—Saturation effects are one of the main challenges
arising in rotor position estimation for a permanent magnet syn-
chronous machine (PMSM). In this article, a method to cope
with saturation effects for self-sensing control (SSC) of PMSMs
is derived analytically. The applied SSC algorithm is based on a
numerical optimization of a residual, which includes the induc-
tance matrix of the machine. By taking the cross-coupling between
the d- and g-axis into account, not only is the estimation error
minimized, but also the application of SSC is enabled at heavily
saturated operating points. This is achieved by using the additional
information provided by the mutual inductance, which is used
to model the cross-coupling. Furthermore, harmonic estimation
errors caused by saturation effects are eliminated by applying a
simplified analytical model of the harmonic components to the in-
ductance matrix. With these approaches, the effects of saturation on
the quality of the SSC are significantly reduced. Since both of these
methods rely on exact knowledge of the machine’s inductances, a
technique to determine these is provided. All results are validated
experimentally.

Index Terms—Cross-coupling, multiple saliencies, mutual
inductance, numerical optimization, self-sensing control (SSC).

1. INTRODUCTION

HILE the use of an encoder for a field-oriented control
(FOC) is and has generally been the standard approach,
there is a long history of using self-sensing control (SSC) for
permanent magnet synchronous machines (PMSMs) [1], [2].
The ambition to run a PMSM with SSC promises a reduction of
the overall cost and size of the drive, or alternatively, the option
to ensure safe operation of the system if an encoder fails [3].
The research in this field has resulted in two different ap-
proaches. The first is the evaluation of the back-electromotive
force (EMF), which utilizes the direct relationship between
the rotational speed of the machine and the induced voltage
due to the EMF. But since this method is only applicable
at medium and high speeds [4], a second approach which
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is based on the inherent anisotropy of the inductance matrix
of a PMSM has been developed [1]. Rotor-fixed variations
of the magnetic reluctance introduce the anisotropic behavior
of the rotor, which is a second-order harmonic of the stator
inductance dependency on the rotor position and makes
anisotropy-based position estimation possible at low speed and
at standstill [1]. These anisotropy-based SSC schemes rely on an
excitation with a high-frequency (HF) signal [5]. In this article,
the voltage signal is a square-wave injection (SWI), which is
injected with pulsewidth modulation (PWM) frequency [6].

The beneficial behavior of the rotor-fixed variations of the
stator inductance is superimposed by saturation. The saturation
introduces effects that impact the SSC capabilities negatively,
if they are not compensated for. These are namely the cross-
coupling effect, modeled via a mutual inductance [7], and mul-
tiple saliencies [8], [9]. These negative effects and a possibility
to compensate for them constitute the main topic of this article.

A mutual inductance will, if not considered properly, intro-
duce an estimation error of the rotor position [10]. The coupling
of the d- and g-axis leads to a current response in the g-axis when
the d-axis is excited via a voltage signal, which can be misin-
terpreted and results in a falsely estimated rotor position. This
characteristic is well known, and leads to a constant component
of the estimation error [11], [12].

If the mutual inductance and the self-inductances are known,
the compensation can be achieved by adding the calculated value
of the estimation error to the initially estimated rotor angle [13].
In [14], [15], and [16], an additional reference frame for the
rotor position estimator is introduced. The mutual inductance
basically introduces a rotation of the second-order harmonic
of the rotor-fixed saliency. Thus, the minimum of inductance
(usually oriented on the d-axis) is rotated by a certain angle. The
additional reference frame is always oriented in the direction of
the minimum of inductance. This results in the inductance matrix
being diagonalized, i.e., there are only self-inductances and no
mutual inductance in the additional reference frame. For this
approach, the injected signal and current are also oriented in the
d-axis of the additional reference frame [16].

In the method proposed in this article, the position of the
rotor is estimated based on the current response to the HF
voltage signal using numerical optimization [17]. An estimator
that accounts for the mutual inductance in the residual, which
is minimized by the numerical optimization, is investigated
with a special focus on the information provided by the mutual
inductance. This approach allows the mutual inductance to be
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used for position estimation when the self-inductances in both
axes are equal due to saturation [18].

While the second-order saliency is exploited to estimate the
rotor position, higher order saliencies translate into a harmonic
variation of the inductances with the rotor position. The resulting
discrepancy between the actual and assumed inductances leads
to an oscillating error in the estimation when the machine is
rotating.

There are some heuristic techniques, which can be used to
reduce this harmonic error. In [8] and [16], the current response
of the injected voltage signal is measured while using an encoder,
thus resulting in a measurement that only contains the mismatch
between the system and the applied model, since the position
error is always zero due to the encoder. By subtracting this
measured signal from the current response in SSC operation,
these unconsidered effects are compensated for. Alternatively,
resonant filter structures can be used to reduce the harmonic
error in steady-state operation [19].

In this article, an analytical model for multiple saliencies
and their effect on the inductances is proposed. Based on this
modeling, the inductance values used in the rotor position
estimation are adjusted as a function of the estimated rotor
position. In this way, saliency of higher order is anticipated in
the model and in the residual. As a result, the rotor position
estimate remains error free. This eliminates all effects on the
rotor position estimation error that occur due to saturation of
the PMSM, which corresponds to the main contribution of this
work.

To use both the mutual inductance and the multiple anisotropy
in the rotor position estimation, it is essential to identify the
rotor-dependent inductance matrix. In this article, a method for
the determination of the inductance matrix is presented. The
method uses the residual of the numerical optimization for SSC
and a position sensor.

In the following Section II, the utilized model of the PMSM
and SSC scheme is introduced, along with a description of
the test bench used. Section III deals with the determination
technique for the inductance matrix. The effects introduced
by the mutual inductance and its compensation are analyzed
in Section IV. In Section V, a method to suppress harmonic
estimation errors due to multiple saliencies is provided. The two
methods are validated in the corresponding sections. Finally,
Section VI concludes this article.

II. FUNDAMENTALS

In the following, the model of the PMSM and the adaptation
law of the SSC with numerical optimization are presented.

A. Model of the PMSM With a Mutual Inductance and a
Higher Order Saliency

The model of the PMSM is based on the stator voltage (“#)s
in the a/5-reference frame. The ohmic voltage drop and the law
of induction lead to

> dapg
(aﬂ)U:R(O‘ﬁ)z+£( A7 (1)
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The stator resistance R is assumed to be isotropic. The current
in the a3-reference frame is (@A)7 and the flux linkage of the
stator is (*)%. The flux linkage from the dg-reference frame is
transformed by

af af d
%( W — %( )T(l )( )7 )

cos(Yel)

o o8 (Yet)
| mT(dq) - (Sin(%l)

_ Sin(’yel)> 3)

into the stator-fixed reference frame. Since the transformation
matrix (“#)T 44) (by using the rotor position 7.1) and the flux

linkage (49 ¥ are dependent on time, the product rule is used for
derivation. This results in

d, .= d N d .
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The voltage differential equation of the stator is transformed into
the dg-reference frame, yielding
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with

d 0 —1
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The flux linkage of the PMSM depends on both the permanent
magnet and the current, and can be represented in the sum as

(da)g — (dQ)LﬁL + (dQ)@PM ) (7)

The flux linkage (“%py; indicates the part that is contributed
by the permanent magnet. The other part (Y9, is contributed
by the stator current. This is set up with

@G = Ly ((dq);’) (da)7 (8)

by using the secant inductance. The secant inductance

Lo — Lao Laqo
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)

is used [20]. The index d or g is used for the respective self-
inductances. The mutual inductance (also known as the cross-
coupling inductance) is indicated by the index dq and is assumed
to be identical for the entries of the secondary diagonal. The
dependence on the rotor position is represented by a sum in
which a linear superposition is assumed [20]. In this article,
only the sixth harmonic of the inductance is considered, as this
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is the most significant harmonic of the device under test. The
index 0 is used for the direct component of the inductances and
the index 6 is used for the harmonic of the inductance. The
harmonic functions of the inductances are assigned with an angle
¢ and a corresponding index. If necessary, the inductance can
be extended by any harmonic [20].

The flux linkage of the permanent magnets is considered
without higher order harmonics, as the focus is on the evaluation
of the inductances. This results in

@)y, — (WPM,d,()) .
0

In addition, the flux linkage of the permanent magnets is as-
sumed to be independent of the current, as a measurement-based
evaluation of this flux linkage is not part of this work. The
time derivative of the flux linkage is calculated by the total
differential [21], which yields

(10)
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4 _ 40 d gy
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This results in an induced voltage due to the rotor position-

dependent secant inductance with

d

dt
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The differential inductance is likewise defined by
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with a dependence on the rotor position, taking into account the
sixth harmonic. For the differential inductance L’ and its angles
¢, the same notation for the indices is used as for the secant
inductance. The sixth harmonic is chosen because it is the most
significant harmonic of the device under test.

qu_ﬁcos 6'yel+<p:jq76

B. Model in the Estimated Reference Frame

For the model in the estimated reference frame, the rotor
position error

Yer = Vel — ’3/61 (14)

with the estimated rotor position 7 is defined and the transfor-
mation matrix
— sin(7er)
cos(Yer)

mm@:@mm

sin(Yer) (15
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is used. The model of the PMSM in estimated coordinates is
derived, using the model of the PMSM with the fundamental
behavior

— - d - g =
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The rotor position error 7., is used and the equation is trans-
formed into
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The inductance in the estimated reference frame leads to
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Based on the inductance in the estimated rotor-fixed reference
frame, an approximation for small rotor position errors with

L L —L AL
Lag = (0 9% + 290 | 70 (23)
q Laqo Lqo AL Lag,0

is applied [22]. The estimated differential inductance has the
same shape, but is labeled with the symbol ’.

C. Quasi-Direct (QD) Position Estimation

The QD calculation of [23], [24] with the nomenclature of [24]
is used. The adaption law of the QD calculation is defined with

’Ayer(kﬂ. + 1) = ﬁer(kvi)

AL AL -1
B 22‘711 sgn [((dq)ﬁFIE (;yer(k’ Z))T (dq)"}FIE (’Ayer(ka Z)))
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iterative part
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Fig. 1.  Structure of the QD calculation [24].

The operator for a discrete sample is k. The Jacobian matrix is

given by
. Or4,FIE
(da) ~ — Der _
JFIE = | argpe | =

Oer

O a-
(da) =
Do B

(25)

The residual (97 is derived in the next section. A basic
structure for the quasi-direct (QD) calculation is shown in Fig. 1.
Equation (24) is solved iteratively with the counter ¢ and the
calling rate of the QD calculation is fop. The speed is estimated
via an integrator with the time constant Tqp 1 [23]. The estimated
speed is also used to feedforward the position change of each
call of the estimator via the angle 4step.

D. Residual With Consideration of a Mutual Inductance

The QD calculation optimizes a residual, which is derived
from the stator voltage equation of the PMSM (19) [17]. An
excitation with an SWI [6] at PWM frequency is required.
Within [17], an integral over two consecutive passive switching
states (PSs) and their following active switching states (ASs) are
used to derive the residual. An example of a PWM period with
injection of the SWI into the d-axis of the machine is shown in
Fig. 2.

The upper plot in Fig. 2 shows the modulation indices (a}, ay,,
and a}) of the three phases and the reference signal a,.r of the
PWM generator. A fundamental voltage in the g-axis is present
and the voltage of the d-axis alternates due to the SWI, which
leads to the modulation indices shown and the voltages of the
second plot of Fig. 2. In the third plot of Fig. 2, the terminal
voltages of the PMSM are shown and the AS and PS of the
converter are highlighted. The bottom plot shows the current of
the PMSM with a colour-coded slope of the d-axis current in the
AS and PS.

The differential equation of a PS yields

0 = R@Dpg + welJL(dq)(aQ);PS + wgd DTy
= d .-
L B + iy 00T
For the two ASs of one PWM half-period, the differential
equation is

(26)
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Fig. 2. Voltage and current of the PMSM during a PWM period with SWI.

In both equations, the variables used are assumed to be their
mean values over the switching state (marked with ~) and
denoted by the indices PS and AS, respectively.

The integrals over the ASs and PS of one PWM half-period
are subtracted from one another to eliminate the fundamental
components. The time interval for both integrals is the length
of the ASs tag. In addition, the intermediate results from two
consecutive PWM half-periods are subtracted from each other to
compensate for measurement errors. Details of these steps can
be found in [17]. To distinguish between the values of the two
PWM half-periods, the discrete variable & is used. As a result,
the equation

0= DG (k —1) — @IF*(k)
~Liag—7 | g “Vias(k = 1)

d o
— — (D jpa(k —1
pF ips( )}

2tAs(k)
T

d - d -
+ Ligqg) [(dq)ZAs(k) - dt(dQ)ZPS(k)] (28)

dt

is derived. This equation is simplified by the substitution of the
current increments

A .
=2 [da)ii
A7 i(k—1)

Aas(k—1)[d,, .~ d, -
_ ZASVV T ) & () E—1)+ —[a)jpg(k —1
T T ZAS( )+dt ZF‘S( )
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This leads to the equation
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which is used in the estimated reference frame as the residual
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of the flux increment estimator (FIE) with the differential in-
ductance matrix being dependent on the rotor position error [cf.
(23)]. In order to use the residual in the QD calculation, its
Jacobian

R OTd,FIE 9
dg) ~ or _ da) =
( Q)JFIE — (84@;) ( Q)TFIE

Per Oer
_4 (-Léq,o AL') {A(afn;(k _1)
AL Ly, LAt

_ A(afl)f(k):| (32)

At
is calculated. Note that the mutual inductance of the PMSM is
inherently used.

E. Residual Without Consideration of a Mutual Inductance

In order to obtain a comparison of a rotor position estimation
method with and without the consideration of mutual induc-
tances, the residual is derived without the use of the mutual
inductance. Not using the mutual inductance within the deriva-
tion is a common practice in SSC. This is only for the purpose
of comparing the results on the same test bench with the same
rotor position estimator.

The residual of the FIE is

() e = [ (k) — @Dk — 1)
- A Gy A Gy
/. da)7 (e 1) — (da);
+L(dq) [At i(k—1) A7 z(k)] . (33)

Modifying the residual to give the variant, which does not use the
mutual inductance, the differential inductance matrix becomes

N S 0 AL
Ly ==L (o RN (34)

with (Lqq = 0). This leads to the Jacobian

OT4,FIE 9 -
a:}/el' _ (d(i) :
(07"%”]3 ) = % T'FIE
OFer er
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TABLE I
PMSM RATED VALUES AND MACHINE DATA
Rated current (RMS) I 6.7 A
Rated torque M, 0.5 N-m
Rated rotational speed  n, 5850 min~!
Phase resistance R 0.39Q
Flux linkage Yom 8.05 mVs
Number of pole pairs P 4
TABLE II
CONTROL AND ESTIMATOR PARAMETERS USED
P-gain current control KFDE-QD,i P 1.5V/a
Time const. current control TFDE-QD,i,N 0.5 ms
Iterations lop 4
Initial step width TEDE-QD 5.4-1073 rad
Integrator time const. Topi 3.3 ms
SWI amplitude VHE 5V
P-gain speed control KFpE-QD,0,P 0.061 A -min
Time const. speed control TFDE-QD,0,N 15.9 ms
P-gain position control Kyp 70 m
0 AL/ A PN A A\
—9 —(dQ)z(k -1) - 7(dQ)Z(k)
AL 0 At At
(35)

which only has entities on the secondary diagonal.

F. Experimental Test Setup

For the experimental investigation, arapid prototyping system
is used, which consists of a Xilinx Zynq 7000 System-on-a-Chip
(SoC). The structure of the control is shown in Fig. 3. As an input,
the setpoint of the rotor position 7}, controlled by a P-controller,
is used. The setpoint of the rotor speed wy; is fed through a
low-pass filter (LPF) to the PI-controller for the rotor speed. A
maximum torque per current control strategy is used to define the
setpoint current (d4)7* for the FOC, using the setpoint of torque
M* as an input. The HF voltage (19 #* is added to the setpoint of
the FOC, which yields the output voltage of the converter (19 7,
This voltage is transformed into the stator-fixed reference frame
and used to generate the gate signals of the converter g ¢ via a
PWM generator. The converter has a dc-link voltage of 48V and
a switching frequency of fpwy = 10kHz.

The analogue-to-digital converter for shunt-based current
measurement are driven by the programmable logic (PL) with
a sampling frequency of 1 Mb/s. The current measurement is
limited by an analogue LPF to a bandwidth of 600 kHz and a
digital grey-box model filter is used to reduce the influence of
parasitic effects of the machine according to [25], [26]. Due to
the high sampling rate, the slopes of the currents within a PWM
period can be determined by a least mean squares algorithm
in the PL. In addition, a field programmable gate array-based
high-dynamic dead-time compensation [27] is used. The rated
values of the machine under test are given in Table I.

The device under test is connected to a load machine via a
torque measuring shaft as shown in Fig. 4. The combined inertia
of the system is 0.2578 - 1072 kg - m2.

For the estimator, position control, speed control, and FOC,
the parameters of Table II are used. The current control of the
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Fig. 3. Block diagram of the FOC as SSC (based on [23]).

Torque sensor
Load machine

Device under test

Test bench.

Fig. 4.

FOC is tuned using the method of an optimal amount. The speed
control and the parameters of the FIE-QD are set according to
the analytical solution of [24] with a time constant from the
QD calculation of Tgp1 = 3.3 ms. The position control is tuned
empirically.

III. DETERMINATION OF THE INDUCTANCE MATRIX

The proposed method for SSC is dependent on the values
of the inductance matrix. Thus, a determination method or a
calculation of the machine parameters is mandatory. Here, a
determination process for the inductances is proposed, which
uses the residual of the FIE-QD and the mounted encoder.

The following determination process is performed for every
measured rotor position and every operating point of the ma-
chine. To simplify the equations, the determination process is
shown for one rotor position and one operating point.

Using the measured rotor position, the residual is assumed to
be zero

. . A g7 =
() i = (19 gy — Ll(aq)Kt(dq)'LFIE =0. (36)
Here, the simplification
G A—— (dCI),D”*‘(k) — (dCI),D”“‘(ka -1) (37)
and
A g A g A g
= da)y o — = ([da)Fpy — (AT 38
Ar FIE T A i(k) Al i( ) (38)

are used. To determine the inductances, three linearly indepen-
dent voltages

+v
) Ferp v = Vo0 + ( 0HF> (39
0
(A9 G m2 = AV Tpoc + ( ) (40)
Fvpp
and
(da) 2 _ (da);z 1
UrtE,M3 = \ VUroC * VAR 1 (41)

are injected for each rotor position. Combining the three in-
dependent voltages and the residual (36), the overdetermined
system of equations for one rotor position and one operating
point

0= [(d%FIE,MI (99) s nro (dq)ﬁFIE,MS}
A = Ao Ao
. (da); (da); (da);
(dq) [At Vipre, M Al ViriE,Mm2 AL 4 ZFIE,MS]
(42)

is defined. This system of equations is solved via an offline
nonlinear numerical optimization. As a further constraint, the
mutual inductances on the secondary diagonal are assumed to
be identical, that is, Léq = Lﬁld. The optimization problem is
set up by defining the function

A(Ligq) = [(dq)ﬁFIE,m (49 G152 (dq)ﬁFIE,M3:|
A - A o A
— Ligq) [At(dq)ZFIE,Ml E(dq)lFIE,M2 At(dq)ZFIE,M?;]
(43)
with
A(Ligg) = an(Laq)  a12(Liag) - a13(Ligq)
U e (Ligg)  an2(igg)  a2s(igq)

(44)



HIMKER et al.: REDUCTION OF THE EFFECT OF MACHINE SATURATION ON THE QUALITY OF SELF-SENSING CONTROL

T T T
e W an i LY Y SV — L
o 250 11—z
=
g 225 N
~ A NI e N o NIt W Ca o NV
200 - ‘ ‘ ‘ .
0OF T T T ]
&l —
= 2oL | | | ]
-180 -90 0 90 180
Yel in °
Fig.5. Determined inductances at ¢q = 10 A, iq = 0 A and over one electri-

cal revolution.

In addition, the cost function

2 3
o( ,(dQ)) - \/Zi_l Zj:l |a"j(Ll(d':1))|2

is used. By using a nonlinear optimization, the minimum of the
cost function

(45)

Liyq) = arg Ir}lin C(Ligy) (46)

(da)

is searched for by varying the values of the inductances. This
yields the example result according to Fig. 5 for a g-current
of iq = 10A, a d-current of iq = 0 A, and over one electrical
revolution.

These results are generated for each operating point over one
electrical revolution. Through the use of a fast Fourier transform
(FFT), the direct component (shown in Fig. 6) and the sixth
harmonic (shown in Fig. 7) of the inductances are determined.

Each result in Fig. 6 shows valid behavior for the direct
component of the inductances. The self-inductances decrease
as the machine saturates (iq > 0 A or |iq| > 0 A) and increase
as the machine is desaturated (iq < 0 A). For the mutual in-
ductance, the values increase with increasing g-current, while
the sign of the mutual inductance alters with reference to the
g-current. The quality of the results for the direct component of
the inductances shows a high signal-to-noise ratio compared to
previous work (cf. [23]), due to the value being determined over
a whole electrical revolution, which consists of 2000 individual
rotor positions.

All three magnitudes of the sixth harmonics of the inductances
of Fig. 7 show qualitatively similar curves, whereby the magni-
tude of the sixth harmonic increases with increasing saturation of
the stator yoke. When looking at the phase of the sixth harmonic,
a phase shift of approximately 7 between the d-axis and g-axis
becomes apparent. The mutual inductance has a phase shift of
7/2 relative to the d-axis. Overall, the inductance curve can, thus,

be approximated as
i
qu,O
!
L q,0

(o) = <L,d’0
4 Léiq,O
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Fig. 6. Measured direct component of the differential inductances of the
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Rl + 67a) (AL6 0 ) 7

0 —ALg
For this purpose

cos (ag + 67e1)

sin (ag + 671)
R + 67e1) =
(0 67a) (— sin (ag + 67e1)

cos (ag + 67e1)
(48)

is used. The value of the inductance is ALj and the phase is ag.
A modified inductance has been used on the test bench. This is

described by
L L —AL; 0
L= |40 7da0) 4 Riaf + 67 0
(dq) <Li‘iq,0 Lo (o + 67e1) 0 AL
(49)
with
g =ag— T . (50)
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Fig. 7. Determined magnitude and phase of the sixth harmonic of the induc-
tances against the g-current at a d-current of 74 = 0 A. (a) Magnitude. (b) Phase.

The phase g was chosen to avoid a phase jump in the result. This
allows the result to be stored in a look-up table without causing
a problem when interpolating. To determine the inductance and
phase, the complex inductance

1 x
ALg = 3 (—Lae + Lo + Lags - €'?)

_ Lim (COS(Z(LQLG) + )+ sin(Z(L’d’G) + w))
3
o (cos(£(Ly6)) + 7sin(£(Ly 6)))
3
L6 (c0s(£(Lag 6)+7/2)+7 sin(£ (Lo 6)+7/2))
3

+

(5D
is used and the magnitude and phase are calculated as

ALg = |ALg| and ag = Z(ALg) (52)

The results for the sixth harmonic magnitude A Ly and phase o
are shown in Fig. 7(a) and (b).

IV. EFFECT OF THE MUTUAL INDUCTANCE

In this section, the effect of a noncompensated mutual induc-
tance and the use of the mutual inductance within the residual
of the estimator are investigated.

A. Simulation Results

In simulations, a synthetic parameterization of the machine is
possible. This is used to compare the residuals with and without
the use of the mutual inductance. For this purpose, the mutual
inductance is set to rise proportional to the g-current to achieve
the results of Fig. 8. On the left, the mutual inductance is not used
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Fig. 8. Comparison of the rotor position error with and without consider-
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Fig. 9. RMS value of the rotor position error against different values of the
difference of the self-inductances AL’ and the mutual inductance Léq

within the residual, while on the right, the mutual inductance is
used.

Using an estimator which does not account for a mutual
inductance [shown in Fig. 8(a)] and which uses an alternating
signal for estimation, the stationary estimation error is given by

L ilq 0 >

AL
which is widely known in the literature [11], [18], [28]. In the
result of Fig. 8(b), no stationary estimation error arises, due to the
use of the mutual inductance within the residual of the estimator.
Only small estimation errors occur in the transient states.

An additional opportunity lies in the use of the mutual in-
ductance as a source of information for anisotropy-based SSC.
When using the mutual inductance within the residual, the
position can be estimated even at operating points with equal
self-inductances of the d-axis and g-axis (L = L) and a suf-
ficient mutual inductance (L&q # 0). This is shown in Fig. 9.
The difference between the self-inductances AL’ and the mutual
inductance L/, are varied in simulations and the root mean
square (RMS) of the rotor position estimation error over one

electrical period is plotted for each combination of AL’ and
Lg

1
Yeor = — atan < (53)

q-
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Fig. 10. Closed-loop SSC in position control without compensation of the
mutual inductance. Rated torque is applied (left), reversed (centre), and reduced
to zero (right).

The results show that the estimation of the rotor position only
fails for the points where both the difference between the self-
inductances AL’ and the mutual inductance Lg, are small. The
other points can be estimated with a low estimation error. This
result is only shown for the residual using the mutual inductance,
because the variant which does not use the mutual inductance
becomes unstable for the points with a small difference between
the self-inductances AL'. In addition, the stationary estimation
error for this variant is known [11], [18], [28].

B. Experimental Validation

To evaluate the compensation of the mutual inductance, the
device under test is position controlled and different loads are
applied via the load machine. The load torque steps from zero
load to rated torque, and then the rated torque is reversed and
finally set back to zero. The results without compensation of the
mutual inductance are shown in Fig. 10.

In the first row, the currents are shown. The second row shows
the measured and estimated rotor positions, followed by the
rotor position error. In the last row, the measured and estimated
speeds are shown. In the results, the rotor position estimation
remains stable and the estimated position 9, is controlled to zero
degrees in stationary states. While the device under test is
stationary, the expected rotor position error caused by the mutual
inductance is present. In transient states, a harmonic error and
a speed-dependent error are superimposed on the error of the
stationary state.

The next results are obtained with compensation of the mutual
inductance and are shown in Fig. 11.

Again, the rotor position remains stable, but the estimation
error decreases to zero in the steady state. Both the harmonic
error and the speed-dependent error only arise in transient states,
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Fig. 12.  Spectrum of the steady-state rotor position estimation error using the
compensation of the mutual inductance at n = 20 1/min and different g-currents.

validating the compensation of the mutual inductance exper-
imentally. It should be noted that the estimation error during
transients is reduced as well.

To quantify the remaining harmonic error, an FFT of the rotor
position error in the steady state for different g-currents over an
electrical revolution at n = 20 /min is shown in Fig. 12.

As the results show, there is only a sixth harmonic error
present. The other harmonics and the direct component are
below 0.5° in magnitude. This motivates the investigation of the
sixth harmonic, which is carried out in the following section.

C. Parameter Sensitivity

In the following, the parameter sensitivity of the estimator
is investigated. For this purpose, the values of the difference in
self-inductances and the mutual inductance used in the estimator
are varied according to

!/ / /! /
d,est — Ld,O + ALOH > L

q,est — 22170 - ALE)H (54)

AL,est = AL + AL/off and L:iq,est - LZiq,O + LZiq,off' (55

This parameter variation is done in two different operating
points with different differences in self-inductances and mutual
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inductances. The result for the mean value of the estimation error
over an electrical revolution at n = 20 1/min is shown in Fig. 13.

In Fig. 13(a), an operating point with no mutual inductance
is shown. Here, the mean value of the estimation error remains
zero, when the offset value of the mutual inductance Ly, o is
zero. For values of the offset of the mutual inductance unequal
to zero, the mean value of the estimation error is approximated
by

L/
Vor = %atan (A?’::) for Ly, o=0pH . (56)
Thus, the mean value of the position error has the same mag-
nitude as the error for an uncompensated mutual inductance of
(53), but with an alternating sign.

The result of Fig. 13(b) shows the behavior with a mutual
inductance. In this case, the mean value of the estimation error
remains zero for a diagonal line on the plot. In both cases, the
mean value of the estimation error remains zero if the ratio of
the mutual inductance and the difference in self-inductances re-
mains unchanged. Specifically, the values used by the estimator
must meet the requirements

ALy =c- AL and Ly o = ¢+ Lyq o (57)
with ¢ being a positive real number unequal to zero

ceRT . (58)
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Fig. 14.  Rotor position error over one electrical revolution at n = 20 1/min,
ig = 10A,andig = 0 A.

This behavior is a positive feature of the estimator, because
the amplitudes of the inductances are not of importance. Only
the relative values of the inductances must be measured, which
reduces the influence of systematic errors within the determina-
tion of the inductances.

V. EFFECT OF THE MULTIPLE SALIENCY

First, an analytical equation to calculate the resulting estima-
tion error due to a higher order saliancy is derived. Then, the
error due to the higher order saliancy is compensated.

A. Analytical Calculation of the Rotor Position Error

To analytically describe the estimation error due to a multiple
saliency, the point of convergence is sought. At the point of
convergence, the inductance matrix without the sixth harmonic
is equal to the inductance matrix with the sixth harmonic. The
degree of freedom is a rotor position error between the two
inductance matrices. The equation results in

(dq) Lii 0 ,d 0| (dq)
YT (aq) - ,q’o T (aq)
q, q,

/
Ld,O

L AL 0
= 400 ) + R(ag +67a) | °

Lo Lo 0 —ALg
(59

Here, the left-hand side is the inductance matrix without a
multiple saliency, which is rotated by the rotor position error.
On the right-hand side, the inductance matrix with a multiple
saliency is used. The estimation error is calculated by solving
the system of equations, yielding

VAL? a+ L), P =ALGLL o sin(6ve+ag)

2

atan (L’dqyo\/EAL’L’quO—O—AL’AL’G sin(6ve1+ae) )
Yer = — (60)
with
a=AL? - ALL%sin? (67e + )
+ 2Léq’0AL'6 sin (671 + ag) - (61)

In Fig. 14, this calculation is compared with the experimental
result of the FIE-QD at a g-current of iq = 10 A.
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The calculated and measured rotor position errors correlate
closely. Since (60) is a complex term to be interpreted, a simpli-
fied case without mutual inductance (L;mb0 = 0) is considered.
This results in

_ flatan AL'ALgsin (67e + o)
2 \/AL’4 — AL/QAL%ZSHIQ (6e1 + )

Ver

(62)
As long as the magnitude of the sixth harmonic of the inductance
is significantly smaller than the difference between the self-
inductances (ALy < AL'), the equation can be approximated
as

AL/ (63)
The form of this equation shows a correlation with the known
error for a mutual inductance [e.g., (53)] in such a way that the
maximum amplitude of the error decreases with an increasing
difference between the self-inductances AL'. The difference is
that a sixth harmonic of the rotor position error is introduced.

1 AL sin (6
Ver & —iatan < 6511 (691 + %))

B. Compensation of the Multiple Saliency

This error could be compensated by using the sixth harmonic
in the derivation of the residual. But this would lead to a rather
complicated term. Thus, the error is instead compensated using
a linearization with an order of zero. For this purpose, the
inductance matrix is evaluated using

A/d _ (Lii,o Léiq,O)
- ! !
@0 = \Lygo  Lao

cos(6e + af)
sin(67e + o)

1454

+ AL sin(6e + af) >

—cos(6ye + ) )|
VYelrtg,ty

(64)
The rotor position estimation, therefore, continues to work with
the inductance matrix L/ da) without a dependence on the rotor
position within the numerical optimization, as this has already
been evaluated. This approximation is valid as long as the change
in rotor position during rotor position estimation is relatively
small in relation to the sixth harmonic.

145ty

C. Experimental Results

Using the linearization of the inductance, the rotor position
error over one electrical revolution is shown in Fig. 15.

Compared to the result without compensation of the sixth
harmonic ALj, the estimation error is greatly reduced. Again,
an FFT is carried out to investigate different operating points.
The results are shown in Fig. 16.

The comparison reveals that the sixth harmonic of the rotor
position error is virtually eliminated. Only a rotor position error
of the third and sixth harmonics remains at no-load operation.
The magnitude of the sixth harmonic rotor position error is
reduced by up to 2.8° in comparison to Fig. 12. Otherwise, only
small changes of the second harmonic of the rotor position error
arise.
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Fig. 15. Rotor position estimation error over an electrical period with and

without compensation of the sixth harmonic at n = 20 1/min, ig = 10A, and
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Fig. 16.  Spectrum of the steady-state rotor position estimation error using the
zeroth order approximation of the harmonic inductances at n = 20 1/min and
different g-currents.
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applied (left), reversed (centre), and reduced to zero (right).

To test the compensation in transient operation, the position-
controlled test scenario is repeated and shown in Fig. 17.

The figure shows that the harmonic error is reduced, leading
to an overall reduction of the rotor position error in transient
states in comparison to Fig. 11. Only a speed-dependent error
remains, while the speed itself is falsely estimated. Thus, the
compensation of the sixth harmonic is validated in this test case.
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inductance via Lilq with speed setpoint step from n* = 200 1/min to n* =
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To further evaluate the functionality of the compensation, a
different mode of operation is considered. The machine is speed
controlled with a speed setpoint of n* = 200 1/min, which is set
to n* = —200 !/min and reversed back to n* = 200 /min. The
result without the compensation of the sixth harmonic is shown
in Fig. 18.

When the machine is operated at a steady speed, the sixth
harmonic of the rotor position becomes apparent. In the transient
states, this error is superimposed with the speed-dependent error,
as long as the estimated speed deviates from the measured speed.
The estimation error peaks in both transients slightly above 5°.
This result is repeated for the case with the compensation of the
sixth harmonic in Fig. 19.

A comparison of the results shows the reduction in the sixth
harmonic of the rotor position error. Again, a speed-dependent
error remains. The estimation error during transients reaches
slightly smaller values than it did without the compensation
of the sixth harmonic. Overall, the compensation of the sixth
harmonic of the inductances significantly reduces the sixth
harmonic of the rotor position error. This is the main contribution
of this work, when the experimental results are compared to the
previous works [17], [18], [26]. Only in transient states does an
error of more than 2.5° occur. The remaining error will form the
subject of future work.

D. Parameter Sensitivity

For the compensation of the mutual inductance, a parameter
sensitivity analysis is performed. The value of the sixth harmonic
ALf . used in the estimator is varied and for the phase of the
sixth harmonic an offset

Q6 est = a?j + Q6 off (65)
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Fig. 20. Amplitude of the sixth harmonic of the estimation error ve¢ against
different parameters for the compensation of the multiple saliency (ALf and
g, off)-

is added and varied. The result of the parameter variation for an
operating point with 74 = 10 A is shown in Fig. 20. Here, the
amplitude of the sixth harmonic of the estimation error e is
plotted against different parameters for the compensation of the
multiple saliency.

In the results of Fig. 20, one can see a reduction of the
estimation error even if the amplitude and phase do not match the
real values. Within the plotted parameter variation, the error of
the sixth harmonic is always smaller than without compensation
(2.8%).

E. Comparison With the State of the Art

In the following, the presented compensation is compared to
the literature. The advantage of the presented compensation is
that the effect has been analytically derived from the inductance
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itself. For a changing operating point, the compensation has
no transient response, since the parameter is directly read from
a look-up table. As a disadvantage, the sixth harmonic of the
inductances has to be known. Here, the inductance has been
measured and thus the compensation is dependent on the quality
of the measurement. The compensation according to [19] has the
advantage of being independent of any previous measurements,
but the compensation method introduces a transient response
and relies on having a steady speed.

The approach of [16] also introduces no transient response.
Still, a measurement using the measured rotor position is nec-
essary to determine the compensation current of the harmonics.
This leads to a similar result when compared to the presented
approach of this article. In the future, investigations of a determi-
nation of the inductances using an electromagnetic simulation
of the machine will be pursed. Through this, a measurement
using the measured rotor position for the determination of the
inductances may become obsolete. This reveals the benefit of us-
ing the inductance values, as the compensation can be achieved
directly from calculated values.

VI. CONCLUSION

A method is proposed to reduce the constant and harmonic
components of the estimation error introduced by machine sat-
uration. By using the mutual inductance as additional informa-
tion, the operation of SSC at highly saturated operating points
is made possible. This is achieved by extending the residual
employed to include the mutual inductance. In this way, the
mutual inductance acts as an additional source of information,
which is particularly valuable when the self-inductances reach
similar values in the d- and g-axis, and makes the proposed SSC
suitable for highly saturated machines.

Furthermore, the effects of higher order saliencies on the
estimation error are analyzed and measures to compensate for
these are presented. The proposed method is applied to the sixth
harmonic of the estimation error. The parameters for the induc-
tances have been obtained with an determination scheme based
on the residual of the numerical optimization for SSC and using a
position sensor. The experimental results show the effectiveness
of the method in both transient and steady-state operation. In
addition, a parameter sensitivity analysis is performed for the
presented method, showing good performance even if parameter
errors arise.
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