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Minglei Gu, Satoshi Ogasawara, Senior Member, IEEE, and Masatsugu Takemoto, Member, IEEE

Abstract—This paper proposes novel pulsewidth modulation
(PWM) schemes for multi-space-vector pulsewidth modulation
(MSVPWM), which is used in position sensorless control of interior
permanent-magnet synchronous motor drives. The estimation of
the rotor position is based on magnetic saliency and employs high-
frequency components of voltage and current, which are excited
by MSVPWM. The difference between the instantaneously applied
voltage vector and the reference voltage vector causes current rip-
ple. Since six or four voltage vectors are generated during a PWM
period, the sequences of the error voltage vectors lead to different
types of current ripples. In this paper, the proposed MSVPWM
schemes employ six sequences for zero-/low-speed operation and
24 sequences for high-speed operation to reduce line current rip-
ple. Experimental results confirm that the proposed MSVPWM
schemes lead to significant reduction in harmonic current while
maintaining high performance of sensorless estimation.

Index Terms—Harmonic current, interior permanent-magnet
synchronous machine (IPMSM), magnetic saliency, multi-space-
vector pulsewidth modulation (MSVPWM), position estimation,
sensorless, switching sequence.

1. INTRODUCTION

NTERIOR permanent-magnet synchronous machines (IPM

SMs) are used in increasingly diverse industrial, household,
and automotive applications. Their advantages include reduced
motor loss, higher power density, lower rotor inertia, and greater
robustness of the rotor [1]-[4]. Due to the high cost and large
space requirements of position sensors in such machines, sen-
sorless IPMSM control systems are expected to be more com-
petitive. In such systems, it is possible to estimate the rotor
position signal from stator terminal voltages and currents [5].

Since the counter electromotive force (CEMF) becomes un-
observable when the rotor is running below a certain speed,
position estimation based on CEMF becomes impossible at low
speed, particularly at startup [6]-[12].

Position estimation based on the saliency effect is the only
way to estimate the position of the rotor when it is stationary or
rotating in low-speed operation. This estimation method can be
categorized as follows.
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1) Position Estimation Based on High-Frequency (HF) Sig-
nal Injection: An HF signal, which can be a rotating volt-
age vector, an alternating voltage vector or a pulse pattern,
is injected at the of or dg components [13]-[22]. The re-
sponse signal is usually evaluated from the HF current,
current derivative or HF voltage. This method is possibly
the most commonly used for position estimation. How-
ever, signal extraction with filter which is used for dis-
tinguishing the HF response from the controlled current,
tends to degrade the time response of vector control.

2) Position Estimation Based on Zero-Sequence Component:
The advantages of this method are high vector control per-
formance and simple estimation process. Since the neutral
point of the motor must be accessible for exciting the zero-
sequence component, a modified stator winding structure
is needed, which is not suitable for general industrial ap-
plications [23].

3) Position Estimation Based on Modified Pulse Width Mod-
ulation (PWM): With this kind of methods, a real-time po-
sition can be estimated at low and zero speed [24]-[29]. In
[24] and [25], multi-space-vector pulsewidth modulation
(MSVPWM) is presented. The HF components of volt-
age and current produced by MSVPWM are used. The
excitation is generated by six or four voltage vectors and
the response of HF component is obtained by a simple
current sampling device. In [28], two voltage vectors that
are opposite to the nonzero vectors of the conventional
space vector pulsewidth modulation (SVPWM), are used
to increase the excitation time when the average output
voltage vector is small. In [29], a pair of test vectors that
is equal and opposite, is imposed during the null period of
the conventional SVPWM. In addition, [28], [29] require
di/dt sensors to measure response signals.

Since the conventional SVPWM is possibly the best among
all the PWM techniques, modified PWMs must compromise
PWM performance in order to make the magnetic saliency ef-
fect available. One disadvantage is that the undesired switching
sequences boost the harmonic current.

In [30] and [31], hybrid SVPWM schemes for reduced cur-
rent ripple are discussed. Hua et al. [32] employed the oppo-
site switching vector to reduce the additional current deviation
caused by the modified PWM in [28]. Since six active voltage
vectors are generated by MSVPWM during a PWM period, the
output sequences of the multiple error voltage vectors lead to
the different kinds of current ripple. This paper analyzes dg-axis
HF current ripple during a PWM period for the various possible
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Fig. 1. Voltage vectors of inverter output. < T »
MSVPWM schemes. Taking various salience rate and output Fig. 2. Waveform of the motor current.

voltage vector into consideration, three types of optimization
MSVPWM schemes for reducing HF current ripple are pro-
posed. Consequently, the harmonic loss and the efficiency of
the system can be improved. Experimental results at low-speed,
iq = 0 operation confirm that the proposed MSVPWM schemes
lead to a significant reduction in harmonic current while main-
taining high performance of sensorless position estimation. The
most effective MSVPWM schemes can be determined in real
time with the help of online inductance estimation.

II. PRINCIPLES OF POSITION ESTIMATION

A. HF Model of IPMSM

An IPMSM can be modeled with a stationary reference frame
a3 as follows:

Vo | |70 [t + Lo+ Lycos20  Lqsin26
vg|  |0r]|ig Lysin20 Lo — Lq cos20

Here, v', ' denote the harmonic components, L is the induc-
tance matrix of (1)

Ly + Ly cos 26
L sin 20

L, sin 20

L=
Lo — L; cos 20

_ | La (0) Lap (0)
| Lpa () Ly (0) |

®)

The aforementioned equation indicates that with the help of

the HF components of the motor voltage and current vectors,

the inductance matrix L can be estimated. From this, the rotor
position 26 can be obtained with

Log + L3,

20 = tan!
an La —L@

(6)

B. Extraction of High-Frequency Components

In a three-phase voltage-source inverter, six active space vec-
tors Vi _¢ and two zero space vectors Vj 7 can be generated, as
shown in Fig. 1. The average voltage vector e can be regarded

dig, as the fundamental voltage vector. Therefore, the HF voltage
dt do —sin26 cos207 [i, vector V' is equal to the difference between the inverter output
X diy + at (QLI [COS 20 sin 29} L} } voltage vector V', and the average output voltage vector e
dt r=Vk—e (N
iy {_ sin 0} > (1) Fig. 2 shows the waveform of the motor current when V;_g
cos 6 are used during a modulation period. It can be assumed that
L+ L, the fundamental component varies linearly during a modulation
Ly = 9 @ period T. The current variation of an HF component Ai;,’ during
tk is
Ld —L )
L= 2% 3) TN
2 Aty = Agy, — ?Az ®)
where v, and vs are the stator voltages, and i, and iz are ;
the stator cur?ents in the stat19nary reference frame a?; ris Ai — Z Aip. ©)
the motor resistance; and )y is the permanent magnet’s flux P

linkage. Ly and L, are the direct and quadrature inductance in
the rotor-oriented reference frame dg.

Since CEMF is a fundamental component, the HF component
of the resistive voltage drop ri’ is negligible. (1) can be simplified
by writing the HF component as

di'

v'=L—

dt’ @

Here, Ay is the current response of inverter output voltage
vector Vi, and Al is the response current of the average output
voltage vector e.

The HF voltage vector V', can be determined incidentally
by space vector modulation algorithm. The HF current A} is
obtained by a simple current sampling device [25]. Since the
HF current component can be extracted in real time, both the
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position and the inductances can be estimated instantly in the
next control cycle.

1. MSVPWM

The conventional SVPWM is possibly the best among all the
PWM techniques, however, when the magnitude of the average
output voltage vector e is near zero or its vector angle is close
to that of Vi, the HF excitation is too small to measure HF
current response, consequently, position estimation cannot work
perfectly in SVPWM.

To eliminate this drawback of SVPWM, an MSVPWM
scheme is adopted. To increase the efficiency of the HF ef-
fect at the arbitrary average output voltage vector e, all eight
voltage vectors can be used in MSVPWM. The average voltage
vector e during a modulation period can be expressed in general
form as

7
e= sV (10)
k=0
7
ZSka =1 (1D
k=0

Here, a switch selector s;, which takes a value of 1 or O,
indicates whether Vi, is selected as an output vector during the
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modulation period 7. (. is the ratio of the action time ¢ to the
modulation period 7. (10) can be expressed in matrix form in
the stationary reference frame a3 as follows:

o
€a 50%@ 31‘/1@ o 57‘/7(1
eg | = [soVop s1Vig -+ s7Vag (12)
1 S0 S1 cee S7 :

G

No general solution to (12) exists because the number of
unknown variables is greater than the number of equations.
Here, a right pseudoinverse matrix is applied to obtain the least-

squares solution of the sum of (7, which is defined as
FM = pT(FFT) ! (13)

such that the magnitude of the average output voltage vector e
can be extended during the same modulation period T

Co ,

Cl 50%& S1 ‘/ia T 57‘/7(1 A €q

. = S()Vf)ﬁ s1Vig -+ s7Vig €p (14)
: S0 s S sy 1

Cr

Fig. 3 shows the conventional MSVPWM scheme with s,
s7 =0, and sy = 1, which means all of the six nonzero-
voltage vectors V;_g are selected and the two zero-voltage vec-
tors V7 are ignored. In this case, (14) can be rewritten as (15).
Here, Vj. is the dc-link voltage of the inverter

i 0 VBea  V2ep N 17
3Vie Vie 6
Co Ca Ve, ! Ve, V2ep L1
(1 C5 _ 6‘/;1L 6 3Vdc Vdc 6
G2 Co Ve, N V2eps L1 Ve, i
Cﬁ’) <7 SVZic VZlc 6 6Vdc 6
Bea 2e5 1
Voeo V25 1 0
L 3Vac Vie 6 —
(15)
To maintain the applicability of this algorithm, 0 < (;_¢ < 1
is needed. This imposes the value of e, / (1/2/3Vq.) must be

less than 1/2 for a sinusoidal output. Here, e,, is the magni-
tude of the average output voltage vector e. This MSVPWM
scheme is suitable for startup and low-speed operation. Another
MSVPWM scheme suitable for middle and high-speed opera-
tion is described in Section V-E.

IV. ANALYSIS OF CURRENT RIPPLE DURING
A MODULATION PERIOD

Note that the HF voltage component V'’ can also be regarded
as the error voltage vector V., which induce ripples in the line
currents of the motor. According to (7), the «3-axis components
of the error voltage vector V1o and V.. .5 are expressed as
follows: (16) and (17) shown at bottom of the next page.

Here, 0. is the angle of the average output voltage vector e in
the stationary reference frame a/3.
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Fig. 5. Trajectory of the error current of the counterclockwise sequence
(Vi V3VaVeViVs).

In order to make a quantitative analysis of the current ripple
with the influence of saliency ratio, the rotational reference
frame 70 is defined. The §-axis is aligned with the output voltage
vector e, and the y-axis lags behind the d-axis by 90°, as shown
in Fig. 4. The angle between g-axis and 0-axis is defined as A6, .
The dg-axis components of the error voltage vectors V¢, 14 and
Verrkq are expressed as follows: (18) and (19) shown at bottom
of the page.

It is assumed that current ripples change linearly, with a slope
changing immediately at the moment of switching. Then, the
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Fig. 6. Trajectory of the error current of the conventional sequence
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. foT Verrq (t)dt
Irippleq (t) - 7[/ .
q

(2D
Here, iyippled (£) and iyippieq (t) are the dg-axis components of
the instantaneous current ripple, respectively.
The root mean square (RMS) of the dg-axis current ripples
Liippled and Iy e, are defined as follows:

instantaneous current ripple vector i1, can be approximately 5 fOT ifippl od (t)dt
expressed as follows: ]rippled = -7 (22)
T T .
. fo ‘/errd (t)dt f Z?i ple (t)dt
zrippled(t) = T (20) IrZippleq = 0% (23)
V6 6 1
%‘/dc — €m COS ae _i‘/dc — €m COS 96
‘/(\rrln, V;:rr4a
. 6 6
V;”ZC‘ ‘/C“"r’a = _i‘/;lc — €, COS 96 7‘/:10 — €, COS 96 (16)
‘/err3a Vverrﬁa' 6 6
6 6
%VdC — e, cosl, —£Vdc — e, cosl,
_ 5 _
—e,, sin b, —gvdc — e, siné,
‘/errlﬁ ‘/erl"-’lﬁ \/i 2
‘/errZ/i ‘/err5ﬁ = 7‘/:10 —€m sin 96 _7‘/:10 —€m sin ee (]7)
2 2
‘/crri%ﬂ ‘/crr(jﬁ \/»
2
TVQC — e, sind, —e,, sin b,
. \/ngC cosf + e, sin Af, \/ngc cos (9—%—2?”) + e,, sin Af,
V;errld‘/erréld
Verr2d Verrsd | = \/gvdc cos (042 ) + ey, sin Af, \/ngc cos (0+%) + e sin Ab, (18)
chrrBd ‘/crr()’d i B . . 2 .
\/;VdC cos (0+?) + e, sin AG, \/;Vdc cos (0+m) + e, sin A,
_ —\/g\/ac sin @ — e, cos Af, —\/ngC sin (9—&—2{) — e, cos Af,
V:errlq V;err;iq
Verrzq Verrsq | = f\/ngc sin (9+%”) — e, cos Af, f\/gvdc sin (9+%) — e, cos Af, (19)
‘/61'1'3(1 ‘/err(iq i 9 . 5 5 .
_\/;V:lc sin (9—}—{) — e, cos Af, —\/ngC sin (0+7) — e, cos Af,



GU et al.:

A
g
T-1,
7
f+,
R AN
_— .

Fig. 7. Trajectory of the error current of the asymmetrical sequence
(ViVsVa Vs V3 V).

The RMS of the total current ripple I,;}, 1. can be regarded as
the square root of the sum of (22) and (23)

I’

ripple —

= I?

rippled + Inppleq (24)

The minimum total current ripple I,i,1. is taken as the opti-
mized object to find out the most appropriate MSVPWM scheme
during a single modulation period.

V. SEQUENCE OF MSVPWM
A. Constraints of MSVPWM

The behavior of the current ripple during a modulation pe-
riod depends not only on the average output voltage vector e,
but also on the sequence of the time integrals of the components
of the error voltage vectors. Since the voltage vectors Vj_7 vi-
sually reflect the trajectory of the error current, the relationship
between the MSVPWM schemes and the current ripples is dis-
cussed qualitatively in the stationary reference frame o3 for a
better understanding.

The MSVPWM schemes, which the action time ratios of
the six active space vectors during a modulation period satis-
fies (10) to ensure voltage—time balance is theoretically valid.
Therefore, there are 6! = 720 possible valid schemes of vectors
in MSVPWM. The total number of switching events during a
modulation period is the lowest when the sequence is strictly
clockwise or counterclockwise, however, in this case, strong
current ripple is generated due to the excess time integrals of
the error voltage vectors in the corresponding direction. The
trajectory of the error current of the counterclockwise sequence
(Vi V3V4 VsV, Vs) is shown in Fig. 5, where the magnitude of
the average voltage vector e is set to zero.

To eliminate the aforementioned drawback, the authors’ pre-
vious report [24] proposed the conventional MSVPWM scheme.
A pair of voltage vectors with opposite orientation is employed
to reduce the current ripple of the corresponding phase. In other
words, (V1Vs), (VaVs), (V4 V3) are combined as fixed switch-
ing sequences in order to reduce the three-phase current ripple.
The trajectory of the error current of the conventional sequence
(V1 Vs V5 V5V V3) is shown in Fig. 6, where the magnitude of
the average voltage vector e is set to zero. The trajectory clearly
starts from the origin and returns to the origin three times dur-
ing a modulation period. Consequently, the time integrals of the
error voltage vectors are closer to the origin and reduce the total
current ripple.
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In addition, the symmetry of the three-phase error voltage
vectors also contributes to the reduction of the current ripple.
Fig. 7 shows the trajectory of the error current of the three-phase
asymmetrical sequence (V3 V5VoV5V3V)). Since the switching
sequence of phase C is (V3V} ), the average time integrals of the
all error voltage vectors are shifted away from origin, and an
undesired current ripple occurs at 60°.

Note that there are five more MSVPWM schemes [ (V2 V5 V4 Vs
ViVs), (V2 VsVaVsViVe), (VaVasVaVsViVs), (VaVsViVsVaVs),
and (V1 V5V, V315 V5 )] that also satisfy the following principles:

1) employ three fixed pairs of switching sequences;

2) maintain symmetry of the three phases.

The analysis of the RMS of the current ripple generated during
a modulation period in these MSVPWM schemes is presented
in the following section.

B. Characteristics of RMS of Current Ripple

Taking the saliency ratio into account, current ripple is dis-
cussed quantitatively in the rotational reference frame dg to ob-
serve the influences of phase and magnitude of output voltage
vector. In order to analyze the influence of voltage—time integrals
of dg-axis components visually, L, and L, are both assumed to
20 mH extremely, A6, is assumed to 0. In this section, V. is
set to 200 V. The modulation period is set to 400 ps.

Figs. 8 and 9 show the current ripples Inppled and Irlppleqof
the six available MSVPWM schemes with respect to the

angle of the average output voltage vector e when e, is set
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Fig. 11.  d-axis instantaneous current ripple of sequences (V1 V5 Va V5 Vi Vs3)

and (V4V3V2V5V1 V(;) atf. = 30°.

to 0.4 of\/%Vdc. In the conventional MSVPWM sequence
(ViVsVa V5V V3), the d-axis current ripple reaches the mini-
mum/maximum and the g-axis current ripple reaches the maxi-
mum/minimum at the same corresponding angles, respectively.
For all six sequences, the characteristics of the individual
current ripples are the same as that for (V3 V5o V5V, V3), ex-
cept for a 60° phase difference.

Fig. 10 shows the total current ripple Irlpplc’
of Inpple 4 and Irlpple ;- In the conventional MSVPWM sequence
(Vi Vs Vo V5V, V3), the total current ripple reaches a minimum at
0. = 30° and a maximum at 6, = 210°. For all six sequences,
the current ripple reaches its minimum at intervals of 60° during
the electrical cycle.

Figs. 11 and 12 show the dg-axis instantaneous current rip-
ples of sequences (ViVVaVsViV3) and (ViV3VLa V5V V) at
0. = 30°, which correspond to the minimum and maximum of
the total current ripple, respectively. The magnitude of each
current ripple is zero at both the start and the end of the mod-
ulation period. The difference between the two instantaneous
current ripples can be observed visually under dg-axis since
the sequence (V,V3V2 V5V, V) produces a large d-axis current
ripple.

Fig. 13 shows the total current ripple Ir21pple generated by all
the six MSVPWM schemes, with respect to the angle of the av-
erage output voltage vector e when e,, is set to 0.2 of /2/3V..

It should be noted that e, does not influence the corresponding

which is the sum
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TABLE I
PROPOSED MSVPWM SCHEMES FOR LOW SALIENCY RATIO WHEN A6, = 0

0. MSVPWM Sequences
[0° — 60°] (Vi Ve Vo Vs Vi V)
[60° — 120°] (VaVs ViV Vi Vs)
[120° — 180°] (Va Vs Va V3 Vi Vi)
[180° — 240°] (VaVs Vo Vs Vi Vi)
[240° — 300°] (ViVa Vi Vs VaVs)
[300° —360°]  (ViVeVaV3VaVs)

angles of the extrema. However, a small e,, corresponds to a
smaller difference between current ripple extrema, lowers the
average current ripple.

According to Fig. 10, the MSVPWM scheme can be designed
to change depending on the interval of 60°, as shown in Table I.
Fig. 14 shows the current ripple Irlppk in its average under
the conventional MSVPWM, and average under the proposed
MSVPWM during electrical cycle, respectively. The current rip-
ple I“pple, which means harmonic copper loss, can be reduced
about 23% at most with the proposed MSVPWM schemes.
Furthermore, Irlpple is0.099 ate,,, = 0. That means MSVPWM
provides sufficient harmonic excitation even at zero-speed op-
eration. Because a small e,,, results in a reduced range ability of
current ripple during electrical cycle, the proposed MSVPWM
works signally when the average output voltage vector e

is large.
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Fig. 15. Proper of the current ripple with respect to the magnitude of
the average output voltage vector under the counterclockwise sequence
(N VsVaVsViVs).

As a comparison, Fig. 15 shows the current ripple Ifipple
under the counterclockwise sequence (V4 V3V, V5V, Vs) during
electrical cycle. In this sequence, the switching times is 1/2 of
the proposed MSVPWM, however, the current ripple Ifipplc is
as about four times as that of the proposed MSVPWM, which
means the current ripple / fipple per unit switching time is as two

times as that of the proposed MSVPWM.

C. Influence of High Saliency Ratio

Since the dg-axis inductances essentially determine the cur-
rent ripple corresponding to any error voltage, the magnetic
saliency ratio affects the characteristics of the current ripple.
The corresponding 6, of the minimum and maximum current
ripple is changed.

Figs. 16 and 17 show the total current ripple of the six avail-
able MSVPWM schemes with respect to the angle of the aver-
age output voltage vector e when e,, is set to 0.4 of 1/2/3Vj,
L, =25mH, L; = 16.67 and 12.5 mH, respectively. It is found
that when the saliency ratio is increased, the current ripple
reaches its minimum at intervals of 30° during the electrical
cycle, because the high saliency ratio makes the d-axis compo-
nent of the current ripple serious. Moreover, the high saliency
ratio does not cause horizontal shift in current ripple character-
istics. In this case, the MSVPWM scheme can be designed to
change depending on the interval of 30°, as shown in Table II.
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Relation of the total current ripple to the angle of the average
2/3V4e, Lg = 12.5 mH, and

TABLE I
PROPOSED MSVPWM SCHEMES FOR HIGH SALIENCY RATIO WHEN A6, = 0

0. MSVPWM Sequences 0. MSVPWM Sequences
[0° — 30°] (Vo Vs Vi Vs Vi V) [180° —210°]  (ViVeVaV3VaVi)
[30° — 60°] (ViVsViVVaVs)  [210°—240°]  (VyVs Vi VgViVsy)
[60° — 90°] (VaVa Vo Vs Vi V) [240° — 270°] (V1 Ve Va V5 VyVs)
[90° — 120°] (Vi Vs VaV3Va V) [270° — 300°] (Vo Vs ViV Vi Vi)
[120° — 150°]  (ViV3ViVeVaVs)  [300°—330°] (Vo VsViVViVs)
[150° — 180°]  (ViVeVaVsViVs)  [330°—360°1  (ViV3VaVsViVi)
TABLE III

SUMMARY OF SWITCH SELECTOR S,

Sector Phase of e Active sj Inactive s
I [—30°~ 30°] 50,1,3,5 52.,4,6,7
i [30°~90°] $1,2,3.7 $0,4,5,6
11 [90°~ 150°] 50,2.3,6 51.,4,5,7
v [150°~ 210°] $92.4.6,7 50,1,3,5
\ [210°~ 270°] 50.,4,5.,6 $1.2.3.7
VI [270°~330°] 1 .4.5.7 50,2.3,6

According to Fig. 16, the critical saliency ratio between these
two types of MSVPWM is 1.5 approximately.

D. Mirrored Sequences

Note that the fixed switching sequences (ViV1), (VsVa),
(V3Vy) can also reduce the three-phase current ripple. Keeping
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2/3Viye, Lg = 20 mH, and L, = 20 mH.

three-phase symmetry, the MSVPWM schemes made from the
aforementioned fixed switching sequences have mirror symme-
try to the basic sequences. For example, (V3V, V515 V5V)) is the
mirrored sequence of the basic sequence (Vi Vg Vo Vs Vi V3).
The similarity between them is the corresponding sequence
product the same RMS of current ripple. The difference is the
opposite polarity of average current ripple during a modulation
period. The switching sequence that alternately employs the
basic sequences and mirrored sequences in every modulation
period maintains the reduced RMS current ripple while average
current ripples is mutually offsetting during every two modu-
lation periods, as shown in Fig. 18. Since the cumulative error
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put voltage vector under four voltage vectors MSVPWM when e,,, is 0.65 of
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of average current is reduced near-zero, this hybrid sequences
are conducive to closed-loop current control, however, the HF
components of 1/27 Hz and its integral multiples of frequency
are emerged then lead to a deteriorated acoustic noise. For this
reason, the hybrid schemes with mirrored sequences are not
introduced.

E. MSVPWM for High-Speed Operation

To ensure the range of the average output voltage vector
as large as possible, the closest three nonzero voltage vectors
of the average output voltage vector e and one zero voltage
vector, in other words, four voltage vectors are selected for an
MSVPWM scheme for high-speed operation. Table III shows
the relationship between the phase of e and the value of switch
selector s;. [24].

Take sector I for example, in this case, (14) can be expressed
legibly as

_Voea 3 0
Go G 2Vie 4
GG Ve, 1 _\/56/5 1
G Go =| 2Vi@e 4 2V 4 (25)
0 0
Gs C7 V2es
L 2‘/dc * Z 0 n
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TABLE IV
CONVENTIONAL MSVPWM SCHEME FOR HIGH-SPEED OPERATION

0. MSVPWM Sequences
[—30° — 30°] (VoViV3 V)
[30° —90°] (Vi V3 Va Vi)
[90° — 150°] (VoVa Vs Vy)
[150° — 210°] (Vi Ve ViVa)
[210° — 270°] (VoVaVsVs)
[270° — 330°] (Ve VsV Vy)
TABLE V

PROPOSED MSVPWM SCHEME FOR HIGH-SPEED OPERATION WHEN A6, = 0

0. em < 05(/2/3Vie)  em >05(/2/3Vqe)
[0° —30°] (ViVo V3 Vs) (VoViVsVs)
[30° — 60°] (V3Vz Vi V) (Vi V3 Vi Va)
[60° — 90°] (Vs Vi Va Vi) (Vi Vs Vo V1)
[90° — 120°] (VaVo V3 Vi) (VoVa V3 Vi)
[120° — 150°] (VaVo Ve Vs) (VoVa Vs V)
[150° — 180°] (Vs Vi Va Vi) (Vi Ve Vo Vi)
[180° — 210°] (V6 V2 VyVa) (V2 Ve ViVa)
[210° — 240°] (VaVo Ve Vs) (VoVa Vs Vs)
[240° — 270°] (VaVoVs Vo) (VoVi Vs Ve)
[270° — 300°] (Vs V7 VyVy) (VzVsVyVy)
[300° — 330°] (Vs Ve Vi Vy) (Vi Vs Vi Vy)
[330° — 360°] (Vi Vo Vs V) (VoViVsV3)

In the other sectors, (j; has a similar expression as (25) because
of the symmetrical characteristic of sectors and output voltage
vectors. With the limitof 0 < (. < 1, the value of e, /( \/%Vdc)
must be more than 28.87% and the maximum is the same as
sine—triangle PWM for a sinusoidal output.

Similar to the MSVPWM with six voltage vectors, (VyV7),
(V3Vs), (V1Vh), and (V5V3) are combined as fixed switch-
ing sequences to reduce the current ripple. Eliminate the mir-
rored sequences, there are four valid schemes [(VyV;V3V5),
(VVoV3Vs), (ViVo Vs Vs) and (V Vi Vs V3)]. Here, zero voltage
vectors Vj and V7 are selected flexibly to balance the switching
events of each phase during a modulation period for different
sectors.

Figs. 19-22 show the relation of the total current ripple to the
angle of the average output voltage vector under four voltage
vectors MSVPWM schemes with different e,,, and saliency ra-
tio. The four voltage vectors MSVPWM scheme for reducing
current ripple can be determined by the magnitude and the phase
of the average output voltage vector, which the critical value are
0.5(\/2/73Vdc) and 0°, respectively. In this case, the influence of
saliency ratio to the selection of optimized MSVPWM schemes
seems slight because most error voltage vectors are generated in
d-axis. Table IV gives the conventional four-vector MSVPWM
sequences of all six sectors. Table V gives proposed four-vector
MSVPWM sequences of all six sectors, the average current
ripple can reach minimum every 30°.

Fig. 23 shows the current ripple /2 ripplei its average under the
conventional MSVPWM for high-speed operation, and average
under the proposed MSVPWM for high-speed operation during
electrical cycle, respectively. Here, Lq = 20 mH, L, = 20 mH.
The harmonic copper loss can be reduced about 40% at most.
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Fig. 23.  Proper of the current ripple with respect to the magnitude of the
average output voltage vector for high-speed operation.

TABLE VI
IPMSM PARAMETERS

Rated power 1.5 kW
Rated speed 1150 r/min
Rated current 57A
Rated voltage 187V
Phase resistance 1.071 Q
PM flux linkage 0.45 Wb

Pole pairs 3

L, (estimated) 23.7mHat0 A
L, (estimated) 120 mH at 0 A
Saliency Ratio 1.98

Vae
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Fig. 24.  Block diagram of the proposed sensorless control system.

F. Influence of A6,

A shift angle of proposed interval occurs when A6, is
nonzero. The simplified variations based on curve fitting with
A0, , which is assumed in 0°-90° are described as follows:

1) for Table I, no shift occurs;

2) for Table II, the characteristics of current ripple shift to
the right with increased A, , and the shift angle 6,,;¢; can
be calculated approximately by

Osnite =~ 0.50 x Af,. (26)
3) for Table V, 6y, depends on both e, and Af,, and

Osnire can be calculated approximately by the following
equations:
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Fig. 25.  FFT spectrum of the line current under the conventional MSVPWM
at 160 r/min and no load. From top: estimated position angle, line current and
FFT spectrum.
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Fig. 26.  FFT spectrum of the line current under the proposed MSVPWM for
low saliency ratio at 160 r/min and no load. From top: Estimated position angle,
line current, and FFT spectrum.

2
Apas &~ —17778 5 | —22 ) 124444
V 2/3Vdc
eTVL
_Cm ) _77.78 27)
V273V
Banite ~ Amax X sin(2A6,). (28)

In the experiential results, since the actual range of Af, is
about 0°-11°, the maximum of f};s; is within only 4°.

VI. EXPERIMENTAL RESULTS

A. System Configuration

The effectiveness of the proposed MSVPWM schemes is
tested experimentally. A block diagram of the sensorless drive
system is shown in Fig. 24. The MSVPWM signals are gen-
erated on an XC2S200 field-programmable gate array (FPGA)
board. A C6713 digital signal processor card is used to carry
out the following real-time algorithm: closed-loop current
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Fig. 28.  FFT spectrum of the line current under the conventional MSVPWM

at 160 r/min and rated load. From top: Estimated position angle, line current,
and FFT spectrum.

control, position estimation, and inductance estimation. A three-
phase insulated-gate bipolar transistor intelligent power module
is used as an inverter. In the experiments, the modulation period
of the drive is set to 400 us, and the dead time is set to 3.9 ps.
The motor parameters are shown in Table VI.

The authors’ previous report [26] discussed in detail how
inverter nonlinear effects such as dead-time affect the perfor-
mance of methods based on MSVPWM. In brief, the influence
of the inverter nonlinear effects on this sensorless drive system
seems minor.

B. Harmonic Components of Phase Current

Figs. 25-27 show the line currents and corresponding fast
fourier transform (FFT) spectra of the conventional MSVPWM,
the proposed MSVPWM for low saliency ratio and the proposed
MSVPWM for high saliency ratio, respectively. The dg-axis ref-
€rence currents q_ror and 7, ¢ are set to zero. A servo drive sys-
tem connected to the shaft of the IPMSM controls the speed so it
remains at a constant 160 r/min. In the conventional MSVPWM,
harmonic components are observed around frequencies, which
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Fig. 29. FFT spectrum of the line current under the proposed MSVPWM for
low saliency ratio at 160 r/min and rated load. From top: Estimated position
angle, line current, and FFT spectrum.
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are integer multiples of the modulation frequency. In contrast,
with both of the proposed MSVPWM schemes for low/high
saliency ratio, the spectra are more decentralized, and the 2.5, 5,
and 10 kHz components are significantly reduced. Furthermore,
since the estimated saliency ratio in Table VI is about 1.98,
which is larger than the critical saliency ratio of 1.5 in Section
IV-C, the proposed MSVPWM scheme for high saliency ratio
is more effective to reduce current ripple than the scheme for
low saliency ratio, as comparing Fig. 27 with Fig. 26.

Figs. 28-30 show the line currents and corresponding FFT
spectra of the conventional, the proposed MSVPWM scheme for
low saliency ratio and the proposed MSVPWM scheme for high
saliency ratio at 160 r/min, respectively. The d-axis reference
current 74_of 1S set to zero, and the g-axis reference current
1q_ref 18 set to 5.7 A. The improvement in terms of harmonic
components is similar to that seen in Figs. 25-27.

For an unknown-parameter [IPMSM, the selection of the pro-
posed MSVPWM scheme for low or high saliency ratio can be
determined by the online dg-axis inductance estimation [33], as
discussed in Section VI-D.
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Fig. 31. Measured signals in sensorless control under the conventional
MSVPWM at 160 r/min and i, = 0. From top: true position angle, estimated
position angle, and estimation error.
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Fig.32. Measured signals in sensorless control under the proposed MSVPWM
for low saliency ratio at 160 r/min and i, = 0. From top: True position angle,
estimated position angle, and estimation error.
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Fig.33. Measured signals in sensorless control under the proposed MSVPWM
for high saliency ratio at 160 r/min and ¢, = 0. From top: True position angle,
estimated position angle, and estimation error.

C. Position Estimation

Since the proposed MSVPWM schemes change the trajec-
tory of the response current during a modulation period, the
performance of rotor position estimation under the proposed
MSVPWM schemes should be compared with that under the
conventional scheme.

Figs. 31-33 show the characteristics of the position error 0,
between the actual position 6 and the estimated position e
under the conventional MSVPWM, the proposed MSVPWM
for low saliency ratio and the proposed MSVPWM for high
saliency ratio at 160 r/min, respectively, while i,4_..t is set to
zero and 7, ¢ is set to zero. The actual position 6 is measured
by a pulse generator (1024 ppr) attached to the shaft of the
IPMSM. The results suggest that the sensorless drive system
based on MSVPWM provides accurate position estimation with
fluctuation in the range of about +5°, which is independent of
the MSVPWM schemes.
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Fig. 34. Measured signals in sensorless control under the conventional
MSVPWM at 160 r/min and ¢, = 5.7 A. From top: True position angle, esti-
mated position angle, and estimation error.
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Fig.35. Measured signals in sensorless control under the proposed MSVPWM
for low saliency ratio at 160 r/min and i, = 5.7 A. From top: True position
angle, estimated position angle, and estimation error.
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Fig.36. Measured signals in sensorless control under the proposed MSVPWM
for high saliency ratio at 160 r/min and i, = 5.7 A. From top: True position
angle, estimated position angle, and estimation error.

Figs. 34-36 show the characteristics of the position error
0. between the actual position # and the estimated position
O.st under the conventional MSVPWM and the proposed hy-
brid MSVPWM at 160 r/min, respectively, while 74 _,.¢ is set to
zero and 4, _cf is set to 5.7 A. It means that the sensorless drive
systems based on any MSVPWM schemes provide accurate es-
timated rotor position even under magnetic saturation produced
by the increased stator current.

D. Inductance Estimation

The rotor position is obtained by estimating the phase induc-
tances. Consequently, not only the rotor position but also the
inductance parameter values can be estimated instantaneously
during a period of modulation with MSVPWM scheme [33].

Figs. 37-39 show the inductance estimation of the conven-
tional MSVPWM, the proposed MSVPWM for low saliency
ratio and the proposed MSVPWM for high saliency ratio at
160 r/min, respectively, while ¢y_or and 7, _,.f are set to zero.
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Fig. 37. Measured signals in sensorless control under the conventional
MSVPWM at 160 r/min and i, = 0. From top: Estimated g-axis inductance,
estimated d-axis inductance, and estimated position angle.
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Fig.38. Measured signals in sensorless control under the proposed MSVPWM
for low saliency ratio at 160 r/min and i, = 0. From top: Estimated g-axis
inductance, estimated d-axis inductance, and estimated position angle.
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Fig.39. Measured signals in sensorless control under the proposed MSVPWM
for high saliency ratio at 160 r/min and i, = 0. From top: Estimated g-axis
inductance, estimated d-axis inductance, and estimated position angle.

Figs. 40-42 show the inductance estimation of the conven-
tional and the proposed MSVPWM schemes at 160 r/min, re-
spectively, while 77 e is set to zero and i, e is set to 5.7
A. The average estimated g-axis inductance L, . is reduced
by about 11.8%, from 23.7 to 20.9 mH, with respect to 7, _¢f,
which ranges from O to the rated current because the saturation
becomes fuller as current builds up in the g-axis.

The results show that the proposed schemes have no influence
on inductance estimation. Therefore, for an unknown-parameter
IPMSM, the most effective MSVPWM can be determined by
the any of the MSVPWM schemes. The estimated d-axis induc-
tance is an essential parameter for magnet polarity identification.
The required minimum d-axis current for the magnet polarity
identification is small because of the accuracy and stability of
the estimated inductances [27].
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Fig. 40. Measured signals in sensorless control under the conventional
MSVPWM at 160 r/minand i, = 5.7 A. From top: Estimated g-axis inductance,
estimated d-axis inductance, and estimated position angle.
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Fig.41. Measured signals in sensorless control under the proposed MSVPWM
for low saliency ratio at 160 r/min and ¢, = 5.7 A. From top: Estimated g-axis
inductance, estimated d-axis inductance, and estimated position angle.
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Fig.42. Measured signals in sensorless control under the proposed MSVPWM
for high saliency ratio at 160 r/min and 7, = 5.7 A. From top: Estimated g-axis
inductance, estimated d-axis inductance, and estimated position angle.
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Fig. 43.  FFT spectrum of the line current under the conventional MSVPWM
for high speed at 360 r/min and i, = 5.7 A. From top: Estimated position angle,
line current, and FFT spectrum.
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Fig. 45. Measured signals in sensorless control under the conventional

MSVPWM for high speed at 360 r/min and i, = 5.7 A. From top: true po-
sition angle, estimated position angle, and estimation error.
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Fig.46. Measured signals in sensorless control under the proposed MSVPWM

for high speed at 360 r/min and i, = 5.7 A. From top: True position angle,
estimated position angle, and estimation error.

E. MSVPWM for High-Speed Operation

Figs. 43 and 44 show the line currents and corresponding
FFT spectra of the conventional and proposed MSVPWM for
high-speed operation, respectively. iq_rct 1S set tO Zero, ig_ref 18
setto 5.7 A. The speed remains at a constant 360 r/min (18 Hz).
The improvement in terms of harmonic components is similar
to that seen in MSVPWM for low-speed operation.

Figs. 45 and 46 show the position estimation of the con-
ventional and proposed MSVPWM for high-speed operation,
respectively. Figs. 47 and 48 show the inductance estimation of
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Fig. 47. Measured signals in sensorless control under the conventional

MSVPWM for high speed at 360 r/min and i, = 5.7 A. From top: Estimated
g-axis inductance, estimated d-axis inductance, and estimated position angle.
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Fig.48. Measured signals in sensorless control under the proposed MSVPWM

for high speed at 360 r/min and i, = 5.7 A. From top: estimated g-axis induc-
tance, estimated d-axis inductance, and estimated position angle.

the conventional and proposed MSVPWM for high-speed opera-
tion, respectively. The results show that the proposed MSVPWM
for high-speed operation have almost no influence on position
estimation and inductance estimation as well.

VII. CONCLUSION

Position estimation cannot work perfectly in standard
SVPWM for zero- and low-speed operation of the IPMSM. To
eliminate this drawback of SVPWM and increase the efficiency
of the HF effect at arbitrary the average output voltage vector e,
MSVPWM is adopted. In this paper, hybrid MSVPWM schemes
are proposed for low/high saliency ratio where the switching se-
quence is designed to change depending on the angle range.
Since the sequences of the dg-axis error voltage vectors are ad-
justed to bring the dg-axis current ripple closer to zero during
a modulation period, consequently, the average current ripple
can reach minimum every 60°/30°. Theoretically, the average
current ripple can be reduced by about 10% with the proposed
method. Experimental results at low-speed, ¢; = 0 operation
confirm that the proposed MSVPWM schemes lead to a sig-
nificant reduction in harmonic current while maintaining high
performance of sensorless estimation. The proposed method can
be implemented without increasing any hardware cost.

APPENDIX
(1) is expressed concisely as follows:

E=F2Z. (A1)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 9, SEPTEMBER 2016

Here, E is [eae51]T, Z is [(o¢1 - .. ¢7]T, and F is the voltage
vector matrix.
The objective functional is defined as follows:

J=2"2. (A2)
The Lagrange equation can be defined as follows:
L=2z"7Z - \'(FZ-E) (A3)

where A is the Lagrange multiplier. The partial derivatives of L
with respect to Z and A are shown as follows:

oL .

5y = 2Z-F'L =0 (A4)
oL

- FZ-E=0. A
B 0 (AS)

If FFT has full row rank, the Lagrange multiplier can be
deduced from (A4) and (AS) as

A =2(FF))'E. (A6)
Z can be expressed as follows:
Z = F'(FF')'E. (A7)

The right pseudoinverse matrix is defined from the aforemen-
tioned equation as

F™M — pT(FFT)~1 (A8)

The least-squares solution for the sum of (. can be calculated
with the help of (A8).
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