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Modeling of Cross-Coupling Magnetic Saturation in Signal-Injection-Based
Sensorless Control of Permanent-Magnet Brushless AC Motors

Y. Li, Z. Q. Zhu, D. Howe, and C. M. Bingham

Department of Electronic and Electrical Engineering, University of Sheffield, Sheffield S1 3JD, U.K.

An improved brushless AC motor model is proposed for use in signal-injection-based sensorless control schemes by accounting for
cross-coupling magnetic saturation between the d- and g-axes. The incremental self- and mutual-inductance characteristics are obtained
by both finite-element analysis and measurements, and have been successfully used to significantly reduce the error in the rotor position

estimation of sensorless control.

Index Terms—Brushless AC motor, cross-coupling effect, sensorless, signal injection.

1. INTRODUCTION

ENSORLESS control of permanent-magnet (PM) brush-
Sless AC (BLAC) motors is desirable in order to reduce the
system complexity and cost, and to improve reliability. Unlike
other sensorless control methods whose performance is prob-
lematic during starting and low-speed operation, signal-injec-
tion-based sensorless schemes exhibit excellent control perfor-
mance at standstill and low speeds. However, it was found ex-
perimentally in [1] that the error in the estimated rotor position
increases with the load current, while in [2] it was shown that
a significant error can arise due to the influence of cross-cou-
pling magnetic saturation between the d- and g-axes. Although
the effect of magnetic saturation on the cross coupling in per-
manent-magnet brushless machines is well known [3], it is gen-
erally neglected in the implementation of signal-injection-based
sensorless control [1], [4].

This paper, therefore, presents a simple way to account for
the cross-coupling effect. Incremental self- and mutual-induc-
tance characteristics for use in an improved BLAC motor model
are obtained by both finite-element analysis and measurements.
They are subsequently used in a signal-injection-based sensor-
less control scheme and a significant reduction in the error in
the estimated rotor position is achieved.

II. MODELING OF CROSS-COUPLING EFFECT IN BLAC MOTOR

When cross coupling between the d- and g-axes is considered,
the voltage equations of a BLAC motor in the rotor reference
dg-axis frame are [3]
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where vq, Vg, 14, tq, L4, and L, are the d- and g-axis voltages,
currents, and apparent self-inductances, respectively, and
Lan, Lgn, Lagn, and Lgqp are the incremental d— and g-axis
self and mutual inductances, respectively. R is the phase re-
sistance, 1, is the flux-linkage due to the permanent magnets,
w,- is the angular rotational speed, and p = d/dt.
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High-frequency signal injection components in (1) can be ap-

proximated by
) L L )
el bl
Vgh qdh qh tqh
where vgp,, Vg1, tan and iy, are the high-frequency components
of the d- and g-axis voltages and currents, respectively.
If the high-frequency signal, vsiz = Viig sin(27 furt), is in-
jected in the d-axis, the error in the estimated rotor position, Af,
can be calculated as

AY ~ kao - [ign + (Lagn/Lqn)ig] 3)
where  ig,.ig, are the  high-frequency  compo-
nents of the estimated d- and g-axis currents,
ko = (p(Lg.Vg - Lgif_c)/ - 2’USig(Ldif + L?lqh/th))’
Lavg = (Lgn + Lan)/2, Lait = (Lgn — Lan)/2, and

Lite = L + Lign-

When [ig), + (Lagn/Lqn)ig,] in (3) is controlled to be zero,
the error in the estimated rotor position will be zero. Therefore,
the accuracy of the parameters Lqqp, and Ly, directly affects the
rotor position estimation accuracy. Due to magnetic saturation,
Lagn and Lgy, both vary with 74 and ¢,. The variation can be
obtained by either finite-element analysis or measurements.

III. PREDICTED AND MEASURED INCREMENTAL SELF
AND MUTUAL INDUCTANCES

Lan, Lgn, Lagh, and Lgq, are defined as

L, = 0%q/0ia, Lagn = 81X’d/aiq )
quh = a1/}q/8id7 th = 8’()[}(1/8Lq

where 14 and 1), are the d- and g-axis flux linkages. The finite-
element predicted incremental self and mutual inductances are
determined according to

Ly = [djd(id + Aig, iq, q)m) — ’(,[}d(id,iq, q)m)]/Ald
Lgn = [$q(ia,iq + Dig, Pm) — (i, i, Pm)]/Aig
Lagh = [alia,iq + Aig, Pm) — Ya(ia, iq, Pm)]/ Al
quh = [@Z}q(Ld + Aidyiqv (I)m) - '@Z}q(idv 7;q7 (I)m)]/AZd

where ®,, is the flux linkage due to permanent magnets.
Practically, the d- and g-axis incremental self and mutual in-
ductances are measured indirectly from the high-frequency cur-
rents, i%,, ity i47, and il which flow when the high-frequency
voltage vs;g is applied to the d- and g-axes [5]. z'éh and iéh are
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Fig. 1. Finite-element predicted incremental self and mutual inductances.
(a)d-axis incremental inductance, L4, (b) g-axis incremental inductance, L,
(c) dg-axis incremental mutual inductances, L 4,5 and Lgqp, .

the high-frequency components of the d- and g-axis currents,
which result when v, is applied to the d-axis, i.e., vVqgn = Vsig,
when the BLAC motor is driven with its actual rotor position
being measured via an encoder, while 4j; and 4.} are high-fre-
quency components of the d- and g-axis currents when v, is
applied to the g-axis, i.e., vy}, = ¥sig, Therefore, from (2)

Vsig 0 Lan  Lagn ign g,
= pl. . 6
[ 0 Usig] {quh Lgn Plit ah ©

th th
and, hence
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where fyr is the frequency of vg;g.

The 2-D finite element predicted and measured varation of
the incremental self and mutual inductances with both ¢4 and 44
are shown in Figs. 1 and 2, respectively, for a six-pole BLAC
motor which has an interior PM rotor, its rated speed, torque,
and current being 1000 rpm, 4.0 Nm, and 4.0 A, respectively. As
will be seen, the predictions compare well with measurements.
However, the predicted values are somewhat smaller than the
measured results due to the neglect of end effects, dimensional
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Fig. 2. Measured incremental self and mutual inductances. (a) d-axis incre-
mental inductance, L4, (b) g-axis incremental inductance, L, (c) dg-axis in-
cremental mutual inductances, L 445, and Lgqp, .

tolerances and uncertainties in the localized B—H characteris-
tics of the stator and rotor laminations, as well as the influence
of eddy currents. However, as will be evident from (3), and also
Section IV, it is the ratio L 441/ Lq, which determines the accu-
racy of the rotor position estimation.

IV. MEASUREMENT OF ERROR IN ESTIMATED ROTOR POSITION

From (3), both L4y, and Ly, are required to determine the
error in the estimated rotor position in a signal-injection-based
sensorless control scheme. Fig. 3 compares finite-element pre-
dicted and measured ratios of L4/ Lqn, deduced from Figs. 1
and 2, respectively. As can be seen, although the predicted in-
cremental inductances are smaller than the measured values, the
predicted and measured ratios of Lqqp, / Ly agree well. Hence,
either can be used to improve the accuracy of the estimated rotor
position. However, interpolation to account for the fact that the
incremental inductances vary with both 44 and i, is too com-
plex to implement on a DSP. Therefore, much simpler approxi-
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Fig. 3. Comparison of predicted and measured ratio of Lggp/L,p. (a) Pre-
dicted. (b) Measured.

mation functions are used to represent the variation in the ratio
quh/th’ viz.

ﬂ — kl ’ 7;37 IL(el 2 0 (8)
th B (kl + kQZZ) . i;, 19 <0
where ki, and ko are constant coefficients. For the machine
under consideration, k; = —0.050 A~!, ks = —0.009 A2
from finite-element analysis predictions, while the values
deduced from measurements are k; = —0.060 A~ ky =
—0.011 A—2,

The proposed signal-injection-based sensorless control
scheme remains essentially similar to that described in [4] in
which dg-axis cross coupling was neglected. However, the error
in the estimated rotor position, which is calculated by (3), is
now considered. The scheme is implemented on a TMS320C31
DSP, and a precision encoder is used to measure the actual rotor
position, and enable the error to be determined. The frequency
of the AD sampling, the control loop, and the PWM are all
5 kHz, and the injected sinusoidal voltage is 35 V, 330 Hz.

As shown in Fig. 4(a), when conventional signal-injec-
tion-based sensorless control is employed, i.e., Lagn/Lqn is
neglected, the error in the estimated rotor position can be large,
and depends on both ¢4 and ¢, the average error in the motor
under consideration being 15.4°. When dg-axis cross coupling
is accounted for, the accuracy of the estimated rotor position
is improved significantly, as shown in Fig. 4(b) and (c). For
example, the average errors are reduced to 2.4° and 1.5°,
respectively, when the finite-element predicted and measured
Lign/Lqgn, Fig. 3(a) and (b), are employed, the error being
slightly smaller when the measured Lgqn/Lgs is used since it
accounts for the end-winding inductances.

V. CONCLUSION

An improved implementation of high-frequency signal injec-
tion sensorless control of a BLAC motor, which accounts for
cross-coupling magnetic saturation between the d- and g-axes,
has been demonstrated. The required parameters are obtained
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Fig. 4. Measured error in estimated rotor position. (a) Neglecting
Lygn/Lgn,avg(|6c — 6,]) = 15.4°. (b) Using finite-element cal-
culated Lagn/Lgn,avg(l0c — 6.]) = 2.4°. (¢) Using measured
quh/Lq;Uavg(w,f — (J,|) = 1.5°.

by either finite-element analysis or from measurements. It has
been shown that the error in the estimated rotor position can be
reduced significantly.
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