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Compensation Method of Position Estimation Error
for High-Speed Surface-Mounted PMSM Drives
Based on Robust Inductance Estimation

Yu Yao", Student Member, IEEE, Yunkai Huang

and Zichong Zhu

Abstract—This article proposes a compensation method of posi-
tion estimation error for high-speed surface-mounted permanent
magnet synchronous motors based on robust inductance estima-
tion. The proposed method relies on the variation of the estimated
4-axis back back-electromotive force when a small current is in-
jected into the ~ axis. The inductance estimation error is limited
within 5% when the nominal resistance and inductance vary
+30% of their real values. With the estimated inductance, the
position estimation error can be well compensated. Compared with
the conventional current-injection method, the proposed method
has enhanced robustness against the system noises. Benefiting from
this, it is effective to estimate the inductance with a small in-
jected current (0.5% of the rated current), where the conventional
methods fail. Finally, the effectiveness of the proposed method is
validated by simulation and experiment results on a 100 kr/min
(1.67 kHz) high-speed permanent magnet synchronous machines
accurately with 10-kHz sampling frequency.

Index Terms—High-speed permanent magnet synchronous
machines (HSPMSM), inductance identification, position
estimation error, small current injection.

1. INTRODUCTION

IGH-SPEED permanent magnet synchronous machines
H (HSPMSMs) are widely used in many applications be-
cause it has high power density, high efficiency, and free-gearbox
drives [1]. In order to obtain high control performance, accurate
rotor position information is essential in motor drives. How-
ever, the rotor position sensor on the high-speed shaft is often
not welcome or not possible because of the cost requirement,
limited space, and reliability consideration. Therefore, position
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sensorless control methods are extensively studied in HSPMSM
drives.

Generally, the back-electromotive force (EMF) estimation
methods are preferred for the high-speed position sensorless
application. The estimation of back EMF can be developed in the
stationary 3 reference frame or in the estimated rotational 9
coordinate based on motor models. According to the designed
structure, the estimation methods mainly include the filter-based
method [2], [3], sliding-mode methods [4]-[7], adaptive meth-
ods [8]-[11], and the extended Kalman filter methods [12], etc.
But these conventional position sensorless methods of PMSM
are often implemented based on the forward Euler discretiza-
tion, which requires a reasonably high sampling frequency.
The operating frequency of the HSPMSM is high because of
high speed, while the switching and sampling frequency of
the power converter is limited by the power semiconductor
losses, analog-digital conversion delay, and microcontroller unit
capability. As a consequence, the number of control actions per
control period in the HSPMSM drive is limited. Conventional
forward Euler-based methods may fail because of inaccuracy
and instability [13].

To solve the aforementioned problem, several sensorless
methods are established based on a discrete-time model with
zero-order hold discretized. A fully discretized back-EMF esti-
mation method based on the exact discrete-time model was pro-
posed in [14] and [15], which pushed the sampling/fundamental
frequency ratio to 6. In [16], a speed-adaptive full-order ob-
server in the discrete-time domain is developed and tested,
showing significant performance improvements when the sam-
pling/fundamental frequency ratio is below 10. However, these
position sensorless control methods are based on accurate mod-
els of HSPMSM, which requires accurate motor parameters,
especially the inductances. Moreover, the robustness of the
proposed methods against parameter variations are not provided.

Online parameter identification has been investigated in many
literatures. Most of these methods are based on applications with
rotor position sensors [17]-[23]. Some researches are carried
out for the sensorless motor drives. Considering the well-known
rank-deficient problem, some papers assumes that some pa-
rameters are regarded as accurate and the remaining electrical
parameters are selected to be estimated [24], [25]. [24] estimates
the winding resistance and dg-axis inductance while the PM
flux linkage has to be known. In [25], the resistance and the
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flux linkage are estimated online while the stator inductance
is treated as a known parameter. Several methods can achieve
parameter identification without this assumption [26]-[28]. But
the experimental results indicate the estimated parameters did
not converge to their real values and the position estimation error
is still unacceptably large.

Another popular solution to the rank-deficient problem is
current-injection methods [29]-[31]. With the current injection,
the voltage equations are full-ranked and the system parameters
can be calculated by the recursive least square or other numerical
approaches. The current is usually injected into the direct axis
and there is a tradeoff on the amplitude selection. On one hand,
the amplitude should be as small as possible to reduce the effects
on the inductance saturation. On the other hand, the amplitude
of the current injection has to be adequately large to improve the
ratio of signal versus noises. Among these methods, the injected
current is up to 50% of the rated current in [29], 5% of the
rated current in [30], and 13.3% of the rated current in [31].
Therefore, it is significant to enhance the robustness against the
system noises, and thus, reduce the amplitude of the injected
current. Besides, it is worth noting that these methods are still
proposed based on the continuous-time model or approximate
discrete-time model using the forward-Euler method. For the
sensorless drive of HSPMSMs with the sampling/fundamental
frequency ratio down to 6, the discrete-time model is more
complicated and these methods are also not applicable.

To solve the aforementioned problems, a robust inductance
estimation method for EMF-based position sensorless drive of
HSPMSMs is proposed by using a small current injection. There
are some achievements as follows.

1) The inductance estimation error is limited within +=5% of
the real value when the nominal resistance and inductance
vary +30%. With the estimated inductance, the position
estimation error can be well compensated.

2) Compared with the traditional current injection-based
method [29]-[31], the proposed method has enhanced
robustness against the system noises. As a consequence, it
is effective to estimate the inductance with a small injected
current (0.5% of the rated current), where the conventional
methods fail.

3) Because of the fully discretized design, the proposed
method can be used under the low sampling/fundamental
frequency ratio (down to 6).

Finally, the proposed method is validated by both simulation

and experimental results on a 100-kr/min motor with 10-kHz
sampling frequency.

II. DISCRETE-TIME MODEL AND EMF-BASED POSITION
ESTIMATION OF HSPMSM

A. Discrete-Time Model
According to [14], the discrete-time model in the estimated

~§ reference frame is derived as

i,y(;(k‘ +1)= Giw;(k) + HV,y(g(k’) + Fe,yg(k)

ivﬁ = [iv iS]T
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T
Vs = [vy vs]
_ ‘i j T
ey = wV[—sinb. cosb.] €))
where i, is the winding current. v.,; denotes the inverter output

voltage. e, s refers to the back EMF. w is the angular speed and ¥

denotes the PM flux linkage. 6. is the position estimation error.
The matrices are defined as

G=T,G H=T,H; F=T,G:
T. — cos(w(k)T)  sin(w(k)T)
Y —sin(w(k)T) cos(w(k)T)

10 4y —ds 10
! x[o 1] 27 a4, dll L y[o 1]

(x — cos(wT))R — sin(wT)wL

d =
1 R2 + w2L2
g = (x — cos(wT))wL + sin(wT)R
2= R?2 + w22
: 1—e 2T
p=e Ty ———— )

where the T is the sampling period. R is the stator resistance,
L is the stator inductance. d; and ds are the coefficients of the
back EMF.

B. Sliding-Mode Disturbance Observer

For the position sensorless drive of the HSPMSM, the esti-
mation of the back EMF is widely used, which can be easily
achieved by a model-based observer. Generally, considering the
parameters mismatch, there is

R#R L+#L 3)

where the R and L are the nominal values of the resistance
and the inductance, respectively. Based on the model (1), the
discrete-time back-EMF observer can be written as

Lok +1) = Gis(k) + Hv5(k) + Fers(k) (@)

where G, ﬂ, and F are the matrices with respect to Rand L.
€, is the estimated back EMF.
By subtracting (1) from (4), it can be derived that

Lok +1) = GLs(k) + Fess(k) —p(k) )
and
p(k) = Feys(k) — (G — G)iys(k) — (H — H)v,5(k)

where the i,s denotes the current estimation error vector.

In order to make iwg(k) converge to zero, the The attraction
function of &(k) is designed as

8y5(k) = B (3L,5(k) = GLs(k) +B(K))  (6)
and the p(k) is the time-delay disturbance estimation as

p(k) = Giys(k — 1) + Féys(k — 1) — 1,5(k) @)
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Fig. 1. System diagram of the proposed identification method.

where the A is a positive constant. When A € (0 1), it can be
proved that the sliding-mode observer is stable [15]. When
the current estimation error (i.e., Lﬂ;) converges to zero, the
estimation of the back EMF is

o o1 gt (Feys(k) — (G - G)iys(k)
&,5(k) =F (_(If_H)w(k) g ) )

Itis worth noting that the estimated back EMF will be deviated
from the real values because of the mismatched parameters,
especially the mismatched inductance. In that case, the position
estimation error inevitably occurs, and thus, it is necessary to
achieve online inductance estimation aiming at compensating
the position estimation error.

III. PROPOSED INDUCTANCE IDENTIFICATION METHOD

Based on (8), it indicates that the mismatched parameters
will inevitably cause the estimation error of rotor position when
a model-based observer is implemented. Assuming that w is
obtained accurately, there is

P
év(k):m eolk) = -2

43+ d3
P = (dydy + dady)e (k) + (—dyda + dady )es (k)
— dy(&iy (k) + o () — da(Fis (k) + Gos(k))
Q = (—dady + dydy)er (k) + (dady + dydy)es(k)
+ da(&iy (k) + Go () — di (s (k) + Gos(k)) (9)

where
f=d-—z=e il —e LT
1—e 27 1—e 27
=1 - — 10
y=9y-—y= ) 7 (10)

where z, 7, czl, and (ig are nominal values of x, y, (fl, and czg,
respectively.

Fig. 2 shows the principle of the proposed method, which is
based on the variation of () (from the estimated back-EMF é5)
when a current is injected into y axis.

A. Variation of Q With Current Injection

The variation of the és with current injection into ~y axis is
analyzed. As it mentioned above, the speed stay unchanged after
injection.
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Fig. 2. Principle of the proposed identification method.

From (9), at time ¢, there is

(dAQdQ + dldl)e(s(to)

CZl (iié (to) + 371)5 (to)).
1D

Qto = (—dAgdl + dAldz)efy(to) +
+ do(Fiy (to) + 05 (t0)) —
A stepping current is then injected into the v axis. After the

control system back to steady state again at time ¢;, it can be
obtained that

(dydy + dydy)es(ty)

cil (@is(t1) + gos(ti))-

T‘Qtl = (—dAgdl + Czldz)ev(tl) +

+ do(Fiy (t1) + Fus (t1)) —

(12)
Subtracting (11) from (12), there is
AQ = (—CZle + Cildg)Aew + (CZQdQ + Cildl)Ae(;
We . (13)

+do(ZAiy, + §Av,) —

Wi,

dy (& Dis + §Avs)

where A refers to the difference between ¢; and tg.

Lemma 1: For the high-speed machine, the winding resistance
R, the stator inductance L, the electric angular speed w, the
sampling period 7" satisfies

R < 0.2wL

RT < 0.1L. (14)
This condition will be used to simplify the theoretical analysis
and guarantee the estimation error boundary of the proposed
method.
1) Characteristic of Wr,: According to Lemma 1, the R can
be neglected compared with wL and there is

sin(wT")
wl

cos(wT') — x

dlzf 0 R
wlL

15)

After the current injection, there is

1) the w is unchanged after the injection with the help of the
speed controller;

2) because of the injected current is much smaller than the
rated current, the variation of the d-axis current is ne-
glected.



2036

Based on these considerations and the discrete-time model
(1), it can be derived as

1
Av, = —(cos(wT') — x)Ad,
Y
1. .
Avs = —sin(wT')Ai.,. (16)
Y
Substituting (16) and (15) into Wy, there is
A 1
Wi, = ds (iAz}, + g— (cos(wT') — x) Az’7>
Y
s 1 .
— d1g— sin(wT)Ai,
)
_ (cos(wT) = Z)wL = SIH(WT)R:Z'AZ',Y
R? + w212
n (cos(wT) — &) (cos(wT) — ) wL § yA
R2 + w22 Yy
_ s sin(wT) R U p sin?(wT)wL § yA (17

R2+ w22y R24+ w22y
and by simplifying above equation, By applying Taylor expan-
sion, there is

1—e 2T T
TR 71
A_l—engNT
Y Iz I
o T T L-1L
y:y—y%f—zzﬁT (18)
and it leads to
. _A2 2 R
W, — (cos(wT)A ) —i:sm (wT)w (L B L) Al
R2 4+ w22
(cos(wT) — &) wl — sin(wT)R A
N R2 4 w2]2 Ty
_(cos(wT) — & wL —sin(wTRL— L .
pleosal) — D)l —snGDRL Ly -
R? 4+ w?L L

From the observation of (19), the W, contains the information
of the deviation between the real inductance and the nominal
inductance.

2) Characteristic of W.: The W, can be expanded on basis
of (13) as

W, = (_(ile + azldg)w\I!(sin ée(to) — sin ée(tl))

+ (dgdz + dldl)w\ll(cos ée(tl) — cos ée(to)). (20)

Based on the equation above, the W, is closely related with
the variation of the position estimation error (i.e., Aée) when
the y-axis current is injected.

Fig. 3 shows the Af, with Ai, (-1 to 1 A) injected and L
varying from 0.5 to 1.5 L. It can be observed that the A, ap-
proximately stays unchanged, which means the injected current
has negligible effects on the position estimation error. It can be
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Ai,y(A) -1 05

L/L %1073

Fig.3. A0, with A, ranging from -1 to 1 A at 100 kr/min.

concluded that the W, is much smaller compared with the W, . It
indicates AQ) ~ W, holds when the current is injected into the
~ axis and the speed stays unchanged with the speed controller.

B. Proposed Identification Method and Error Analysis
The inductance deviation estimation is designed as

AQ
U

AL = 21
where the AL is the estimation value of the L — L. The 7 can be
calculated directly in the digital implementation and is defined
as
- (cos(wT)A— i) —i: sin?(wT) WA,
R2 4 w2I2
As the analysis mentioned above, the AQ ~ W, holds. Bear

this in mind, the inductance deviation estimation can be simpli-
fied as

(22)

143
s
The estimation error of the inductance deviation is evaluated
and the following proposition holds.
Proposition: With the proposed estimation method (21) and
Lemmal, when the parameters vary +30% of their real values,
the estimation error of the inductance deviation is obtained as

AL = (23)

—0.023/& < AL — (L — L) <0.0429L/%.  (24)
Proof: From (19), there is
Al = (L . E) + piL (25)

where the coefficient p is defined as

e (cos(wT) — &) wL — sin(wT)R 1 . 26)

(cos(wT) — &) +sin®(WT) wlL
According to the Taylor series, there is
T~1- ET
L
2 T2 w3 T3

cos(wl') ~ 1 — sin(wT') ~ wT — 27
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Fig. 4. Af, with L, ranging from —0.95 to 1.05 L.

and the coefficient p can be simplified as

WT2 (RT—3L) 4

P= 6wrT?2 1 6(2 — 12 1 (28)
Generally, RT < 3L always holds, which leads to
—w2T2 (3i/) 1
p > — N 3 (29)
6w?T?% 4+ 6(2 —1)° L
Considering 6(& — 1)* > 0, there is — 5= < p < 0.
For the item =
RT RT
T — — ——. 30
TR 7 (30)
In that case
Kgr
1 L~RT(|1-— 31
z R < KL) (31)

where the Kr = R/R and K = L/L. When the parameters
vary +30% of their real values, the K € [0.71.3] and K}, €
[0.71.3], which leads to

K
6 L Kr 6

- — 2
TS TR, 13 (32)

and there is
—QRT <Ll < ERT (33)
7 137

According to Lemma 1, the boundary of z L is derived as

0.6 0.6
——L< 2L < —0L. 4
- <zl < 13 (34)
Therefore
0.3 - 0.3
— 13§;L < pzL < - L. (35)

This completes the proof.

It should be noted that this is a general conclusion for
HSPMSMs with Lemma 1 satisfied. Because the 2 is usually
between 0.8 and 1, the estimation error boundary of the proposed
method is less than 5%L. In that case, the position estimation
error can be much reduced and close to zero, as shown in Fig. 4.
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IV. DIGITAL IMPLEMENTATION AND COMPARISON WITH
CONVENTIONAL METHOD

A. Implementation Condition of Proposed Method

Based on the proposed inductance estimation method, a cur-
rent should be injected into the  axis. Considering the limited
voltage margin and the torque ripple, the amplitude of injected
current should be selected as small as possible

AQ| < 2%y (36)

where the Iy is the rated current. To eliminate the effects of the
system noise, a threshold is adopted and the AQ should be

|AQ| > Th. (37)

Without loss of generality, the T'h. is 0.02. Additionally, the
estimation error boundary is limited as

|L —L| < 0.05L. (38)

Therefore, based on (21), the following equation should be
satisfied as:
(cos(wT) — :i’)Z + sin?(wT) - 20
== S = w = .
R2 + w22 LI N
It is the implementation condition of the proposed identifi-
cation method. It can be checked that this condition is satisfied
in [32] and [33].
If the condition (39) holds, the amplitude of the injected
current should be selected as

0.4
= < ‘A’L,Y| < Q%IN
oL

(39)

(40)

Besides, considering the voltage margin, A, < 0, which
indicates the current is injected into the negative y axis.

B. Effect of the VSI Nonlinearity

Considering the voltage-source-inverter (VSI) dead time, the
real voltage applied in the motor can be derived as [34]

ol (k) = vy (k) + Dy (k) Vacaa (k)

vy (k) = vs(k) + Ds(k)Vieaa (k) (41)

where the V:'lead = wvdc - V::eO - VdO- Tons Toff’ Td,
Veeo, and Vo denote the switch ON time delay, the switch
OFFtime delay, the dead time delay, voltage drops, and free-
wheeling diode. D, (k) and D;(k) are

D'Y
Ds

where the sign() denotes the sign function and i, . represents
the phase current. Ty,c0+5 represents the transform matrix from
the natural coordinate to the estimated vd coordinate. Fig. 5
shows the waveforms of the D., and Ds when the fundamental
frequency is 1000 Hz. It can be checked that the D, and Ds are
six-times fundamental-frequency components.

sign(i,)
sign(i)
sign(ic)

- Tabc2’y6 (42)
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Considering the voltage distortion of the dead time, the () can
be rewritten as

Q(k)

%

dy(&i (k) + §u7y (k) — di(Zis (k) + go§ ()
2 (Finy (k) + Gy (k) — di (Fi5 (k) + s (k)

=d
+ d2§ Dy (k) Vieaa (k) — di§Ds (k) Vaeaa (k). (43)
Because the D, and Djs are six-times fundamental-frequency
components, for the HSPMSM drives, they can be filtered out
easily through a low-pass filter. With the attenuation of the low-
pass filter, the () is obtained as

Q(k) = do(&iy (k) + v (k) — dy(Fis(k) + jvs(k))

— d1§D5 (k) Vieaa (k) (44)
where the D (k) is the direct component of the D (k). In that
case, the variation of () from tq to ¢ is
AQ = dy(EAiy + §AV,) — dy (ZAis + §AVS). (45)
It can be observed that the AQ does not contain any Veaq
items and thus the inverter nonlinearity has no effects on the
proposed inductance identification method. The low-pass filter
is designed as

wed'

Gl = o7

(46)
where the w., is the cutoff frequency. For the HSPMSM drives,
the fundamental frequency is usually larger than 600 Hz, and
thus, the frequency of the voltage distortion is up to 3.6 kHz.
Therefore, without loss of generality, the cutoff frequency is
selected as 500 Hz in this article.

C. Comparison With Conventional Method

In the conventional current-injection methods [29]-[31], with
the current injection, the voltage equations are full-ranked and
the system parameters can be calculated. In this article, the full-
ranked equations are established as (16)

Av, = —(cos(wT) — x)Ai,

Avs = —sin(wT) Ais. (47)

LI~ |
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Fig. 7. Numerical results of the AQ with Ai, = —0.4 A.

By solving this equation, there is

B sin(wT) .
Y= Aoy Ai,
x = cos(wT) — i—zz sin(wT). (48)

According to the obtained = and y, the inductance can be
derived as
1l—xz T

L=- .
y Inzx

(49)

It can be observed that the estimation performance is based on
the solution of the x and y. Therefore, the estimation accuracy
relies on the Av,, and Avs.

Fig. 6 shows the numerical results of the Av., and Avs with
Ai, = —0.4 A. Both the Av, and Awvs are less than 0.1V.
Especially, for the Av., when w < 10000, it is smaller than
0.04 V, which is easily polluted by the system noise (resulting
from measurement and nonlinearity of the inverter). In that
case, the conventional estimation method may fail (refer to
the experimental results). In the proposed method, as shown
in Fig. 7, the AQ has a larger absolute value because of the
large 7, which improves the robustness against the system
noise. Correspondingly, it provides a possibility to estimate the
inductance with a very small injected current. It is an important
improvement of the proposed method, as the main contribution
of this article.

V. VALIDATION AND ANALYSIS

In this section, the simulation performed in MAT-
LAB/Simulink and experiments are designed to validate the
effectiveness of the proposed inductance identification method.
A simple proportional-integral (PI) controller is used in the
speed loop. The system structure of the HSPMSM drive with
proposed method is shown in Fig. 1. The experimental setup
and the flowchart of the proposed method is shown in Fig. 8.
The parameters of the tested HSPMSM are the same as shown
in Table I. A fan is installed on the shaft of the test motor as
a load, and thus, the load torque is approximately proportional
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Fig. 8.  Experimental setup and flowchart of the proposed method.
TABLE I
PARAMETERS OF THE TESTED HSPMSM
Symbol Parameter Value
R Winding resistance 0.02392
L Stator inductance 23.5uH
Upc DC bus voltage 48V
In Rated current 30A
poles Rotor poles 2
fs Switching frequency 10kHz
T Sampling period 100ps
ny Rated speed 100 kr/min
v Flux of the PM 0.0014Wb
TABLE I
q-AXI1S CURRENT AT DIFFERENT SPEEDS
Speed g-axis current
60 kr/min 10A
80 kr/min 18A
100 kr/min 30A
Flux density (T)
2.20
1.96
1.71
1.47
122
0.98
0.73
0.49
0.24
0.00
Fig. 9. Flux distribution of the tested HSMPSM at the rated condition.

to the square of the motor speed, as shown in Table II. All the
experimental data are sent to the host PC by the Ethernet module
in the control board.

A. Real Motor Inductance and Real Position Validation

Fig. 9 shows the flux distribution of the tested HSMPSM at
the rated condition. It can be observed that the tested machine is
not saturated at the rated condition, which is a common feature
of HSPMSMs to reduce the iron losses [35]—[37]. In that case,
the machine works under the linear region and the inductance is
unchanged at different conditions.
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Fig. 10.  Current vector diagram with current injection.

In order to evaluate the position estimation accuracy with
the finite-element-method (FEM) inductance adopted, a current-
injection validation is implemented, as shown in Fig. 10. During
the injection, the speed controller still works to maintain the
speed. Because of the same load, the g-axis current has to be
same and there is
sin ée

it cosf, = i2cosf, —i?

2 (50)

where the ij is the -axis current value with the i, = 0 and the

i3 is the the d-axis current value with a positive i2 injected.
Therefore, the estimation error can be calculated as
12
~ 15 — 1
f, — —atan (5 . 5) . (51)
il

Fig. 11 shows the 75 performance and its fast-Fourier-
transformation (FFT) analysis with mismatched inductance (0.7
and 1.3L) adopted in the position estimation observer when
a +5 A stepping current is injected into the «y axis at 60 and
100 kr/min. As is well known, only the direct component of the
g-axis current produces torque. To illustrate the variation of 75,
the FFT analysis before the injection and after the injection is
also provided. In Fig. 11(a), with the injected y-axis current,
the 75 decreases from 10.06 to 9.762 A. Based on (51), the
estimation error can be calculated as —0.06 rad (i.e., —3.41°).
At 100 kr/min, as shown in Fig. 11(b), with the injected ~y-axis
current, the 75 decreases from 30.36 A to 29.67 A. The position
estimation error can calculated as —0.137 rad (i.e., —7.86°). For
the cases under 1.3 L, as shown in Fig. 11(c) and (d), the position
estimation error at 60 and 100 kr/min can calculated as 0.057
and 0.155 rad (i.e., 3.26° and 8.87°), respectively.

Fig. 12 shows the 75 performance with FEM inductance
adopted in the position estimation observer when a +5A is
injected into the y axis at 60, 80, and 100 kr/min, respectively.
In Fig. 12(a), with the injected ~y-axis current, the is decreases
from 9.94 to 9.86 A. Based on (51), the estimation error can be
calculated as —0.016 rad (i.e., —0.92°). As shown in Fig. 12(b)
and (c), the position estimation error at 80 and 100 kr/min can
calculated as —0.016 and —0.02 rad (i.e. —0.92° and —1.146°),
respectively.

Therefore, according to these experimental results, the es-
timated rotor position with the FEM inductance is with high
accuracy, and thus, it indicates that

1) the FEM inductance can be regarded as the real value;

2) the estimated rotor position with the FEM inductance can

be treated as the real rotor position.
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Fig. 13. Experimental results: phase A current ¢, and the estimated position
0. at 100 kr/min.

B. Condition Check and Injected Current Selection

Besides, because the installation of the position sensor is dif-
ficult considering the reliability and the mechanical limitation,
the experimental real rotor position is obtained by a back-EMF
observer with the accurate parameters adopted.

When the parameters (R and L) varies 30% of their real values

and the lowest speed is 6000 rad/s, the minimum ¢ is
min(p) = Pp_1 35 1213 1w=6000 = 26600 (52)

and

max ( 20 > - (20) —40527.  (53)
LIy LIn/ p=0o7L

Therefore, the implementation condition is always satisfied.

In the experiments, without loss of generality, the following
cases are considered.

1) Case I: R=1.3Rand L = 0.7 L.

2) Case2: R=0.7Rand L = 1.3 L.

Based on (40), in case 1, the injected current should meet

0.1352 < |Ai,| < 0.6. 54)
In case 2, the injected current should meet
0.2212 < |Ai,| < 0.6. (55)

Therefore, the Ai., is selected to 0.4 A(1.33%1x).

Fig. 13 shows the experimental results of phase A current i,
and the estimated position 6. at 100 kr/min. Because of the 10-
kHz switching frequency, the ratio of the switching/fundamental
frequency is down to 6.

C. Performance With Different Speed

To validate the effectiveness of the proposed method at differ-
ent speed, the experiments are established at 60 and 100 kr/min,
respectively.

1) Simulation Results: Fig. 14 shows the simulation results
with case 1 at 60 and 100 kr/min, respectively. In Fig. 14(a), at
0.05 s, a negative current (—0.4 A) is injected into the ~ axis.
Then the (), which comes from the estimated d-axis back-EMF
és has a sharp decrease because of the mismatched inductance,
which is consistent with the theoretical analysis mentioned
above. By calculating the AQ), the inductance identification
works based on (21) and the L increases to 23.52 pH (L =
23.5 uH). The estimation error is approximately 0.02 pH. At
around 0.08 s, another negative current (—0.4 A) is injected into
the v axis. The @ has a little increase, but it does not exceed
the predefined threshold (0.02). With the estimated inductance
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Fig. 15. Experimental results: Performance of the proposed method with
case 1. Aiy = —0.4 A. (From top to down: i, Q, L, and 6..).

adopted in the back-EMF observer, the estimation error of the
rotor position has been decreased to near zero. Fig. 14(b) shows
the performance of the proposed method at 100 kr/min. The
same procedure is operated and finally, the estimation error of
the inductance is around 0.03 pH.

2) Experimental Results: Fig. 15 shows the experimental
performance of the proposed inductance identification with
case 2 at 60 and 100 kr/min, respectively. As demonstrated in
Fig. 15(a), after the identification, the L is much close to the
real inductance. The estimation error of the inductance is about
0.64 H. At 100 kr/min as shown in Fig. 15(b), the estimation
error of the inductance is reduced to 0.47 p/H.

Fig. 16 shows the performance of the proposed method with
case 2 at 60 and 100 kr/min. Finally, the estimation errors of
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the proposed method.

the inductance have converged to 0.34 and 0.26 pH, respec-
tively. Therefore, according to the simulation and experimental
results, the inductance estimation error is limited within £5%
(1.175 uH) of the real value when the nominal resistance and
inductance vary +30% of their real values. The position estima-
tion error can be reduced within 0.04 rad.

Fig. 17 shows the compensation performance of the position
estimation error at 100 kr/min under case 1. With the mis-
matched parameter, the position estimation error is up to around
—0.14 rad. After the inductance estimation, the estimation error
is reduced to less than —0.02 rad, which has been well compen-
sated.

method (48) and (48) with Ai, = —0.4A,0.15 A at 80 kr/min.

D. Small Injected Current

Fig. 18 shows the experimental results of the proposed method
with case 1 and case 2. Ai,, = —0.15 A. With the small injected
current (0.5%I ), the |AQ)] is still up to 0.28 and 0.1 because
of the large 7. The estimation error of the inductance is around
0.5 and 0.74 pH, respectively. With the estimated inductance,
the position estimation error is well compensated. Therefore,
the effectiveness of the proposed method is still guaranteed with
a small injected current (0.15 A).

Fig. 19 shows the variation of the v, and v; of the proposed
method with case 1 and case 2. To illustrate the voltage variation
clearly, the voltages are obtained by a low-pass filter and the
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cutoff frequency is 200 Hz. When the Ai, = —0.4 A, both
the Av, and Awvs are less than 0.15V. Especially when the
Ai, = —0.15 A is adopted, both the Av., and Av; are less than
0.05 V. Therefore, the proposed current-injected-based induc-
tance identification method has negligible effect on the voltage
margin of the drive system, which is the main contribution of
this article.

E. Performance With Inductance Saturation

As the description mentioned above, the stator inductance of
the HSPMSM will not be saturated because of the limitation
of the iron losses. To validate the effectiveness of the tracking
saturated inductance ability, a saturated HSPMSM is established
in the simulation. In Fig. 20, when the speed varies from 60 to
80 kr/min, the g-axis current increases and the inductance satu-
ration occurs. It can be concluded that the proposed inductance
identification method can well track the inductance variation.

F. Comparison With Conventional Method

A comparison between the traditional current injection-based
method and the proposed parameter identification method is also
investigated.

Fig. 21(a) shows the experimental results of v, and vs with
Aiy, = —0.4 A at 80 kr/min. It should be noted that the volt-
ages are obtained by a low-pass filter and the cutoff frequency
is 200 Hz. From the observation, Av, = 0.07V and Avs =
—0.07V. Based on (48) and (49), it can be calculated that
L =28.13 1H. The inductance estimation error can be 4.63 pH
(19.7%L), which resulting from the system noises of the v.,.

Fig. 21(b) shows the experimental results of v, and vs with
Ai, = —0.15 A and case 1 at 80 kr/min. With the small injected
current (0.5%1y), the v suffers from the system noises and it
is difficult to obtain the variation after the current injection. If
Avy = 0.0275Vand Avs = —0.027V, it can be calculated that
L =10.91 1H. Clearly, the inductance estimation fails because
of the system noises.

VI. CONCLUSION

This article proposes a robust inductance estimation method
for EMF-based position sensorless drive of HSPMSMs by using
a small current injection to correct the position estimation error.
There are some achievements as follows.

1) The inductance estimation error is limited within 5% of
the real value when the nominal resistance and inductance
vary £30% of their real values. With the estimated induc-
tance, the position estimation error can be much reduced
to less than 0.04 rad.

2) The proposed method has enhanced robustness against the
system noises. It is effective to estimate the inductance
with a small injected current (0.5% of the rated current),
where the conventional method fails.

3) The proposed method can be used with the low sam-
pling/fundamental frequency ratio (down to 6).
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