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ABSTRACT Sensorless control is a common control method used in variable speed drive applications with
permanent magnet synchronous machines (PMSMs). In these drive systems, phase inductance (i.e., g - and
d -axis inductance) is the key parameter in designing current controllers. Additionally, the rotor position is
essential for coordinate transformation during the motor startup. This paper presents the two offline methods
of 1) line-to-line voltage injection and 2) stator gd voltage injection of sensorless PMSM drives for the
estimation of phase inductance and initial rotor position, respectively. A distinct feature of the proposed
methods is that they estimate both inductance and rotor position using the same algorithm. These methods
were experimentally verified using an interior PMSM (IPMSM) and a surface-mounted PMSM (SPMSM).
Because of the use of a least-squares algorithm, only a limited number of voltage vectors are required to
achieve reasonable accuracy for measuring inductance. However, the accuracy of the estimated position was
linearly proportional with the number of voltage vectors injected. Furthermore, the position error for IPMSM
was found to be smaller than that for SPMSM.

INDEX TERMS Inductance estimation, least-square estimation, rotor initial position detection, resistance

estimation, sensorless control.

I. INTRODUCTION
Permanent magnet synchronous machines (PMSMs) have
wide industrial applications because of their high power and
torque density. Vector control, which involves controlling the
motor currents in a frame rotating synchronously with the
rotor, is a typically used control method in PMSM drive sys-
tems. Electric parameters such as phase resistance and induc-
tance are required for current controller design, and rotor
position is essential for achieving coordinate transformation
in the controller. Some PMSM drive systems are equipped
with encoders or Hall sensors for determining the rotor posi-
tion. However, in many applications, position sensors are
impractical. For example, they are too expensive for low-cost
applications, such as fans, and might be damaged by the
refrigerants used in air conditioner compressors. Therefore,
sensorless control algorithms have been developed for these
applications [1]-[3].

Many offline methods have been developed for phase
inductance measurement [4]—[11], some of which [4]-[6], [9]
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require aligning a rotor or locking it at several positions; other
methods require a shaft position sensor [7], [8], [10], [11].
These requirements are mainly for identifying the positions of
the ¢ and d axes. Furthermore, locking a rotor can eliminate
the rotor vibration during inductance measurement. In some
applications, separating the motor from its mechanical load
is extremely difficult, and thus, the methods proposed in
[4]-[6] and [9] may be unsuited to these applications. More-
over, in applications without position sensors, the methods
proposed in [7], [8], [10], and [11] cannot be used.

The limitations highlighted in [4]-[11] can be overcome
using the initial position detection techniques proposed
in [12]-[20]. The main principle behind standstill initial
position detection for PMSMs is the use of the saliency
effect. The secondary saliency harmonic effect was discussed
in [12] and [13]; in particular, rotating voltage vector carrier
signal injection was used for position and polarity detection
in [12]. In addition, a two-step position estimation method
was proposed to minimize the influence of secondary saliency
harmonics on saliency-based drive [13], where polarity was
obtained through voltage pulse signal injection at the esti-
mated d axis. A high-frequency (HF) current signal extracted
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through a bandpass filter was used to obtain the rotor posi-
tion [14], where voltage pulses were injected at the estimated
d axis for polarity identification. In [15] and [16], the current
control and voltage injection periods were separated to elimi-
nate the requirement of a HF signal extraction filter. The rotor
position was estimated during the voltage injection period,
and polarity was detected by voltage injection at the esti-
mated d axis. In addition, a recursive discrete Fourier trans-
form [17] was applied to detect the rotor position and polarity;
however, this method was highly computationally expensive.
To address this problem, two fixed HF square-wave voltage
signal injections [18] were used to estimate the rotor position,
where the voltage signals were randomly injected into the
estimated d axis. Polarity identification was completed by
examining the accumulated induced random HF current peak
pairs. A position detection method, involving three steps,
was proposed in [19]. In that study, a voltage equation was
first applied to a stationary frame to detect the approximate
rotor position. Subsequently, voltage pulses were injected at
the estimated d axis to determine the polarity, and finally,
symmetric voltage pulses were injected for accurate position
detection. In [20], voltage and current signals were injected
to estimate the initial rotor position. The injected voltage
pulses were HF square-wave signals, whereas the injected
current signals were low-frequency (LF) sinusoidal signals;
both signals were injected at the estimated d axis. A LF
current signal was used to enhance the magnetic saturation
effect, and the small current signals induced from the HF
square-wave voltage were accumulated for polarity identifi-
cation. In summary, injecting voltage pulses at the estimated
d axis is a predominant method for polarity detection.

In combination with the initial position detection methods,
inductance can be measured in shaft position applications
without sensors [21]-[23]. In [21], the initial rotor position
was determined by first using an HF injection method. Subse-
quently, inductance was obtained by applying voltage pulses
at the estimated g and d axes. After the initial position detec-
tion, phase inductance was estimated through voltage pulses
at the estimated g and d axes [22]. By using the initial position
detection method proposed in [14], the authors in [23] applied
a sinusoidal voltage to the estimated ¢ and d axes and calcu-
lated the phase inductance by using the frequency response.
The use of the two algorithms in these methods to separately
estimate inductance and rotor position is a common approach,
with rotor position required for inductance estimation.

Inductance exhibits saturation and crosscoupling effects [6].

The actual inductance does not remain constant during
motor operations. However, if the variation in inductance
is small enough, a common constant proportional-integral
(PD) current controller can drive a PMSM with satisfactory
response [11]. For large variations in inductance, the sat-
uration and crosscoupling effects can be ignored in the
current controller design when applying techniques such
as a robust controller [24] or an online adaptive tuning
algorithm [25]-[29]. For example, a robust current controller
can tolerate 50% variation in inductance [24], and an online
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tuning controller [25] can achieve a deadbeat response even
with >50% variation in nominal inductance. Thus, compen-
sating for the saturation and crosscoupling effects in current
controller design is unnecessary.

This paper proposes two offline methods for rapid phase
inductance and initial rotor position estimation for sensorless
PMSM drives: line-to-line voltage injection (LLVI), which is
suitable for nonvector-controlled drives, and stator gd volt-
age injection (QDVI), which is suitable for vector-controlled
drives. Both methods involve voltage vector injection and the
use of a least-squares algorithm. A distinct feature of these
methods is that they can estimate both inductance and rotor
positions by using the same algorithm; furthermore, informa-
tion on rotor position is not required for inductance estima-
tion. After detecting the rotor position, phase resistance can
be identified. The proposed methods are simpler to imple-
ment, more accurate, and more rapidly executed than most
existing methods. The rest of this paper is organized as fol-
lows. Section 2 describes the mathematical model proposed
for a PMSM. Section 3 presents both the principle underlying
manual measurement using an LCR meter and an improved
method for rotor position estimation. Sections 4 and 5 intro-
duce the LLVI and stator QDVI methods, respectively, for
sensorless drives. The method of identifying phase resis-
tance is also explained in Section 5. Section 6 describes the
experimental setup and results. Section 7 summarizes the
conclusions.

Il. MATHEMATICAL MODEL FOR PMSM

Fig. 1 illustrates the coordinate system used in this paper. The
superscripts s and r denote the stator and rotor frames, respec-
tively. The motor phase voltages can be expressed per [30] as
follows:

Vas
Vbs
Ves

las Aas

=75 | ps | +p| Abs (D
s Acs

Aas

Abs

Acs

A sin(6,)
+ | Asin(6, —27/3) [(2)

Lax,as Las,hs Las,cs ias
= Lbs,as Lbs,bs Lbs,cs ibs

| Lcs,as Lcs,bs Lcs,cs cs Asin(@, 4 2w /3)
Las,as = Lis + Los + Log cos(26,)
Lbs,bs = Lj; + Los + Lps cos(26, + 277/3) 3)

Lcs,cs = Lis + Los + Lo cos(20, — 27 /3)

Las,bs = Lbs,as = —0.5Los + Log COS(2¢9r - 27{/3)
Lbs,cx = Lcs,bs = —0.5Los + Las cos(26;) 4)
Les,as = Las,es = —0.5Los + Las cos(20, + 27/3)

where Vg, Vps, and vgg indicate the voltages in the three
phases; i, ips, and i. are the currents in the three phases; p is
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FIGURE 2. Manual inductance measurement setup.

the differential operator; A is the flux linkage of the permanent

magnets; 6, is the rotor’s electrical position; Ly, a5, Lbs,bs, and

Les,cs indicate self-inductance; and Ly ps, Lps,cs, and Leg g5

indicate mutual inductance. Self-inductance is composed of

the leakage inductance L, constant part Loy, and sinusoidal

part Log. Lys and Lys can be defined as follows:
qu = [2Li5 + 3(Los + L2s)1/2 5)
Lds = [2Lls + 3(L0s - L2s)]/2

Ill. MANUAL MEASUREMENT USING LCR METER
In the conventional manual method for measuring motor
inductance, any two phases are connected to the LCR meter,
whereas the third phase is left open. Fig. 2 depicts an example
in which the line inductance between phases a and b versus
the rotor position is first measured. Subsequently, L,; and Ly
are deduced from these measurements.

After the rearranging the terms in (1), the line voltage
between phases a and b can be expressed as

Vab = Fsiap + LapPlab (6)
where
Lap = 2L 4 3Los — 3Ly cos(260, — 21 /3) (7)

After the application of this setup to phases b—c and c-a,
the line voltages can be expressed as follows:

Vap = 2Fsiap + LapPiap
Vbe = 2sipe + LpePipe (8)

Vea = 2Fsicq + LeaPica
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where
Lap = 2L + 3Los — 3Lo5 cos(26, — 21 /3)
Lpe = 2L;5 + 3Los — 3Ly cos(26,) ©)]
Leq = 2L + 3Los — 3Los cos(20, + 2 /3)

According to (9), max Ly, = max Lpe = max Leq = 2Ly
and min L, = min Ly, = min L., = 2L4;. Therefore,
the inductance can be obtained by measuring the inductance
versus rotor position for at least 180 electrical degrees. Next,
half of the maximum line-to-line inductance is Lys and half of
the minimum line-to-line inductance is L;;. The aforemen-
tioned method requires the measurement of inductance for
various rotor positions, which can be improved using a simple
linear algebraic algorithm. Algebraically manipulating the
trigonometric functions in (9) yields

Lay=2Lis + 3Los — 3La; c08(26,) — 343 Lo, sin(26,)

Lpe=2L;; + 3Los — 3L cos(26,) (10)

3 33,
Leq=2Ljs + 3Los — ELQS cos(26,) + TLQS sin(26,)

Let Ly = Log cos (26;), Ly = Loy sin(26,), and let L, = 2L;;+
3Los; (10) can then be rewritten as follows:

Ly Ly
M| Ly | =| Lp (11)
LZ LCC{
and
Ly Lap
Ly | =M7"| Ly (12)
L, Leq
3 33
2 2
where M = | =3 0 1 [.Inaddition, Lys and Lys can be
333

2
expressed as follows:

L, +3, /L + L]
7 (13)
L -3 /L}+ L}

2

Substituting (12) into (13) enables the calculation of the phase
inductance from the line inductance as follows:

Ltemp = \/ Lazb +L§C +L02a — LapLpe — LpcLea — LapLea
Lap + Lpe + Lea

Ly =

Lgs =

Llemp

qu = 6 + 3 (14)
Lab + Lbc + Lcu Ltemp
Lar= 6 T3

The inductance measurement procedure is based on (14).
First, the line inductances L,p, Ly, and L., are measured
using the LCR meter. Then, Ly and Ly are calculated using
(14). Compared with the methods described in [4]-[6], the
proposed method does not require knowledge of the rotor
position, the dc source, or rotor alignment. Thus, the proposed
method is a simple and time-efficient method for manually

32899



IEEE Access

H.-C. Yeh, S.-M. Yang: Phase Inductance and Rotor Position Estimation for Sensorless PMSM Drives at Standstill

measuring inductance. Because the common LCR provides
a small current, the inductance measured using the LCR can
be viewed as light load inductance. Consequently, this induc-
tance can be regarded as the maximum inductance for current
controller design. In addition to the inductance, the rotor
position can be calculated from the definition of L, and Ly
as follows:

Ly
tan(26,) = — (15)
Ly
However, the aforementioned calculated position requires a
polarity check, which can be performed using the method
presented in [13].

IV. LLVI WITH SENSORLESS DRIVE
The LLVI method energizes only two phases at a time,
whereas the third phase remains floating. This method is
similar to the scheme for driving brushless DC motors, where
both the inductance and rotor position are measured offline.
Neglecting the resistance drop and assuming that the volt-
age error caused by the nonlinear effect, such as dead time,
has been compensated for, (8) can be expressed in difference
form as follows:

Tpvab_act = LapAigp
Tp Vbe_act = LycAipe (16)
Tpvca_act = LegQicq

where T), is the time to apply the voltage pulse; Vap_acr, Voe_act s
and v¢,_qc indicate the actual voltages applied to the motor;
and Aigp, Aipe, and Aig, indicate the difference currents.
Under the assumption that Ai,pAip:Aiq, # 0, replacing the
inductance in (11) with that in (16) yields

Vab_act
Aigp
Ly vbc_?zct
M|L,|= TP Aipe (17)
L, Vea_act
Aigq

Because (11) and (17) have the same form, the inductance
and rotor position can be calculated using similar procedures,
except for the line voltage and difference current used in
the calculations. To ensure measurement accuracy, multiple
voltage vectors are applied to the motor and the least-squares
algorithm is used in the calculations.

Assuming that n group voltage vectors are injected into the
motor, where n > 1, (17) can be expanded as follows:

Ly
AL | Ly | =y (18)
L,
where
3 3 3 3
o3z o3z
2 2 2 2
AlL=| 33 33 33 3V3
2 2 2 2
1 1 1 . 1 1 1
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FIGURE 3. Flowchart for the line-to-line voltage injection (LLVI)
measurement method.

and
T _ Vab_act,1 Vbc_act,1 Vea_act,1 Vab_act,n Vbc_act,n Vea_act,n
yLL - Alnb,l Alhc,l A’m,l e A’ab,n Albc,n A’ca,n

where Vap act k> Vbe_act k> A0 Veq_aer i are the kth group volt-
age vectors; Aigp i, Aipe i, and Aig, i are the kth group dif-
ference currents; and k ranges from 1 to n. Thus, the following
expression is obtained:

100
AL A = 5 010 (19)
003

Because the determinant of AZLALL is nonzero, the
least-squares solution of (18) is expressed as follows:

L,
Ly | =@ A Al v (20)
L

Fig. 3 illustrates the LLVI measurement procedures. At least
one voltage group should be applied, and each voltage group
contains three voltage vectors: Vap_acr, Vbe_act> and Veg_aer-

Because only two phases are energized to produce a volt-
age vector, its equivalent circuit is similar to that presented
in Fig. 2. The difference currents produced by each voltage
group are recorded; subsequently, (20) and (13) are used to
evaluate the phase inductance, and (15) is used to evalu-
ate the rotor position. Next, rotor polarity is detected and
the measured position is compensated for if necessary. The
magnitude and duration of the injected voltages should be
sufficiently small to prevent rotor movement.

V. STATOR QD VOLTAGE INJECTION AND RESISTANCE
ESTIMATION WITH SENSORLESS DRIVE

The QDVI method involves injecting at least two voltage
vectors at the stator gd axis and then calculating the phase
inductance and rotor position by using the difference currents
and a least-squares algorithm. Assuming that the rotor is
at position 6, and neglecting the speed terms, (1) can be
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transformed to be in terms of the stator gd frame as follows:

21

st = rsi;s + LX_fIdpif]S - L)’_‘IdpiZS + LZ_qdpi;s
VZs Ts ifis — Ly_qap iZS =Ly _qap if]s + L;_gap ifis
where vy, v, are the g and d axis voltages, iy, iy are the ¢
and d axis currents, Ly _gq = 0.5(Lgs — Lys) c08(20;,), Ly ga =
0.5(Lgs — Lgs)sin(26,), and L; 4¢ = 0.5(Ly4s + Lgs). Then,
neglecting the resistance drop and other voltage errors, (21)

can be expressed in the difference form as follows:

S _ s
{ TP Vqs_act - Lx_qd Alqs

— Ly gd Ai;s + L; qa Ai; s

" 5 . (22)
—Ly_qaAiy, — Ly gaAi - + L qa AL,

Tpvils_act =
where Vi, .. Vg 4o are the voltages applied to the motor
and Aif]s, A are the difference currents. Equation (22)
describes the relation between the voltage and current vectors.
Because (22) contains three unknown variables, the solution
is not unique. However, if n stator voltage vectors are applied,

where n > 2, the following expression can be obtained:

Lx_qd
Agd | Ly gd | =Yqa (23)
Lz_qa’
where
) S rS rS
. Alqs,l _Ala’s,l .. Alqs,n —Azds‘n
A ) S "y
Aqd = —Alds’l —Alqsyl .. —Alds‘n —Azqs‘n ,
5 5 5 5
Alq&1 Alds’l .. Alqsyn Alds,n
T _ S S S S
Yo = Tp [Vqs_act,l Vds_act.1 -+ Vas_act,n Vds_act,n]' Here,

(Vf]s_acz, 0 vés_w’ ¢) 1s the kth injection voltage vector,
(Ai;& i Aifls’ ) 1s the kth difference current vector induced
by the kth voltage vector, and k ranges from 1 to n. At least
two current vectors with a nonzero vector cross-product are
required; thus, the least-squares solution of (23) exists as (18)
[31]. Therefore, we obtain the following expression:

Lx_qd

Ly g | = AbyAg) ™ Ay (24)
Lz,qd

Consequently, the phase inductance can be calculated as

Lgs=L; qa + \/L)%_qd + L}z,_qd (25)
Lgs = Lz_qd - 1/L)%_qd + L)%_qd

and the rotor position can be expressed as

tan(26,) = 2=24 (26)
Lx_qd

Fig. 4 illustrates the procedures for measuring the induc-
tance and rotor position by using the aforementioned method.
Atleast two voltage vectors with different orientations should
be injected, each of which contains a ¢ and a d axis volt-
age component. First, the difference currents are recorded,
and then, (24) and (25) are used to calculate the inductance
and (26) is used to calculate the rotor position.

The phase resistance can be estimated after the inductance
and initial position have been determined. The resistance is
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FIGURE 4. Flowchart for the QD voltage injection (QDVI) measurement
method.

FIGURE 5. Experimental system.

measured by applying two consecutive dc voltages to the d
axis of the positive rotor frame [11]. Because the inductance
voltage drop is nearly zero at steady state, the phase resistance
is identified as

r o
Vdsfact ,1 VdLact, 2
rs =

27)

i "
ds_act,1 ds_act,2

r r e s
Whelje (vds_act,l’ vds_act,l) and (lds._act,l’ lds_act,l) are the
applied voltages and the corresponding measured currents.

VI. EXPERIMENTAL RESULTS

An IPMSM and an SPMSM were used for experimen-
tally verifying the proposed methods. Fig. 5 illustrates the
experimental system. The inductance and initial rotor posi-
tion estimation algorithms were implemented using a Texas
Instruments TMS320F28335 digital signal processor at an
execution rate of 10 kHz. A load motor provided the external
load to the test motor. Table 1 lists the machines’ parame-
ters and the nominal motor inductance. These inductances
were measured using the conventional line-to-line method,
described in Section 3, and the nominal inductance was used
as a reference for comparison with the inductance measured
using the other methods.
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TABLE 1. Parameters of the machines used for experimental verification.

Parameter Quantity Units *
r, of IPMSM 1.25 ohm
L, of IPMSM 5.94 mH
Ly of IPMSM 3.97 mH
r, of SPMSM 2.3 ohm
L, of SPMSM 6.47 mH
Lg; of SPMSM 5.83 mH
1
8 o0s
g 0 /
vg 05 ¢ |
&
155 J
60 120 180 240 300 860
Rotor Position(” E)
(@
]
05
S
5 05
g
E 15
.f; 25
35 !
60 120 180 240 300 360

Rotor Position(" E)
(b)

FIGURE 6. Measured relative inductance error versus rotor position for
the IPMSM with the improved manual measurement method and LCR
meter; (a) Lgs and (b) L.

A. RESULTS FOR IMPROVED MANUAL METHOD WITH LCR
METER

Figs. 6(a) and (b) illustrate the relative errors of L,y and Ly,
respectively, of IPMSM for various rotor positions measured
using the improved manual measurement method described
in Section 3. Figs. 7(a) and (b) depict the relative errors of L
and L, respectively, of SPMSM for various rotor positions
measured using the same method. The measured inductances
were relatively stable regardless of the rotor position, and
all measured inductance errors were within 5% for both
machines. The measurement was performed within a few
minutes, because rotor position alignment was not required.

B. RESULTS OF LLVI WITH SENSORLESS DRIVER

Figs. 8-11 illustrate the results of the relative inductance
error and initial rotor position estimated with LLVI using a
sensorless driver. For comparison, two sets of experiments
were conducted: (1) experiments with the injection of six
voltage vectors (i.e., Vgp, Vpe, and v, and —vgp, —Vpe, and
—V¢q) and (2) experiments with the injection of three voltage
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Relative Inductance Error(%)
&= ; o =
o - w =] o
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Rotor Position(” E)
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FIGURE 7. Measured relative inductance error versus rotor position for
the SPMSM with the improved manual measurement method and LCR
meter; (a) Lgs and (b) L.

vectors (i.e., Vap, Vhe, and ve,). The injection time required
for each voltage vector was 100 us (i.e., one PWM sampling
time), and the average magnitudes of the injection voltages
were 120 and 165 V for IPMSM and SPMSM, respectively.
Because the pulse width was very short, the machine was
essentially not saturated and the identified inductance was
unsaturated inductance.

Figs. 8(a) and (b) illustrate the relative errors of L5 and
Ly, respectively, for IPMSM, and Figs. 9(a) and (b) illustrate
those of Ly and Ly, for SPMSM. The results obtained for
six-vector injection were slightly superior to those obtained
for three-vector injection. However, the measured errors of
Lgys were less than 11% for both machines. Moreover, the Ly
of SPMSM exhibited the maximum error, which was approx-
imately 16%.

Figs. 10(a) and (b) depict the measured rotor positions
for IPMSM and SPMSM, respectively, and Figs. 11(a) and
(b) depict their position errors. Both test machines had an
encoder mounted on the shaft, whose position was treated
as the reference position in the experimental results. For
six-vector injections, the position errors were less than 5° for
IPMSM and less than 12° for SPMSM. For three-vector injec-
tions, the position errors were less than 8° for [PMSM and
more than 80° for SPMSM. Therefore, the results obtained
for six-vector injections were considerably better than those
obtained for three-vector injections. Moreover, the injection
of only three voltage vectors was insufficient to estimate the
rotor position for SPMSM. Table 2 summarizes the experi-
mental results obtained for the LLVI method.
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FIGURE 8. Measured relative inductance error versus rotor position for
the IPMSM with LLVI; (a) Lgs and (b) Lgs.
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FIGURE 9. Measured relative inductance error versus rotor position for
the SPMSM with LLVI; (a) Lgs and (b) L.

C. RESULTS OF QDVI WITH SENSORLESS DRIVER

Figs. 12—15 illustrate the results of relative inductance error
and initial rotor position estimated with QDVI and a sensor-
less driver. Six linearly independent injection voltage vectors
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TABLE 2. Summary of the experimental results for LLVI.

Measurement Error Quantity Units
Ly Error(SPM-3 Vectors) 14 %
L Error(SPM-6 Vectors) 16 %
L, Error(SPM-3 Vectors) 17 %
Ly, Error(SPM-6 Vectors) 11 %
Position Error(SPM-3 Vectors) 80 °R
Position Error(SPM-6 Vectors) 11 °R
Ly Error(IPM-3 Vectors) 12 %
L Error(IPM-6 Vectors) 10 %
Ly Error(IPM-3 Vectors) 13.5 %
L Error(IPM-6 Vectors) 11 %
Position Error(IPM-3 Vectors) 8 °E
Position Error(IPM-6 Vectors) 4 °E

420
&3 Vectors

280 | -6 Vectors

M 300 /
g 4
£ 240
g ,f{&
o
— 180
Z o~
Zi20t
=
60
o . . : !
0 80 120 180 240 300 360
Rotor Position(” E)
(@
420 =
=3 Vectors

360 =6 Vectors 4

0 60 120 180 240 300 360
Rotor Position(” E)

(b)

FIGURE 10. Measured position versus rotor position with LLVI; (a) IPMSM
and (b) SPMSM.

were used in the experiments (i.e., 0°, 60°, 120°, 180°, 240°,
and 300°) in the stator frame. The average magnitudes of
the injected voltage for IPMSM and SPMSM were 70 and
110V, respectively. For comparison, three sets of experiments
were conducted: (1) experiments with injection with two
vectors (180° and 300°), (2) experiments with injection with
three vectors (60°, 180°, and 300°), and (3) experiments with
injection with all six vectors.

Figs. 12(a) and (b), respectively, display the relative errors
of Lys and Ly, for IPMSM, and Figs. 13(a) and (b) depict those
for SPMSM. The inductance error decreased as the number
of injection vectors was increased. The measured errors of
Lys were less than 9% for both machines with six-vector
injections. They were also less than 9% for IPMSM with
three-vector injections but approximately 13% for SPMSM
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FIGURE 11. Position error versus rotor position with LLVI; (a) IPMSM and
(b) SPMSM.
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FIGURE 12. Measured relative inductance error versus rotor position for
the IPMSM with QDVI; (a) Lgs and (b) L.

with three-vector injections. However, for two-vector injec-
tions, the measured errors increased considerably to approx-
imately 17% for IPMSM and 23% for SPMSM.

Figs. 14(a) and (b) illustrate the measured rotor
positions for IPMSM and SPMSM, respectively, and
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FIGURE 13. Measured relative inductance error versus rotor position for
the SPMSM with QDVI; (a) Lgs and (b) Lys.

Figs. 15(a) and (b) present their corresponding position
errors. The position errors for IPMSM were less than 4°
for six- and three-vector injections and less than 7° for
two-vector injection. By contrast, the position errors for
SPMSM were approximately 10° for six-vector injection and
more than 60° for three- and two-vector injections. These
results indicate that the accuracy of the estimated position
is linearly proportional to the number of voltage vectors
injected. Moreover, the proposed method is more suitable for
IPMSM; the estimated position is sufficiently accurate for
most sensorless control applications. However, only rough
positions can be obtained for SPMSM, even with six-vector
injection, and the error is too large for most sensorless control
applications. Table 3 summarizes the experimental results
obtained using the QDVI method.

D. DYNAMIC REPONSES OF ESTIMATION PROCESS

Fig. 16 presents the dynamic responses of the stationary
frame currents and the resistance estimated using QDVI and
IPMSM at 30°E. First, six voltage vectors were injected to
estimate the phase inductance and rotor position. Then, the
polarity of the estimated position was determined using four
larger voltage pulses [13]. The magnitude and duration of the
pulses for polarity check were 90 V and 100 s for IPMSM,
respectively, and 120 V and 100 us for SPMSM, respectively.
Finally, the phase resistance was identified with two voltage
vectors of longer durations. The first voltage vector contained
1.69 V for IPMSM and 3.11 V for SPMSM, and the second
voltage vector contained 1 V for IPMSM and 1.84 V for
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FIGURE 15. Position error versus rotor position with QDVI; (a) IPMSM and
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SPMSM. The duration for these voltage pulses was 15 ms.
The total elapsed time for the estimation process was approx-
imately 55 ms; the estimation of the inductance, position, and
polarity took less than 25 ms. Fig. 17 displays the dynamic
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TABLE 3. Summary of the experimental results for QDVI.

Measurement Error Quantity Units
L Error(SPM-2 Vectors) 23 %
Ly Error(SPM-3 Vectors) 16 %
L Error(SPM-6 Vectors) 13 %
Ly, Error(SPM-2 Vectors) 23 %
L, Error(SPM-3 Vectors) 12 %
L, Error(SPM-6 Vectors) 9 %
Position Error(SPM-2 Vectors) 80 °R
Position Error(SPM-3 Vectors) 60 °R
Position Error(SPM-6 Vectors) 10 °R
L Error(IPM-2 Vectors) 12 %
Ly, Error(IPM-3 Vectors) 6 %
L Error(IPM-6 Vectors) 4 %
Ly Error(IPM-2 Vectors) 17 %
Ly, Error(IPM-3 Vectors) 9 %
L4 Error(IPM-6 Vectors) 7 %
Position Error(IPM-2 Vectors) 6 °E
Position Error(IPM-3 Vectors) 4 °F
Position Error(IPM-6 Vectors) 3 °E
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FIGURE 16. Dynamic response of QDVI estimation process for IPMSM
at 30°E.
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FIGURE 17. Dynamic response of QDVI estimation process for SPMSM
at O°E.

responses of the currents and the estimated resistance during
the estimation process with QDVI for SPMSM at 0°E. The
total elapsed time was approximately 55 ms. Because the
rotor was located at 0°E, no voltage was applied at the g axis
when estimating the phase resistance.

E. RESULTS FOR PHASE RESISTANCE ESTIMATION

Figs. 18(a) and (b) present the measured phase resistance
error versus rotor position for IPMSM and SPMSM, respec-
tively. The maximum relative resistance error was 12% for
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FIGURE 18. Measured relative resistance error versus rotor position;
(a) IPMSM and (b) SPMSM.

IPMSM and 9% for SPMSM. Thus, the accuracy was suffi-
cient for current controller design.

F. RESULTS FOR D-AXIS CURRENT CONTROL RESPONSE
Fig. 19 displays the current control response of IPMSM at
the estimated d axis. A common constant PI current con-
troller was used as the controller. Pole zero cancellation
with the estimated parameters was used for designing the PI
gain. Because the parameters in this experiment varied little,
the current response was satisfactory.

G. COMPARISON WITH EXISTING METHODS

The main principle of standstill initial position detection for
PMSMs is the use of the saliency effect. Typically, a large
saliency ratio results in better position detection accuracy.
The saliency ratio of the tested IPMSMs in [15]-[20] ranged
from 1.33 [18] to 3.5 [17], and the measured position error
ranged from 3°E [18], [20] to 6°E [15], [16]. The saliency
ratio of the IPMSM used in this study was 1.5. The position
errors measured using the QDVI and LLVI methods were 3°E
and 4°E, respectively. However, in [19], the saliency ratio
of the tested SPMSM was 1.11 and the measured position
error was 30°E. The saliency ratio of the SPMSM used in this
study was also 1.11. However, the measured position errors
with the QDVI and LLVI methods were only 10°E and 11°E,
respectively.

The initial position detection time demonstrated in the
existing methods was approximately 40 ms [15], [17-19].
However, as shown in Figs. 16 and 17, the initial posi-
tion detection time with QDVI was less than 25 ms. Thus,
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compared with the existing methods [15]—[20], the proposed
method is more accurate and faster; moreover, the phase
inductance can be estimated using the same algorithm.

Although the inductance estimated using the proposed
methods did not include the saturation and crosscoupling
effects, the proposed methods can be used to design the
current controllers. Fig. 19 depicts a typical current response
in which the controller is tuned with the estimated phase
inductance.

VIi. CONCLUSION

This paper proposes two offline inductance measurement
methods, LLVI and stator QDVI, for sensorless PMSM
drives, both of which are based on voltage vector injection
and use the least-squares algorithms. LLVI energizes only
two phases at a time, whereas the third phase remains floating.
Stator QDVI outputs voltage vectors in the stator frame.
Although both methods are based on the same principle, they
differ in how the inverter stage is controlled. A distinct feature
of these methods is that both the inductance and rotor position
can be estimated simultaneously by using the same algorithm.

The LLVI results indicated that the inductance measure-
ments were reasonably accurate for both machines; all errors
were less than 16%, but the injection of more vectors yielded
superior results. In addition, the measured rotor positions
were reasonably accurate for six-vector injections, at less
than 10° for both machines. Similarly, the injection of
more vectors yielded superior results. However, for SPMSM,
the application of six or more vectors was necessary to
obtain reasonably accurate position estimates. A similar trend
was observed for QDVI, although the errors were generally
smaller than those obtained for LLVI. With six-vector injec-
tions, the measured inductance errors were less than 13% for
both machines. However, they increased to 17% and 23% for
IPMSM and SPMSM, respectively, for two-vector injection.
This is similar to the LLVI findings, where the injection of
more vectors yielded superior results.

The errors in position estimation were less than 4° for
IPMSM for six- and three-vector injections and less than
6° for two-vector injection. By contrast, the errors for
SPMSM were approximately 10° for six-vector injections
and more than 60° for three- and two-vector injections.
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Again, the results indicate that the accuracy of the position
estimates is linearly proportional to the number of voltage
vectors injected. The measured resistance error was less than
12% for IPMSM and less than 9% for SPMSM. The appli-
cation of a least-squares algorithm in the estimations enabled
reasonable accuracy to be achieved by the proposed methods
for measuring the phase inductance and initial rotor position
under the application of sufficient voltage vectors.
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