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Abstract—This paper proposes a high-frequency injection
(HFI) based dq-inductance estimation technique for synchronous
machines. The d and g-axes inductance are estimated using a
single HF injection between dq-axes, i.e., 45° injection angle.
The d and q-axes incremental inductance variation over four
quadrants dq-plane operating condition is evaluated. The pro-
posed technique can operate in real-time without a controlled
position or velocity from the load side. No previous knowledge
of machine parameters nor computationally expensive regression
processes are required. The proposed technique can be used to
evaluate the sensitivity of inductive-saliency based self-sensing
to determine preferable self-sensing operating conditions for
permanent magnet synchronous machines (PMSMs).

Index Terms—High-frequency injection (HFI), Incremental
inductance estimation, Surface permanent magnet synchronous
machine (SPMSM)

NOMENCLATURE

I Characteristic current.

APM Permanent magnet flux linkage.

tpym Permanent magnet temperature.

Ao N Stator g- and d-axes flux linkages in the
rotor reference frame.

0, Rotor angular position.

6, Estimated rotor angular position.

Tgs s Stator - and d-axes current in the stator

0, 0,
YysHF YdsHF
b, .0,

qu, st

0, 0,
VysHF VdsHF

reference frame.

Stator - and d-axes high-frequency
current in the rotor reference frame.
Stator g- and d-axes current in the esti-
mated rotor reference frame.

Stator gq- and d-axes high-frequency
voltage input in the rotor reference
frame.

Linc.s Laps. Incremental and absolute inductance.
Lq,Lq Absolute g- and d-axes inductance.
Lyg, Laa Incremental g- and d-axes inductance.
YL,AL Average and differential inductance.
Ry, Ry Q- and d-axes resistance.

Lo, I;1 Average and differential current.
Vurr High-frequency injection voltage.
JHFI High-frequency injection frequency.
FI Flux-intensifying.

FW Flux-weakening.

LPF Low pass filter.

PI Proportional and integral controller.

PM Permanent magnet.
PWM Pulse width modulation.
VST Voltage source inverter.

I. INTRODUCTION

Accurate estimation of the inductance in permanent magnet
synchronous machines (PMSMs) is critical for estimating the
machine states, e.g. back-EMF [1], [2], High frequency (HF)
current [3], [4], flux [5], [6], torque [7], and PM temperature
[8], [9]. The estimation accuracy of machine states often
depends on inductance parameter accuracy; e.g. the back-EMF
[1], [2], HF current [3], [4], or flux [5], [6] states estimation.
These states estimation, classically using observers or state fil-
ters, depends on the machine inductances, which varies due to
machine normal operation, e.g., due to the saturation induced
by armature current injection or PM temperature [8]-[10].
Inductance estimation is therefore critical for machine model-
based states estimation, e.g., torque [7] or PM temperature
estimation [8], [9].

Inductance estimation techniques can be roughly classified
into: off-line [10]-[18] and on-line [19]-[26] estimation tech-
niques. Off-line estimation techniques can be further divided
into locked rotor [10]-[12], constant speed [13], [14] and free-
wheeling [15]-[18] estimation techniques; all of them consid-
ering saturation and cross saturation effects. Both locked rotor
[10]-[12], and constant speed [13], [14] off-line estimation
techniques require position/velocity to be controlled from load
machine and additional driver linked to the test machine.
To overcome this limitation, free-wheeling test techniques
have been proposed [15]-[18]. These techniques require a
regression process, which needs data set from multiple tests
to result in accurate inductance estimation; completing the
off-line inductance estimation, inductance variations could be
stored in look-up tables, or curve fit equations [27], [28]. It
is noted that the accuracy of the look-up table is only valid
within the pre-commissioned operating conditions. Finally, it
is noted that PM temperature changes during normal machine
operation, being a parameter difficult to measure/estimate [10],
[29]. For this reason, PM temperature, which affects d-axis
magnetic loading and, therefore, inductance, is often omitted
in the evaluation process.

On-line estimation techniques can be divided into: model
reference adaptive systems (MRASSs) [19]-[22] or HF injection
based techniques [23]-[26]. MRAS schemes are widely em-
ployed due to their relative simplicity and low computational



effort [19]-[22]. MRAS techniques are closed-loop processes,
which require an error vector formed from the output of two
models, both dependent on different motor parameters; the
target parameter estimation accuracy, in this case, inductance,
depending therefore on machine parameters accuracy (e.g.,
resistance, back-EMF, dg-transform induced coupled voltage).
For these reasons, MRAS cannot adjust the model fast enough
in dynamic load conditions [22]. To overcome the aforemen-
tioned limitations, HF injection-based methods have been pro-
posed [23]-[26]. By Using a HF signal superimposed on the
fundamental excitation, machine inductance can be estimated
online and in all operating speed, including stand still. The
HFI based inductance estimation techniques requires to inject
more than two HF signals separately to estimate d and g-axes
inductance, [23], [24]. The inductance estimation accuracy is
dependent on the error angle between the estimation angle
from HFI self-sensing and position sensor angle [25], [26].
While these HFI techniques estimate the dg-inductance, they
are not developed to monitor self-sensing ability.

This paper focuses on dg-inductance estimation and induc-
tive saliency based self-sensing condition monitoring using
HFI. In machines with inductive saliency, the rotor position
can be estimated by using HFI [4], [30]-[34]. Conversely,
given the rotor position, incremental dg-inductance can be
estimated using HFI. The proposed inductance estimation
technique is based on injecting an HF signal at 45°, ie.,
in between d and g-axes [35]. The proposed technique does
not require pre-commissioning processes nor the machine
model. It will be shown that by injecting an HF voltage
in between d and g-axes, the average and differential HF
current are automatically decoupled, allowing both d and g-
axes inductance estimation with only one HF signal injection,
and in real-time. The proposed technique enables, therefore,
real-time inductance estimation in any operating condition and
can be further used for self-sensing sensitivity monitoring
purposes.

Table I summarizes the existing inductance estimation
techniques. Off-line based techniques share common char-
acteristics of open-loop algorithms, i.e., they need pre-
commissioning processes requiring load-side position or ve-
locity control or requiring heavy regression processes. Also,
off-line based techniques do not have disturbance rejection
capabilities. On the other hand, on-line based techniques
share characteristics of closed-loop algorithms, i.e., they have
disturbance rejection capability in real-time. MRAS based
methods have the limitation of requiting previous knowledge
of machine parameters, while HFI based techniques have the
drawback of requiring the injection of a small-magnitude HF
signal, however, they don’t require previous knowledge of
machine parameters nor computationally expensive regression
process.

The proposed HFI method has advantage among the other
HFI estimation algorithm in computational efficiency. The
number of filters and computation are reduced by half com-
pared to the other HFI based inductance estimation methods
since the proposed method uses a single signal injection at 45°.
The proposed HFI method will be shown to result in a simpler
implementation (only one HF signal will be required); in

addition, it can be used for self-sensing sensitivity monitoring
function. The inductive saliency variation, caused by nonlinear
effects, change the performance of the HFI based self-sensing
[30]-[34]. The decoupled differential HF current, I;1, will be
used for evaluating the self-sensing ability of PMSMs to find
preferable operating conditions from the self-sensing point
of perspective. The proposed technique will be evaluated on
surface PMSMs; the four dq-current operating quadrants will
be evaluated, see Fig. 1.
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Fig. 1: SPMSM operating condition in dq-current quadrants.

The paper is organized as follows: PMSMs dg-inductance
model is presented in section II; section III shows the HFI
based incremental inductance estimation technique; exper-
imental results are shown in section IV; conclusions are
provided in section V.

II. DQ-INDUCTANCE MODEL IN PMSMs

This section presents the inductance model of PMSMs,
including magnetic saturation conditions.

The absolute and incremental flux model in (1) and (2) are
function of dg-current, ifl’s‘, z'gg, and PM temperature, tpys
where L, and L, are the absolute inductance and L,, and
L 44 are the incremental inductance. The cross saturation in (1)
and (2) is represented by making the dg-inductance function
of both dq-current. The strength of the flux generated by PM
is a function magnet temperature, tpys, and included in the
inductance model.

Figure 2 shows the absolute and incremental inductance
definitions [36], [37]. The absolute inductance, L., at point
b, represents the total amount of induced flux linkage, Ao,
for a fundamental current level, I;. The absolute inductance
represents the fundamental flux component to produce torque,
which is commonly used in controller tuning, axes decou-
pling, or to define the maximum torque per ampere (MTPA)
trajectory [10]. The incremental inductance, L, in between
point b and c¢ represents the incremental flux linkage, A\, with
incremental current, Aly. The incremental inductance is used
in high frequency and small-signal injection-based self-sensing
or state estimation algorithms [4], [7], [29].
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TABLE I: Inductance estimation techniques comparison

Off-line On-line
Locked Constant Free MRAS HFI
rotor speed wheeling Two signals | Injection error | 45°(Proposed)

[10]-[12] | [13], [14] [15]-[18] [19]-122] [23], [24] [25], [26] [35]
Require other machine parameters Yes Yes Yes Yes No No No
Load side control required Yes! Yes No No No No No
Regression process required Yes Yes Yes? No No No No
Disturbance rejection No No No Yes Yes Yes Yes
Interference during operation No No No No Yes Yes Yes
Real-time estimation No No No Yes® Yes Yes Yes
Computationally efficient No No No No No* Yes Yes
Self-sensing sensitivity monitoring No No No No No No Yes

TRotor position must be fixed in a position during commissioning process.

2Data set required from multiple test.

3Slow in estimation in transient condition.

4The number of filter and computation increases with the number of injected signals.

the only difference between d and g-axes is the magnetic

ANO- I (z’er o 4 ) 0 AgOr loading from the PM flux. Note that the d-axis flux path
= a4 qsvods’ PM Lo o 4| is biased by the PM flux linkage, Apy, ic.. the d-axis
AN, ad(igs: iy tean) ] | Adgr | gux linkage is horizontally shifted to the left. Characteristic

() current, 1., will be required to set the g-axis saturation level
at the initial d-axis saturation level.

From Fig. 2 and Fig. 3, following conclusions can be made:

o Incremental inductance can be estimated only by injecting
small A¢ superimposed on top of the fundamental current
component.

o SPMSMs have inductive saliency due to magnetic satura-
tion. D and g-axes magnetic circuit are asymmetric since
PM flux source is aligned with the d-axis.

e The d and g-axes inductance deviation from the nominal
values is a reliable metric of magnetic saturation level on
each axis.

o The d-axis incremental inductance tends to decrease in
flux-intensifying (FI) operation, i.e., +I4, and increase in
flux-weakening (FW) operation, i.e., -1.

Fig. 2: Incremental and absolute inductance.

III. HFI BASED INCREMENTAL INDUCTANCE ESTIMATION

2 2 This section presents the proposed dg-inductance estimation
d . .o .
and self-sensing monitoring technique.

A. HF model in arbitrary reference frame

Equation (3) shows the fundamental model of a SPMSM

. in the synchronous reference frame, where vg;, vgg, )\gg, /\Z;,

I 7 and igg, igg are the g- and d-axes voltage, flux linkage, and
current in the synchronous reference frame, R,, Ry, are the q-

and d-axes resistance, w, is the rotor angular velocity, and p

is the time derivative operator. The q and d-axes flux linkages

are defined by (1).
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saturation effect. ) ) o )
When a high-frequency signal is injected, and assuming the

Figure 3 shows the dg-flux linkage as function of the dg-
current for SPMSMs including saturation effect. Since the
rotor and the stator of SPMSMs are symmetrically designed,

the resistance term can be safely neglected as the inductance
dominates on the machine impedance and that the cross-
coupling flux linkage effect can be safely neglected (i.e. the HF



injection frequency is much higher than the w,.), the resulting
HF voltage equation is shown in (4); which is obtained from
(2) and (3). Note that the dg-inductances are function of
the fundamental current in dq reference frame. For further
development, (ig;,igg,tp ) are skipped.
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(4) can be expressed in an arbitrary reference frame as (7),
where (5) is the Park transform, (6), is the injection angle, 6,
is the rotor electrical position, and 6, ss.; is the HF injection
offset angle as shown in Fig. 4; The resulting HF model being
(8) where the differential inductance, AL, and the average
inductance, XL, are defined by (9) and (10) respectively.
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Fig. 4: Pulsating voltage injection angle with offset angle.
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B. HFI dg-inductance estimation with Pulsating voltage in
45° angle

If 0, is fixed to —45° (11), and the rotor position is
measured by a position sensor, e.g. with an encoder, and a
pulsating HF voltage is injected (12), the resulting HF current
can be defined by (13), where Vi s is the HF injection voltage

.6,
:| |:quHF

0, 0, .
de(zqsazdgatPM) ZZ;HF

magnitude, fypry is the HF injection frequency, [;o is the
average HF current magnitude, and [;; is the differential HF
currents magnitude; ;o and I;; are defined by (14). It can be
observed from (13) and (14) that the average and differential
HF current are decoupled from each other. As a result, d and
g-axes HF inductance can be estimated from (15) and (16).

} Oinj = —45° (11)
t‘)mj T
v
l gfiF = VHF[COS(27TfHF[t) |:(1):| (12)
vdsHF_
«9in,j T
lys . L,
lgI’fF — Sln(27TfHFIt) |:Iz(1):| (13)
dsHF:
Lio| _ Vurr SL (14)
Iz' QWfHF[(ZL2 - ALg) AL
s Vurr
Ly = 15
2w fypr(Lio — Iin) (1)
A Vi
ad = - (16)

~ 2nfurr(Lio + Iin)

It can be observed that dg-inductance estimation becomes
rather simplified when injecting the HF signal in between dg-
axes, i.e., 0;,; being —45°. When the injection angle is not
fixed to —45°, the average and differential HF current will be
coupled, as shown in (17). The inductance estimation error will
occur in case of an error in the injection angle as shown by
(18) and (19). This error in the injection angle could due to the
position sensor, e.g. an encoder, resolution. The corresponding
maximum angle error and resulting dg-inductance estimation
error for 8, 10, and 12-bit incremental encoder is summarized
in Table II for a 4 pole pair machine and I;; = 0.17;y. The
maximum inductance estimation error using a 12 bit encoder
position error is less than 1%.

9“@]
i . Iio + I;1c08(20;,,5)
gsHF | i0 il mnj
|‘i0mj ] = SIH(QWfHF]t) _Iilsin(29inj) (17)
dsHF
P Viri (18)
a9 2w furr (L‘o + Iilcos(zoinj) + Iilsin(29inj))
. Vi
ild _ HFI (19)

27 farr(Lio + 1i1c0s(205,,5) — L;18in(26;,,5))

TABLE II: Inductance estimation error due to position error

# of bit | Max. mech. | Max. elec. | Max. Lgq | Max. Lgq
encoder angle error angle error! error? error?
[deg ] [deg.] [%] %]
8 1.41 5.63 2.45 1.64
10 0.35 1.41 0.59 0.45
12 0.088 0.35 0.14 0.12

T4 pole pair is used.
21,1 = 0.11;0 is used.
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Fig. 5: Saturation monitoring system block diagram.
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Fig. 6: Incremental inductance estimation block diagram.

C. HFI self-sensing ability monitoring

HFI based self-sensing is based on the inductive saliency.
When g-axis pulsating HF voltage (20) is injected in the
estimated reference frame, (7) becomes (21), where O...por 1S
defined in (22). Equation (21) can be rewritten in terms of the
deferential and average current as (23). Note that the I;o and
I;1 consist of the average and differential inductance which
are function of dg-current and magnet temperature. This is
due to saturation effect shown in (2). The position estimation
using HFI is typically done by nullifying control igg gp In
(23) that is function of I;; and the position estimation error,
Ocrror- It can be observed that by increasing I;;, the HF
current error due to position estimation error, 0¢;,.o., increases.
Thus, the sensitivity of the d-axis HF current in the estimated
rotor reference frame with respect to 0., is determined by
the magnitude of the differential current, [;;, which varies
under magnetic saturation. Note that the [;; is function of

Lggq and L, as well as HF injection voltage and frequency. It
can be therefore concluded from the previous discussion that
self-sensing sensitivity can be improved by increasing Vi rr
and decreasing frrr. In closed-loop self-sensing control, the
magnitude of [;; is difficult to be evaluated because ifl; yp 18
nullifying controlled for zero position estimation error, f¢yr.or-.
To decouple I;; from the estimated position error, a pulsating
voltage injection injected in —45° can be used as was stated
in the previous section. The decoupled differential HF current,
I;1, can be therefore used to evaluate the self-sensing ability
of PMSMs to find preferable operating conditions.
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IV. EXPERIMENT

This section presents the experimental results of the pro-
posed incremental inductance estimation technique. The in-
ductance monitoring system block diagram is shown in Fig. 5.
The HF is injected at —45° of the rotor reference frame. The
machine can operate in any condition, i.e., dq-current, PM
temperature, velocity. The post-processing for estimation of
incremental inductance is shown in Fig. 6. The three phase
current is transformed to the injection reference frame to result
in decoupled I;g, and I;;. The HF current are then used for
estimation of the dq- incremental inductance in real-time.

TABLE III: Test SPMSMs Parameters

DW SPMSM DW SPMSM FSCW SPMSM
Model Cumstom made | Teknic-M2310P | CMC-T0603P0105
7 poles 8 8 8
# slots 24 12 18
I’rated [A] 15 7 6
Ry [Q] 0.1 0.377 0.386
Ly [mH] 7.5 0.24 0.67

This section is subdivided into two subsections: The first
subsection will show the inductance estimation result on the
four-quadrant operating condition for a distributed winding
(DW) SPMSM. The second subsection will compare the
incremental inductance variation for a DW-SPMSM, and a
fractional-slot concentrated winding (FSCW) SPMSMs. The
parameters of both test SPMSMs are shown in Table III and
Fig.7.

A. Incremental dg-inductance estimation using 45° injection
angle

Figure 7 (a) shows an 8-pole 24-slot DW SPMSM, which is
loaded with an axial PMSM driven by a BAMOCAR-PG-D3
power converter. Figure 8 shows an example of the real-time
inductance estimation. Figure 8 (a) shows the measured stator
d and g-axes currents in the rotor reference frame. Figure 8
(b) shows the average and the differential HF current, I,
and [;1, using the signal processing shown in Fig. 6, second-
order low pass filter with cutoff frequency of 100Hz has

(c) 8-pole, 18-slot SPMSM.
Fig. 7: Test SPMSMs.
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Fig. 8: Real time inductance estimation result with operating
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IOV, fHFI = 250Hz.
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been used see Fig. 6. Finally, Fig. 8 (c) shows the estimated
d and g-axes incremental inductance using (15) and (16)
after saturation limit block in Fig. 6. As expected, d-axis
incremental inductance is smaller than g-axis inductance since
the machine is operating in the FI region (positive d-axis
current).

Figure 9 shows experimental results changing dg-axes
currents from -15A to 15A (i.e., -1p.u. to lp.u.), currents
being changed in steps of 5A, covering, therefore, operating
conditions in the four quadrants of the dq current plane.
Figure 9 (a) and Fig. 10 (a) show L4y, experimental and
the FEA respectively, while Fig. 9 (b) and Fig. 10 (b) show
L4, experimental and the FEA respectively. The maximum
estimation error in the dq-current plane is 14% for L4q and
18% for Lg,. The maximum error occur in the maximum
saturation operating point with lp.u. of d-axis current and
1p.u. of g-axis current. The proposed technique estimate the
inductance seen from the driver. It is shown that the d-axis HF
inductance increases in the FW region while it decreases in
the FI region, which was an expected result. Also, it is seen
that the g-axis inductance is bigger than the d-axis inductance
because the PM flux is biasing the d-axis flux path.

B. Self-sensing performance monitoring on DW and FSCW
SPMSMs

In this subsection, the self-sensing ability is monitored
during FI and FW operation. For these experimental results,
8-pole, 12-slot SPMSM and 8-pole, 18-slot SPMSM are used.
D-axis current in £2p.u. is injected, and the dg-incremental
inductance is estimated in both machines in real-time.

Figure 11 is showing the estimated inductance of both
SPMSMs. The estimation result is compared with the es-
timation result using flux based inductance estimation in
locked rotor position with square voltage injection [10]. The
decreasing d-axis inductance with FI operation is due to
superimposing saturation effect from both PM and d-axis
current in FI operation. The inductive saliency, i.e.,, the gap
between L4q and ﬁqq, increased in FI region and decreased
in FW region.

Figure 12 shows the magnitude of decoupled average and
differential HF current currents of both SPMSMs under test.
It can be observed that in both SPMSMs, I;;, which repre-
sents the self-sensing sensitivity, increased in the when flux-
intensifying current is being injected, i.e., +14. On the contrary
I;; decreases when injecting flux-weakening current, i.e., -1;.
It can be concluded, therefore, that operating SPMSMs in FI
direction enhances the saliency-based self-sensing using HFI,
i.e., +I4 would be the preferred option for self-sensing control.

V. CONCLUSIONS

This paper presents an on-line dg-incremental inductance
estimation technique based on a HF injection with a fixed
injection angle at —45°. By injecting HFI in between d and
g-axes, the average and differential current are decoupled
automatically, to estimate dq-incremental inductance. No ma-
chine parameters nor machine models are required using the
proposed methodology. In addition, self-sensing sensitivity is

40",
Iy [A] 10

() Lgg-

Fig. 9: Experimental results of dg-inductance map, 8-pole, 24-
slot DW SPMSM.

monitored to find suitable operating conditions for inductive
saliency-based self-sensing. Experimental results have been
provided to demonstrate the feasibility of the proposed tech-
nique.
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