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ABSTRACT High-frequency injection (HFI) is widely used for zero-to-low speed self-sensing in machines
with saliency. HFI algorithms use inductive saliency in the d- and g-axes to estimate the rotor position in
permanent magnet synchronous machines (PMSMs). Generally speaking, surface PMSMs (SPMSMs),
which are designed without inductive saliency, are not suitable for HFI inductive based self-sensing. In this
paper, a method to enhance HFI algorithms at zero-to-low speed for classically designed SPMSMs with low
inductive saliency is presented. The proposed method is based on using intentional magnetic saturation
under flux-intensifying (FI) operation, which will temporarily enable robust self-sensing operation in the
zero-to-low speed region in machines that are not suitable for traditional HFI self-sensing.

INDEX TERMS High-frequency injection, Magnetic saturation, Permanent magnet, Self-sensing, SPMSM.

NOMENCLATURE id, ig D- and g-axes currents.
Superscript fgshe + ose D- and g-axes high-frequency currents.
" Estimated variables. e e Alpha- and beta-axes high-frequency
ey currents.
* Commanded variables. Lo, I; Average and differential carrier currents.
0; Rotor reference frame. leh Characteristic current.
6. Estimated rotor reference frame. Lag , Log D- and g-axes inductances.
Symbols and Abbreviations Ldq , Lod D- and g-axes cross-coupling inductances.
Ay A, D-, g-axes flux-linkages. Ly Luw Phase and phase-to-phase inductances.
s+ Aoshe D-, g-axes high-frequency flux-linkages. | s Differential and average inductances.
1 2 Alpha-, beta-axes high-frequency flux- o High-frequency injection
aHF  “BHF : HFI
' linkages. angles.
Aom PM flux-linkage. fur High-frequnecy injection freugnecy in Hz.
High-frequency injection frequency in Phase resistance.
[ Rp
rad/sec.
Puri High-frequency injection loss. ¢ Injection angle error.
Pr Flux-intnesifying operation loss. VHFi High-frequency injection voltage.
p Total loss during flux-intensifying high- = Permanent magnet flux-intensifying
FIHA frequency injection self-sensing operation. operation.
0 Derivative operator. W Permanent magnet flux-weakening

operation.
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I. INTRODUCTION

High-frequency injection (HFI) is a self-sensing technique
widely used in machines with inductive saliency in the zero-
to-low speed operational region [1]. Since surface
permanent magnet synchronous machine (SPMSM) rotor
geometry is symmetrical, no inductive saliency exists based
on the machine’s rotor geometry. SPMSM is therefore not
considered a suitable machine for HFI based self-sensing.
To improve the use of HFI techniques in SPMSMs, research
efforts have been focused on increasing the signal-to-noise
ratio (SNR) [2][3][4], and increasing inductive saliency by
modifying the design of SPMSMs [5][6][7][8].

Saturation and cross-saturation effects and self-sensing
control strategies have been investigated in depth for interior
permanent magnet synchronous machines (IPMSMs). In
[9][10][11][12] inductance ellipse variation under load
condition is analyzed for IPMSMs. Orientation and
eccentricity of the inductance ellipse have been shown to
vary depending on the dg-axes current level; the orientation
of the ellipse has been shown to depend on the cross
saturation, while the eccentricity of the ellipse has been
shown to depend on the inductive saliency between d- and
g-axes. In [10], self-sensing performance is improved by
decoupling the cross-saturation effect under loaded
conditions. In [11][12], HF is injected in tilted phase angle
to improve the self-sensing performance of an IPMSM while
operating the machine near the maximum torque per ampere
(MTPA) trajectory. In [9][10][11][12], additional efforts
based on offline characterization of saturation and cross-
saturation have been made to enhance the self-sensing
performance of PMSMs.

For the case of SPMSMs, large HF injection voltages
have been proposed to be used, which results in changes in
d-axis impedance based on magnetic saturation effect[13].
SPMSMs operation in MTPA trajectory did not affect the
self-sensing ability[14][15]. In [15], control algorithm to
enable non-salient SPMSM using d-axis current planning is
investigated with stationary reference frame HF injection.
However, the optimal HF injection phase angle for
SPMSMs has not been investigated. In [16], the variation of
inductive saliency of a SPMSM under loaded conditions is
experimentally investigated. Nevertheless, generalization of
the use of intentional magnetic saturation induced inductive
saliency has not been made.

This paper proposes a novel technique based on
intentional magnetic saturation with PM flux-intensifying
(FI) current, i.e., positive fundamental d-axis current, + ig,
injection, on SPMSMs. The physics-based model with
variable inductance is developed from the machine design
perspective of view considering characteristic current, Ien,
offset biasing on d-axis flux path. The generalized SPMSM
magnetic saturation characteristic model and analysis are
supported by Finite Element Analysis (FEA) and machine
characterization experimental results. The proposed

technique utilizes positive fundamental d-axis current
injection to intentionally increase the inductive saliency;
making reliable use of classical HFI self-sensing techniques
in machines with very low saliency, e.g., SPMSMs. FlI
operation with positive d-axis current in the estimated rotor
reference frame will results in a decrease of d-axis
incremental inductance which results in an increased
inductive saliency; therefore, saliency-based self-sensing
ability will be enhanced [17]. No pre-characterization of
SPMSM  nor complex saturation, cross-saturation
compensation techniques are required considering the main
flux path saturation effect on d-axis which is the dominant
factor of SPMSM self-sensing. The increasing self-sensing
sensitivity is verified experimentally, using decoupled
differential current, 1i1[18].

The paper is organized as follows: Section Il presents
basics of HFI based self-sensing control, Section Il
presents the concept of FI operation using intentional
magnetic saturation; Section IV presents simulation results
of the proposed self-sensing technique using intentional
magnetic saturation; Section V discusses implementation
issues of the proposed technique; Section VI shows
experimental results to demonstrate the viability of the
proposed technique; Finally, the conclusions of the paper
are presented in Section VII.

II. HFI BASED SELF-SENSING CONTROL
CONSIDERING MAGNETIC SATURATION EFFECT

This section shows the PM machine model used for HFI
based self-sensing. The flux-linkage model of a PMSM in a
reference frame synchronous with the rotor is shown in (1),
where AL, XL are the differential and average inductances,
(2) and (3), respectively, Lqs and Lqq are the d- and g-axes
incremental inductances which are function of dg-current
[101[13][14]1[19]. g Agh » gy » and i, are the d-
and g-axes stator flux-linkages and stator currents in a
reference frame synchronous with the rotor.

Jawe | _[ZL=AL 0 lide
LH 0 nmJL:;;HJ @
AL{iy i }= %(qu{id i3 Lefig . i) 2)
Iy 0} = %(qu{id Jgd+ Lyefig i} 3
; cos(f) sin(J)
K =
) { -sin(J) cos(i)] @
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Using the inverse of the Park transform (4), the dg-axes
flux-linkage model can be transformed into the stator
reference frame, i.e., stationary reference frame (5), where
Aare + Agre o dge » @nd i, are the alpha- and beta-axes

Lshe

a

stator flux-linkages and currents.

Pulsating HF voltage command is shown in the estimated
rotor reference frame and in the stationary reference frame
in (6) and (7) respectively, where 6,, is the high-frequency
injection angle (9), o, is the angular frequency of the
high-frequency signal, V., is the magnitude of the high-
frequency signal, é, is the estimated rotor position and 6, is
the rotor position. When (7) is injected into the PMSM
terminals, the resulting pulsating HF flux is (8), where 1/p
represents an integrator. Substituting (8) into (10), the
resulting HF currents in the stationary reference frame are
represented by (11).

[v:f;HF} H
5 =Vie C0S(Ge) (6)
Vi 0

{V“”F}VHF. 050 )[”S(?f)] 0

Vone sin(g))
ﬂ’aHF 1 VozHF VHFI Sir.](HHFI) Cos(éf)

= 2| o | - T M )| PO ®)
g | P Vore Oy sin(6,)

O = Oyt 9)

|: SL - DLcos(2q.)

-DLsin(2q.) N I/,
-DLsin(2q.)

SL+DLcos(2q.) /1,

. A (11)
Vi, SiN(6,, ) | ZLCOS(6,) + AL cos(26, - 6,)
O (SL2 - AL) | SLsin(d,) + ALsin(26, - ,)

By transforming (11) into the estimated rotor reference
frame, (12), (13) is obtained.

Kp(ér)|::aHF :| _
SHF

3L —AL cos(26,)
—ALsin(26,)

(12)

K. (@
o r)[ YL +ALcos(26,) A

BHF

~ALsin(26,) } ’l{ﬂm}

id”:;HF _ Vo Sin(G,) | ZL+ALcos(2(6, -6,) 3
e | @m (SU°-AL) | ALsin(2(6, -4,))

The position estimation will be achieved by controlling the
g-axis current in (13), iqe;HF (14), to zero; 1;; in (14) being the
magnitude of the differential HF current (15). Note that (15)
is a function of dg-current; it can be, therefore, concluded
that the sensitivity of 7;; with respect to estimated position
error, (6. —é,) , depends on the operating condition. It can
be concluded from (13)-(15) that without having 4L, i.e.,
inductive saliency, HFI based self-sensing speed/position
control cannot be performed. It will be shown in the next
section that injecting positive d-axis current, flux
intensifying (FI) current, will increase the inductive saliency
(4L), making HFI based self-sensing techniques more
reliable in machines with low inductive saliency.

iﬁéHF = 8iN(G,e )1, SIN(2(6, - 6,)) (14)
. Al{iy i}
onr Iy, iﬂl}2 -Ai,, iq}2
It is important to note that the nature of the inductive
saliency-based self-sensing control does not require to
know precise inductance values, unlike other model-based
control algorithms, e.g., observer-based field-oriented
control (FOC)[20] or deadbeat direct torque and flux
control (DB-DTFC)[21]. As it can be observed from (15),
the inductive saliency-based self-sensing control requires a
certain degree of saliency (i.e., differential inductance); the
following section will present the proposed control
technique to temporarily increase the machine saliency
using intentional magnetic saturation.

Iil{id ’ iq}:

(15)

Ill. SPMSM SALIENCY CHARACTERISTIC AND
MAGNETIC SATURATION EFFECT AND PM FLUX

This section shows how to induce an intentional magnetic
saturation to enhance HFI based self-sensing capability in
low saliency machines.

Figure 1 shows d and g-axes flux-linkage map as a
function of dg-axes currents; the d-axis flux-linkage, 4, , in
Fig. 1 being biased with the PM flux-linkage, 4, ; lch, See
(16), representing the characteristic current where Lq is the
absolute d-axis inductance [22]. The incremental d/g-axes
inductance, Lgd, Laq, Lod, @nd Lag, respectively, are defined as
the slope of the dg-axes flux-linkage at each operating point
(i.e., at each d/g-axes current) (17), (18), (19), and (20)
respectively. It can be observed from Fig. 1 that Lgg
decreases if positive d-axis current is injected, i.e., flux
intensifying (FI) current, while it decreases if negative d-



IEEE Access

Muktidisciplinary : Rapid Review : Open Access Journal

axis current is applied, i.e., flux weakening FW current. On
the other hand, Lqq is seen to decrease if positive/negative g-
axis current is applied, symmetrical behavior being
observed.

It can be concluded from Fig. 1 that although a machine
is symmetrically designed, i.e., no inductive saliency exists
from the rotor geometry, e.g., SPMSM, magnetic saturation
results in no-load inductive saliency; unfortunately, this
saliency is typically very small [23], placing reliability
concerns for HFI based self-sensing control. However, it
can also be concluded from Fig. 1 that injecting d-axis FlI
current will increase the machine saliency; the proposed
technique in this paper will take advantage of this behavior
to enhance HFI based self-sensing capability in low
saliency machines.

A }Ld

APM

Ich

FIGURE 1. D- and g-axes flux-linkage variations with PM flux biasing d-
axis vs. current.
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IV. SPMSM INDUCTANCE CHARACTERIZATION
UNDER FI AND FW OPERATION USING FEA

This section presents the inductance characterization, FEA
based, of the two SPMSMs that will be used for the
experimental verification of the method: a Distributed
Windings (DW) SPMSM and a Factional Slot Concentrated
Windings (FSCW) SPMSM; parameters of both machines
are shown in TABLE I.

de [mlIT]

qu [mlT]

(©) (d)
FIGURE 2. Incremental inductance map of 8-pole/18-slot DW SPMSM
vs. current. (@) Lqq. (b) Ldd. (€) Ldg. (d) Lqd.
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FIGURE 3. Incremental inductance map of 8-pole/12-slot FSCW

SPMSM vs. current. (a) Lqqg. (b) Lad. (C) Ldg. (d) Lqd.

Figures 2 and 3 show the incremental inductances maps,
Lagg and Lgg, including FI and FW operation regions, of the
DW and FSCW SPMSMs, respectively; Lqs and Lgq being
obtained as the slope of the respective flux-linkages at each
operating point. As expected, L in both SPMSMs,
decreases as FI current is injected (i.e., positive d-axis
current), resulting therefore in a saliency increase; the
differential inductances maps being shown in Fig. 4. It can
be concluded from Figs. 2-4 that FSCW SPMSM shows
higher Lgg variation with FI current, meaning that FSCW
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SPMSM has a higher ability for FI operation utilizing
intentional magnetic saturation. This is expected since
FSCW machines have larger inductance than DW machines
[24].

It is interesting to note that SPMSMs has low cross-
coupled inductances, Lqq and Lqg, Which are the results of
cross-saturation. This is because of the absence of flux
barriers, which are typically included in IPMSMs to
increase reluctance torque production, and can be highly
cross-saturated under loaded operation [25]. In addition, the
equivalent airgap in SPMSMs is larger than in IPMSM due
to the surface-mounted PMs, which makes the rotor iron
saturation level to be lesser affected by the stator currents
than in IPMSMs. For these reasons, the HFI model of
SPMSMs can be simplified to (1), where the cross-coupled
inductances are merged to main-inductance. Even more, all
these issues pointed out that the optimal HF injection angle
in SPMSMs is 0 deg., i.e., d-axis pulsating HF signal
injection.

0.04

j——
v

iyt g
= 2 LT
E 0.02 %.fg'
-
<] 0

2 .
0
-2 )
[ [pu I [pul]
q [pu] L [p-u.] q
(a) (b)

FIGURE 4. Differential inductance map with current in per unit. (a) 8-

pole/18-slot DW SPMSM. (b) 8-pole/12-slot FSCW SPMSM.

TABLE |
TEST DW AND FSCW SPMSMs PARAMETERS
DW SPMSM FSCW SPMSM

P19

Nt | el PR
A,

Section view I

Model Teknic-M2310P CMC-T0603P0105
Prated [Vv] 144 525
Orated [IPM] 5000 6790
# pole 8 8

# slot 18 12
Iraled [A] 7 6
Rp [Q] 0.38 0.39
L, [mH] 0.24 0.67
Ke
[V, (radisec)] 0.026 0.083
ki [Apk/Nm] 0.038 0.12

V. IMPLEMENTATION of FI HFI SELF-SENSING

In this section, the control block diagram of HFI based
self-sensing using FI current injection is presented. The
proposed implementation includes also PM polarity
estimation and the tradeoff of the proposed self-sensing
technique in the additional power.

A. CONTROL BLOCK DIAGRAM OF HFI BASED SELF-
SENSING AND FI CURRENT

2, R

t € 3 + 6

z Lrrps| pr ol L |,
S +

sin(2mfyrit) 6;polar

FIGURE 5. Closed-loop self-sensing control block diagram with field-
oriented control, including the injection of the HF signal and position
estimation.

Figure 5 shows the control block diagram of classical
HFI based self-sensing based filed-oriented control (FOC)

I,[pu] in the estimated rotor reference frame. The HF pulsating

voltage in (6) can result in HF current in the orthogonal axis
as in (13) when reference frame error exists. Positive d-axis
current is commanded for FI operation in zero-to-low speed
self-sensing using intentional magnetic saturation, creating
required inductive saliency on SPMSMs with small
saliency.

V.., sin(6,
4 — HFI ( H-Fl) (21)
20,6 Ly {is}

 Lag

Apm(ten)

—_—————— = A

—
l____/___

+qg Iq =l | +1g I,

(@ (b)
FIGURE 6. (a) D-axis flux-linkage, A4. (b) D-axis incremental inductance,
Ldd , with positive and negative d-axis current, lq.

Electric
Machine
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FIGURE 7. HF current response including fundamental and secondary
current. (a) N-pole aligned with d-axis. (b) S-pole aligned with d-axis.

B. PM POLARITY DETECTION
PM polarity is detected using secondary saliency induced
on the d-axis by the magnetic saturation effect[26]-[27].
The initial inductive saliency, although small typically
<5~10%, can be used to find the d-axis by using the HFI
self-sensing technique shown in Section Il [1]; the magnet
polarity can be detected using the secondary harmonic HF
current component induced by saturation effect [26]-[27].
The left and the right figure in Fig. 6 show the d-axis
flux-linkage map and d-axis incremental inductance near
zero d-axis current, respectively. The resulting d-axis
incremental inductance, Lqg, decreases when the pulsating
current is in the FI region; Lqq increases in FW region. It can
be observed from (21) that the d-axis HF current will change
inversely proportional to Lgg. Figure 7 shows the d-axis
current response with saturation induced secondary
harmonic component, iq, the first order harmonic current, iqs,
and the total current response, ig, which is the sum of ig; and
isz. When the north (N) pole is aligned with d-axis, the
saturation induces positive secondary harmonic; the negative
secondary harmonic will be induced when the south (S) pole
is aligned with d-axis. By extracting the secondary harmonic
component, as shown in Fig 8, PM polarity can be detected.
The detection process is only required once at the starting of
the SPMSMs.

2,

i 6.
ds T polar
—] o 2j0nr =P LPF =" 1 —>
s
1_[]_
T time

FIGURE 8. PM polarity detection post-processing block diagram.

C. POWER REQUIRED FOR FI HFI
The required power for FI HFI operation, Pg we, iS
represented by (22).

P

FI HFI

=P,

he + Pr

(22)

As it can be observed, Pg nr is composed of two terms:

e Pgi: required power to operate a machine in the FI
region, i.e., additional power due to positive d-axis
current injection (23); where R, is the rated phase
resistance. Figure 9 shows measured and estimated
(using (23)) Pr. As expected, Pg increases as the d-
axis current does. It is noted that this additional power
required for intentional magnetic saturation will be
required only temporarily when zero-to-low speed self-
sensing is required. At medium-to-high speed operation
region, where trackable back-EMF exists, back-EMF
based self-sensing method can be used, d-axis current
can be therefore controlled to be zero.

3

_ 2
PFI _E IdRp (23)

0.2 0.2

0.15 0.15
E) B

201 S01
a o

0.05 0.05

0 0

0 0.5 1 0 0.5 1
Id [p.u.] Id [p.u.]
(@) (b)
FIGURE 9. Fl operation loss, Pr with d-axis current in per unit, Prated

=144W. (a) Measured Pri. (b) Estimated Pri.

e Pug: required power to inject the HF signal (24) where
L, is rated phase inductance, and Vur and fur are the
magnitude and frequency of the injected HF signal.
Figure 10 shows the measured and estimated (using
(24)) Py as a function of V., and @, . It can be
observed that the higher the frequency of the HF signal,
the lower the losses, and, as expected, the lower the
magnitude of the HF signal, the lower the losses.

3 V}—%FI

P =5R

2 PR+ (0L, ) @)

‘-\\ -
1000 S 2
00 0y,

(b)
FIGURE 10. HF injection loss, Pur with varying Vur and fur, Prated
=144W. (a) Measured Pur1. (b) Estimated Puri.

fp [H2) e V]
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VI. EXPERIMENTAL RESULTS

This section provides experimental to demonstrate the
viability of the proposed technique. Figure 11 shows the
experimental setup, which consists of an XCS2000
controller, DRV8301 inverters with 20kHz switching
frequency, and back-to-back connected SPMSMs (load and
test machines).

BN

_ Test and load SPMSMs

Sensor board,
g3 Inverters (DRV8301)

-

N " .Y |
FIGURE 11. Experimental setup: test and load SPMSMs, controller
(XCS2000), sensor board, and inverters (DRV8301).

A. NO LOAD INDUCANCE ESTIMATION
D and g-axes incremental inductances, Lggs and Lgq, have
been measured in both test machines (DW and FSCW
SPMSMs); Lgg and Lgq being obtained form (25).
The procedure to measure Lgq and Lqq is the following:
1.  Phase-to-phase inductance, Ly (25), is measured using
an RLC meter while the rotor of the machine is
positioned at z/3and 5z/6; two frequencies for the
HF signal have been used 102 and 10° Hz.
2. La and Ly are obtained from the measurements
provided by the RLC meter as (26) and (27).

L) =Lt L (L -Loos( 20,42 | 25)

T
|_ -
Lo W 3) (26)
dd 2
/4
L L (%) @)
qaq 2
The results are summarized in TABLE II. It can be

observed from TABLE Il that the no-load inductive
saliency for both machines is ~10%. It can also be observed
that the inductances decrease as the frequency of the HF
signal increases; this is because skin effect on a coil tends
to make resistance higher, and the skin effect on the
lamination makes inductance lower. The inductance drop
with frequency can be therefore explained from the
decreasing effective axial direction area of lamination [28].

Nevertheless, the inductance drop due to skin effect will not
affect the inductive saliency ratio since the effect exists in
both dg-axes.

TABLE Il
DQ INCREMENTAL INDUCTANCE
DW SPMSM CW SPMSM
fur [HZ] Lo [MH] Lad [mH] Loq [MH] Lad [mH]
102 0.263 0.222 0.795 0.755
10° 0.216 0.197 0.575 0.530

B. INDUCTIVE SALIENCY VARIATION DUE TO FI
CURRENT INJECTION

To measure the influence of soft-iron saturation effects on
inductance, the dg-axes flux-linkage is estimated at the
standstill position [29][30]. At a locked rotor position,
back-EMF does not exist; therefore, flux-linkage in dg-axes
can be measured using (28)-(29). Dg-inductances can be
estimated from (17)-(18) after applying a low-frequency
square wave voltage to the machine. Figure 12 shows the
inductance variation as a function of dg-current; it is
observed a sharper d-axis inductance drop with positive Iq
current on the FSCW SPMSM than on the DW SPMSM.

Ay (t) = j (v, (1) - Ry ())d7 (28)
Ay (t) = j (vy () = R,i, ())dz (29)
0.2
0.15 1
E 0.1F}
0.05 qu(Iq)
......... L)
0
-3 -2 1 0 1 2 3
Ljq 0]
(@
0.6
w .....
Zo04t e
= T
0.2 L)
......... L)

Lig [pu]
(b)

FIGURE 12. Inductance variation as function of dg-current. (a) DW
SPMSM - M2310. (b) FSCW SPMSM - T0601., see TABLE |. Square Vdq =9V
at 10Hz 6; =0deg.

Figure 13 shows Iz vs. fundamental d-axis current for
FSCW and DW SPMSMs measured directly using high-
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frequency voltage injection in between dg-axes given the
rotor position from the encoder[18]. Choosing
(6, —6,) = 45[deg.] in (14), li in (15) is estimated given the
encoder position as the reference. As expected, the i
increases if the positive d-axis current is injected, FI current,
and decreases if negative d-axis current is injected, FW
current.

DW (M2310)
0.2 fjererannns FSCW (T0601)
E 0.15
—~= 0.1
0.05
0

Iy [pu]
FIGURE 13.
TABLE I) in lq range of 2p.u. with HFI fur =1000Hz, and Ve =2V.

C. CLOSED LOOP FI SELF-SENSING CONTROL
EXPERIMENTAL RESULTS

Figure 14 shows the command tracking ability of the
conventional HFI based self-sensing position control, i.e.,
without FI current injection, while Fig. 15 shows the
command tracking ability of the proposed HFI based self-
sensing position control, i.e., with FI current injection. In
both cases, see Fig. 14 (a) and 15 (a), a swept sine iy
command from 0 to 20Hz was applied to the test machine.
Figure 14 (b) and 15 (b) show the high-frequency injection
angle error, ¢ see Fig. 5 (b). Figure 14 (c) and 15 (c) show
the estimated position and the measured position of the
conventional HFI based self-sensing position control and the
proposed technique, respectively, while Fig. 14 (d) and 15
(d) show the position error, i.e., the difference between the
measured and estimated position. It can be clearly observed
that the proposed FI operation technique enhances the self-
sensing ability.

0.5F

(A]

@) .z of

-6,
lq i

(b)

<0
]:;ElHF [A]

Experimental results of li of FSCW and DW SPMSMs (see

a0
L
© =
<
o
o
=,
(@) g
<5
1 2
Time [sec]
FIGURE 14. Command tracking performance of closed-loop

flux-intensifying HFI self-sensing control. (a) Q-axis current
command, chirp iq from 0-20Hz in 5sec. (b) LPF g-axis HF
current. (c) Estimated and measured (using an encoder) rotor
position. (d) Estimated position error. Vur=3V and fur=1000Hz,
1¢=0A, current loop bandwidth of 500Hz, DW SPMSM - M2310, see
Table I.

@ .z O

(b)

(c)

(d)

1 2 3 4 5
Time [sec]

FIGURE 15. Command tracking performance of closed-loop
flux-intensifying HFI self-sensing control. (a) Q-axis current
command, chirp ig from 0-20Hz in 5sec. (b) LPF g-axis HF
current. (c) Estimated and measured (using an encoder) rotor
position. (d) Estimated position error. Vur=3V and fur=1000Hz,
1¢=0.5p.u., current loop bandwidth of 500Hz, DW SPMSM - M2310,
see TABLE I.

VII. CONCLUSIONS

This paper proposes injecting FI current to intentionally
increase the inductive saliency of a PMSM, making reliable
use of HFI self-sensing in machines with very low saliency,
e.g., SPMSM:s. It has been shown that low saliency machines
became a better self-sensor under FI operation with positive
d-axis current injection; injecting FI current will decrease d-
axis inductance, which results in an increase of the inductive
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saliency
demonstrated that by using the proposed method, neither

required for HFI self-sensing. It has been

machine design nor pre-characterization for current path
planning is required for using HFI self-sensing techniques in
low saliency machines. Experimental results have been
provided to demonstrate the viability of the proposed
technique.
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