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Abstract—The rotor position of an interior permanent-magnet
synchronous machine (IPMSM) can be estimated without a po-
sition sensor by signal injection sensorless control at standstill
and/or in very low speed rotating condition. In the signal injection
sensorless control, however, the fundamental control performance
is limited by the frequency of the injected signal, and no negli-
gible acoustic noise is generated. If the frequency of the injected
voltage signal would increase to pulsewidth modulation (PWM)
switching frequency and if the switching frequency is near or
above audible range, the dynamics of the sensorless control can
be improved, and the acoustic noise can be remarkably reduced
or totally eliminated. This paper describes how to extract the
rotor position information of IPMSM using the voltage signal
injection whose frequency is the same as the PWM switching
frequency. Compared to the conventional heterodyning process,
the proposed method is simple to implement and appropriate for
PWM switching frequency signal injection. The high-frequency
voltage signal can be injected in the stationary reference frame
or in the estimated rotor reference frame. In this paper, the 5-
and 16-kHz signal injections are proposed, implemented, and
compared. The experimental results confirm the effectiveness of
the proposed method.

Index Terms—AC machine, motor drives, sensorless control,
signal injection.

I. INTRODUCTION

N THESE days, the popularity of interior permanent-magnet

synchronous machines (IPMSMs) has been increased in
many industrial drive systems [1]. The high power density, high
torque density, and high efficiency are attractive characteristics
of IPMSM for not only conventional drive applications but also
high-performance servo applications. Because an IPMSM is a
kind of synchronous machines, the rotor position information is
essential for field-oriented control [2]. As the result, an encoder
or resolver has been attached to the shaft of the rotor. These
position sensors invoke many problems: increasing system cost
and volume, signal noise issues, and reliability concerns. There-
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fore, control techniques which are not dependent on the position
sensor have been developed for the last several decades.

In position sensorless control, there are two groups in the
sensorless position estimation of IPMSM according to the po-
sition estimation principle. One is based on back electromotive
force (EMF), and the other uses the magnetic saliency of an
IPMSM [3]. In the first group, to extract the rotor position infor-
mation from the back EMF voltages, it uses voltage models and
observers in the synchronous or stationary frame and presents
good performance in the middle- and high-speed operations
of IPMSM [4]-[6]. At standstill or very low rotating speed,
however, because the voltage from the back EMF, which has the
position information, is proportional to the rotating speed, the
signal is too weak to be used as position information. In the sec-
ond group, rotor position is estimated from the characteristics
of IPMSM: The spatial inductance distribution is determined
by the rotor position because of the saliency of the magnetic
path [7]-[18]. To extract the spatial inductance variation, the
relationship between current and voltage is employed. To ex-
amine the current—voltage relationship, pulse width modulation
(PWM) current ripple can be used [7]-[10]. By measuring the
current variation according to the voltage vector variation in
a PWM period, inductance can be calculated directly [7]-[9]
or estimated with a nonlinear estimator [10]. However, these
methods require the modification of the PWM switching pattern
because the current variation in the conventional space vector
PWM (SVPWM) is too small to be used for the calculation
of the inductance. Moreover, additional devices to measure the
phase currents in arbitrary time should be designed in control
hardware, which might not be acceptable to many industry
applications. Similarly, the intended discontinuous voltage sig-
nal injected method has been proposed [11]. In [11], a large
voltage signal is injected for a very short time interval, and
the current variation by the injected voltage signal is measured.
From the measured current variation, the inductance and rotor
position can be estimated. However, with this method, the
rotor position information is discontinuously obtained, and the
rotor position estimation and the overall control performance
could be degraded.

Meanwhile, the continuous signal injection methods without
PWM modification have been proposed, and the signal can be
easily augmented into the conventional current control loop
[12]-[18]. The continuous voltage signals into the [IPMSM
causes the current ripple, which reflects the rotor position. From
the corresponding current ripple, the rotor position information
can be extracted with a properly designed observer and/or
a state filter. For each signal injection sensorless method, a
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demodulation process should be incorporated to extract the
rotor position-related value from the current ripple. These
signal injection sensorless methods can be further classified
into two categories according to where the signal is injected:
the rotating voltage signal injection in the stationary reference
frame [12], [18] and the pulsating voltage signal injection in the
estimated rotor reference frame [13]-[17]. The rotating voltage
signal methods inject the continuous signal spatially regardless
of the rotor position, and the pulsating voltage signal methods
inject the signal continuously pulsating on the estimated rotor
reference frame and/or the stationary reference frame. These
sensorless methods have unique characteristics according to the
injected signal type. These characteristics of each sensorless
method affect the rotor position detection performance. Many
research results have been published regarding the relationships
between sensorless methods and their performances [19], [20].

Even though each sensorless control method has unique
characteristics according to the injection signal type and the
demodulation process, in every sensorless method, the rotor
position is obtained from the current response caused by the
injected voltage signal. However, the measured currents contain
not only current ripples by the intentionally injected voltage
signal but also the extra one by the fundamental current control
and/or by nonidealities in machine and inverter. To improve
the position estimation accuracy, the only current ripple by the
corresponding injected voltage should be extracted from the
measured phase current.

Generally, the frequency of the injected voltage signal is
determined between the current control bandwidth and the
PWM switching frequency. As the frequency of the injected
signal is getting higher, the dynamics of the sensorless control
can be enhanced, and the interference between the injected
signal and the fundamental components of the current control
can be diminished. If the PWM switching frequency is near or
above the audible frequency range, the acoustic noise by the
injected signal can be remarkably reduced or totally eliminated.
However, the synthesis of the injection voltage by PWM limits
the injection frequency up to the PWM switching frequency
ideally, and furthermore, the filter used in the demodulation
process restricts the injection frequency.

In this paper, new sensorless methods for IPMSM drives
are proposed to improve the sensorless control performance.
This study focuses on the highest frequency signal injection
to enhance the control bandwidth and reduce the acoustic
noise simultaneously. By injecting the voltage signal whose
frequency is the same as the PWM switching frequency, which
is the theoretical maximum frequency in a drive system fed
by a PWM inverter where the sampling of the current and
updating PWM is done twice in a PWM switching period, the
injected signal can be easily decoupled from the fundamental
frequency, and the speed/torque control performance can be
enhanced. Moreover, if the PWM switching frequency is near
the audible range for most people, which is around 16 kHz,
the acoustic noise due to the injected signal can be virtually
eliminated, which may be a concern with the signal injection in
some applications. The proposed signal injection methods are
compatible to the stationary reference frame or to the estimated
rotor reference frame.
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II. BASIC PRINCIPLE OF HIGH-FREQUENCY VOLTAGE
SIGNAL INJECTION SENSORLESS METHOD

A. Rotating Voltage Signal Injection in the Stationary
Reference Frame

By exploiting the variation of the measured current, the
spatial information related to the rotor position can be directly
calculated easily. The voltage equation of IPMSM in the sta-
tionary d-/q-axis reference frame with currents and flux can be

described as
Vis igs| | @ [AGs
= R,|. — 1
sz Laj T L;j o

where [v3,, U;S]T, [i55, i;}’s]T, and [\3,, )\ZS]T are the vectors of
the stator voltage, current, and flux linkage in the stationary
d-/q-axis reference frame, respectively. Physically, the flux
linkages in the stationary reference frame in (1), [Aj,, )\fls]T,
are function of the stator currents and the flux linkage of the
rotor permanent magnet. Those flux linkages can be derived as

s 75 cosf
L\gs} =Lg {‘js} + )\f[ ) er] 2)
o i5s sin 6,
where the inductance matrix, Lg, is represented in terms of the
d-/q-axis inductances, Lq, and L, in the synchronous rotor

reference frame and the rotor position, 6., as (3) and (4) and \ s
is the permanent-magnet flux linkage

L — YL+ AL cos 20, AL sin 26, 3)
S= ALsin 20, YL — AL cos 26,
L s L s L s L s
mzidg N )

Then, (1) can be represented in terms of motor parameters
and the stator currents as

s - S d - S
-2 5] ]2
Vgs tgs dt [ gs

cos 20, || i3, | —sin 6,
sin 20, Hifls ] + wT}‘f{ cos 6, } )

— sin 26,

+ QALW{ cos 20,

where w, is the synchronous speed. Because of the saliency
of IPMSM, the inductance matrix, Lg, in (3) has the spatial
information of the rotor position. From the inductance saliency,
the rotor position can be obtained. Under the assumption that
the high-frequency voltage signal is injected into the [IPMSM
and the rotating speed is almost zero, the voltage drop of the
stator resistance and the back EMF voltages can be ignored.
Therefore, the high-frequency impedance model of IPMSM can
be simply expressed as

|:’U§sh:| _ Lsi F%sh} 6)

Vash dt |1 ash
where [v5,,, v;sh]T and [i5,,, i;sh]T are the injected high-
frequency voltage vector and the corresponding current vector

in the stationary reference frame, respectively. The spatial in-
ductance variation in Fig. 1 shows the possibility to estimate the
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Fig. 1. Inductance variation according to the rotor position at 5 kHz.

rotor position from the inductance model in (6). According to
the injected voltage signal, the current response can be derived

from (6) as
5 _1|v5s
{gsh] = / le[ ¢ h] dt. )
quh quh

If the voltage signal in (8) is injected to the stationary
reference frame, the locus of the voltage vector would be a
circle

S
qush — Ywnyg |:

®)

—sinwpt
cos wpt

where V;,,; and wy are the amplitude and frequency of the
injection signal, respectively. According to this rotating voltage
signal, the corresponding current response can be derived from
(7) as

|:7:25h:| — ‘/”U|:§f cos wht+2wffwh COS(QQT_wht)]
iosh N2 — AL2 E—f sinwpt+ wa_j‘wh sin (26, —wpt)

€))

From the current response, (9), the rotor position information
can be extracted through a kind of signal processing called as
the demodulation process. In [12], the heterodyning demodu-
lation process has been proposed as shown in Fig. 2. In this
demodulation process, the current responses in (9) are multi-
plied with a sinusoidal function whose frequency is identical to
the injection frequency. After low-pass filtering, the final result
of the demodulation process, e, in Fig. 2 can be derived as the
following:

N ST ALy 200

(10)
where the signal injection frequency, wy,, is assumed to be large
enough compared to the rotating speed, w,., (wy, > w,.) and the
rotor position error between the real position and the estimated
position is reasonably small. The result of the process, ey, can
be used as a corrective error input to the Luenberger style
observer or state filter as shown in Fig. 2 [13]. In this paper,
some new sensorless control methods are proposed. These
methods are focused on the realization to extract the position
error with switching frequency signal injection. Therefore, the
Luenberger style observer or state filter in Fig. 2 should be also
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Fig. 2. Block diagram of the heterodyning demodulation process in the
rotating voltage vector injection method in the stationary reference frame.

accompanied by the proposed methods. By driving ey to zero,
the observer or state filter enforces the estimated rotor position
to follow the actual rotor position.

B. Pulsating Voltage Signal Injection in the Estimated Rotor
Reference Frame

As the rotor position information is derived from the in-
ductance matrix in the stationary reference frame, the rotor
position-related information can be also extracted from the
current—voltage relationship in the estimated rotor reference
frame. The voltage equation in the rotor reference frame can
be described as

T T d T
(2] (][5 2)4[
qu qu qs dt qu

0 —Lg ] [i, 0

qs

s ZS}T are the vectors of the stator
voltage and current in the rotor reference frame, respectively.
Supposing that the high-frequency voltage signal is injected
into the IPMSM, the high-frequency impedance model in the
rotor reference frame can be simply described as

|:U£sh:| — |:Ld3 0 :| ﬂ |:ZZsh:|

Ugsh 0 qu dt ngh

where [v7_, 0" 17 and [i5_,,i",]" are the vector of the
dsh> Yqsh dsh> “qsh

injection frequency voltage component and current component

in the rotor reference frame, respectively. According to the

injection voltage signal, the current response can be derived
from (12) as

. ~1
-/l 2 )
ZZsh 0 L(IS v;sh

Fig. 3 shows the relationship in the reference axes. The

position error 6, between the real position 6, and the estimated
position 6,. can be described as

where [v],, V] ] and [0, 1

(12)

(13)

(14)

When the pulsating voltage signal is injected into the d-axis
in the rotor reference frame, the corresponding current response
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Fig. 3. Relationship between reference axes. (Black) Stationary reference
frame, (blue) real rotor reference frame, and (red) estimated rotor reference
frame.

leads to estimate the rotor position. The pulsating voltage signal
in the rotor reference frame can be described as

vy cos wpt
{UT‘S L} B .Vlnj [ O .
qsh

Then, the corresponding current response can be derived as (16)

from (13)
|:i25h:| —
igsh Ldswh

15)

Vinj {sinwht} (16)

0

If the saturation effect is neglected and the pulsating voltage
signal is injected into the exact d-axis rotor reference frame, the
g-axis current ripple due to the injected voltage does not happen
[20]. However, because the real rotor position is not available,
the injected voltage signal actually differs from the one injected
at the real d-axis, (15). The injection voltage in the estimated
rotor reference frame can be rewritten with consideration of the
estimated rotor position error as

A7)

o coswpt
7 _
qush - V;nj l: :| .

0

Considering the position error, the actual injection voltage
signal into the real rotor reference frame can be described as

cos B, cos wpt } (18)

vr =T éT Vf = Vinj )
dgsh () Vigsn J {— sin 6, cos wyt

where T'(0,.) stands for the transformation from the estimated
rotor reference frame to the real rotor reference frame. Then, the
corresponding current response in the estimated rotor reference
frame can be deduced as

iZsh _ T(é )*1 Z.Zsh
I B
qsh qsh
cos? é,» sin? (;T L
Vinj ( To. + To )blnwht

w, 1(_=AL Y
heo| 3 (LdquJ sin 26, sin wp,t

19)

It can be seen from (19) that the rotor position error is placed in
the estimated g-axis current response. Using the heterodyning
demodulation process in Fig. 4, the position error can be
extracted from the g-axis current response. The final result of
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Fig. 4. Block diagram of the heterodyning demodulation process.

the demodulation process from the method in Fig. 4, ey, can be
derived as

(20)

1 Vi, ( ~AL
ef R = T

Ldqus> (9r a 07‘)

under the assumption that the error between the real rotor
position and the estimated one is small. In the same manner
as the rotating signal injection method in the previous section,
the demodulation process result, ey, can be used as a corrective
error input to the observer or state filter in Fig. 4.

2 W,

III. PROPOSED PWM SWITCHING FREQUENCY SIGNAL
INJECTION SENSORLESS METHODS

By increasing the injection frequency, the performance of
the sensorless system such as the system control bandwidth
has been enhanced [15], [16]. In these papers, the injection
frequency was increased up to a half of the PWM switching
frequency due to the discrete-type filter implementation and
delay issues in the demodulation process [16]. In [8] and [9],
the PWM switching frequency signal injection has been tried
already. However, the PWM switching patterns have to be
modified, the current should be measured at the specified time
point in the switching period, and the time point is varying.
In this paper, the PWM switching frequency voltage signal
injection methods are proposed. The proposed methods have
neither PWM modification nor current measurement problem.
The high-frequency discrete filter is not used in the demodula-
tion process, and the advantages using high-frequency signal in-
jection are fully exploited. These methods can be implemented
in both the stationary reference frame and the estimated rotor
reference frame.

A. PWM Switching Frequency Signal Injection in the
Stationary Reference Frame

The voltage equation can be rewritten as (21), where the
derivative of current is expressed in discrete form as current
variation (Aig,, Adj ) in a sampling interval AT

vis | 3 —siné, 1A,
[U‘gs] =& {is }—er)\f[ cos 6, }—'_LSAT [Aigs

qs qs
COSQGT] [i‘ds]. @1

M ;S
sin 26, Tgs

— sin 26,

+2ALw, [ cos 20,

In (21), the rotor position information is on the inductance
matrix, Lg. If the inductance matrix can be extracted from (21),
the rotor position can be estimated in real time. In [8], the induc-
tance matrix was calculated with the high-frequency impedance
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(a) (®)

Fig. 5.

model as (6). Because the inductance matrix, Lg is a 2 by 2
matrix, two independent voltage vectors and current vectors
have to be used in the calculation. To improve the accuracy
in the inductance calculation, the voltage difference method
[18] is adapted in the demodulation process. The voltage vector
used in the calculation is not the one voltage vector but the
voltage difference between two successive voltage vectors.
For example, the difference between two independent voltage
vectors, (vg,;,Vgs1) and (v, v;s0), can be derived by the
multiplication inductance matrix, Lg, and current difference as
(22) where Aig,, and Aij, ., mean the current variation in
each voltage vector, vy, and v, .o, respectively. The induc-
tance matrix can be represented as (23) in terms of two voltage
difference vectors. From (23), the rotor position information
can be directly calculated as (24). In the calculation of the ma-
trix inversion in (23), the determinant of the matrix is required.
Since it is eliminated as shown in (24), eight multiplications
and four additions are simply needed in the calculations

[“2321] _ {”232 _0231} -7 1 {Aiisz - Aifisl]

s s s — Ls -5 -5
qu?l Uq32 - vqsl AT AquQ - Aqul

:LSL l:Ai2521:|

d 22
AT AZqs21 ( )

S

/US
Lg = AT ds32
Vgs32

s 'S
Vgs21 ] |:A2ds32

-1
]
Aigeoy ]
s -S
qu21 AZq832

)
AquQl

(23)

L21 L22

Lis + L21>
Ly — Ly )’

_ {Lu L12:|

%), oy = tan! ( (24)

To get two independent voltage vectors in one PWM switch-
ing period, one voltage vector in a half PWM switching fre-
quency can be split into the two voltage vectors as shown in
Fig. 5. The fundamental voltage reference in Fig. 5(a) means
the output voltage reference of the current controller. With the
injected voltage, vy, ;; and vg, o, the voltage references are
modified as vg, ;; and vg, ., as shown in Fig. 5(b). The modified
voltage references vy, ., can be split into vg ., 5 and vy ¢,
and vg; ., can be split into vy ., 5 and vy o~ in a PWM period
as shown in Fig. 5(c). Therefore, four voltage vectors which
induce the additional current ripple can be obtained in every

©

Modified voltage references at stationary voltage plane. (a) Fundamental voltage reference, (b) injection voltage, and (c) split voltage reference.

4 Current Sampling in PWM period

A A\ v v M

0.5V,

« PWM: carrier

vbs

0.5V, T\ 7 1 L
Sa

Sbi |
Sc i 010 ¢ 110 T0T

pot_

s* s* s* s*
quslB vdqle vdquB qusZC

Fig. 6. PWM sequence with PWM switching voltage injection.

PWM switching period. A fluctuating voltage signal at the fixed
axis is injected where positive voltage and negative voltage are
added in half of the switching period, respectively, as shown in
Fig. 5(c).

The magnitude of the injected voltage is determined ac-
cording to the sensorless performance. If the magnitude of the
injected voltage is large, the current ripple is increased, and the
rotor position error can be extracted clearly. However, this large
current ripple causes additional core loss and acoustic noises. If
the magnitude of the injected voltage is small, the core loss is
decreased. However, the rotor position error cannot be clearly
extracted.

To calculate the inductance matrix, Lg, the corresponding
current according to each voltage vector should be measured.
In Fig. 6, the sequence related to the voltage vectors and corre-
sponding current sampling time points are displayed together
with the triangular carrier wave. From the figure, it can be
seen that the sampling of the current is executed four times
in a switching period. The PWM sequence can be easily im-
plemented using the carrier-based offset voltage PWM concept
in [21].

To use the four voltage vectors and the corresponding cur-
rent values, the split voltage vectors (vj ,p,vir o) and
(VigsaBs Vigsac) have to change from vi; g to vg - and
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Fig. 7. Block diagram of the proposed rotating voltage signal injection
method at PWM switching frequency.

from v, .o pto vg .o at the center of the half PWM switching
period as shown in Fig. 6. To extract the position information,
the voltage and current vectors which are used in the calculation
are derived as in (22). The inductance matrix can be determined
as in (23).

The overall block diagram of the proposed rotating voltage
injection sensorless method in the stationary reference frame
is shown in Fig. 7. In the current feedback loop, the first-
order low-pass filter (LPF) still exists. However, because the
frequency of the current ripple is the same as the PWM switch-
ing one, the LPF is very weak, and the cutoff frequency can be
increased up to a half of the PWM switching frequency. Where
the PWM switching frequency is 5 kHz, the bandwidth of the
LPF is 2.5 kHz. To obtain four sampling instances within one
PWM period, samplings at zero-crossing points are added in
the conventional peak and valley samplings. Here, it can be
implemented without any additional hardware.

In the proposed methods, current sampling is very important.
Since the sampled currents are used for position calculation,
the sampling errors cause critical problems in rotor position
estimation. There are two major causes in the sampling errors:
sampling delay in sampling process from current sensors to the
A/D converter, and switching transients. The sampling delay
can be compensated by delaying the sampling instance, and
the switching transients such as oscillation should be avoided
properly. In the proposed methods, the instances of zero cross
samplings are on the edge of the voltage vector just before
voltage vector change. Therefore, the current oscillation can be
avoided naturally.

To verify the proposed sensorless method, as a test setup, an
11-kW IPMSM drive system coupled to a load machine was
used. IPMSM parameters and the drive system parameters are
listed in Table I. These parameters are also used for the simula-
tion in the previous figures. The PWM switching frequency is
5 kHz, and the current sampling frequency for current control
is 10 kHz. For sensorless operation, currents are measured four
times in one PWM period. The current signal due to the injected
voltage signal is shown in the lower figure of Fig. 8(a). In
Fig. 8(b), the speed control performance under speed reference
variation from —200 to 200 r/min with load is demonstrated. To
show the current regulation performance, the results of a current
regulation at standstill according to a 300-Hz sinusoidal current
reference with a positive offset were displayed in Fig. 8(c).
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TABLE 1
PARAMETERS OF IPMSM AND DRIVES SYSTEM
Item Quantity
Rated Power 11kW
Rated Speed 1750r/min
IPMSM Rated current 39.5Arms
Parameter Stator Resistance 0.14Q
Nominal Inductance Lgg 3.4mH / Ly 4.3mH
PM Flux linkage As: 0.253V-s
DC-link Voltage 310V
PWM Switching Freq. SkHz
System Current Sampling Freq. 10kHz
Parameter :
Current Control Bandwidth 300Hz
Speed Control Bandwidth 25Hz

In this experiment, the load machine was controlled in zero
speed control mode. Because the proposed method considers
not only the injected high-frequency voltages but also the total
voltages, including the output voltage of the current controller,
the directly calculated position error can be reduced. Moreover,
the injection frequency is the PWM switching one, 5 kHz,
and the 300-Hz current reference does not degrade the rotor
position tracking performance at all, even with this relatively
high current regulation bandwidth.

B. Pulsating Voltage Signal Injection in the Estimated Rotor
Reference Frame

Through the same way as described in the previous section,
the current ripple due to the pulsating voltage signal in the
estimated rotor reference frame can be calculated by using
the measured current difference. Equation (25) describes the
voltage equation of IPMSM in the d-/g-axis rotor reference
frame

ol [ Les 0] 1 [Ad,
=R, |" — |
Le] ] [ ) s 8

qs

0 —Lg | [, 0
corlla, o] [E]+ (D)) e

To estimate the rotor position, the pulsating voltage signals
vl}4iVhe; of which the frequency is the PWM switching one
can be injected as shown in Fig. 9. Only at the d-axis in
the estimated rotor reference frame is the square wave signal
injected, and the currents are measured two times for every
PWM period. This high-frequency voltage signal causes the
same frequency current ripples based on the high-frequency
inductance model of IPMSM as

Ut;sh _ Lds 0 L A,L‘Zsh
BRI

qsh

Because the high-frequency signal is injected on the estimated
rotor reference frame, the voltage signal in the real rotor refer-
ence frame includes the following position error:
, P cos 0,
qush = T(GT)qush = £Vin; _sin ér . (27)
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Fig. 9. Pulsating injection voltage signal in the estimated rotor reference
frame. In a PWM period, three successively measured currents are used to
estimate the rotor position.

By the voltage signal in (27), the current ripple in (28) can be
derived from (26). In the same manner, the currents can be only
measured in the estimated rotor reference frame as

) _
ir —— cos 0,
[A’,gsh} — L ATV | B T (28)
Tosh | 7, sin 0,
|:Algsh :| =71 l:Angh :|
Aiggp, Or | Ay, L .
CoLsdfT + mzqfr
= AT Ving ;( L L) sin 26 @
L2 \ Las Lgs r

Theoretically, the rotor position error information is depen-
dent on the g-axis current ripple in the estimated rotor reference
frame as (29). Therefore, the estimated g-axis current ripple can
be used as the rotor position error for sensorless control.

When the fundamental current controller and the injected
pulsating voltages are determined as shown in Fig. 9, the current
ripple due to only the injected voltage signal can be calculated
easily. Fig. 10 shows the voltage references and the corre-
sponding current responses. The d-/g-axis voltage references
(30) from the current control loop consist of two components:
fundamental voltage as (31) and current control voltage as (32).
The fundamental voltages in (31) mean the resistance voltage
drop and back EMF voltages. Moreover, the current control
voltages in (32) mean the portion which causes the current
variation in the voltage reference of the current control loop
i

dt

PP P p F 7
Vas=Vgsf +0dsc= Rgiy, —erquqs + Lgs

.
dzqs

0 (30)

Vgs= Vs H0gsc= Rslgs twr Lasigs +wrAf+Lgs
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Rotating signal injection sensorless control performance (injection frequency: 5 kHz). (a) Phase current FFT results, (b) speed control from —200 to
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Fig. 10. Estimated rotor reference frame voltage signal injection. (a) d-axis
voltage reference and injected signal in a PWM period and the corresponding
current response. (b) g-axis voltage reference and the corresponding current
response.
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However, when the voltage signals are added, the current
ripples occur by two voltages: the current control voltage and
the injection voltage. For the rotor position estimation, the
current ripple due to only the injected voltage signal should be
extracted from the current ripples. Fig. 10 shows the voltage
references and the corresponding current ripples. For a PWM
period, the estimated d-/g-axis current variations by the current
control voltage are 2i,, and 2i ., respectively, and the

current ripples by the injection signal are i,_; and igsi. The
current ripples due to only the injection signal can be obtained
from the three successively sampled currents. The current ripple
in the first half PWM period consists of the fundamental current
ripple, iZ 4sA- and injection signal current ripple, igqsi as (33).
In the second half PWM period, the current ripples can be
represented as (34). Therefore, the current ripple due to the
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only injection signal can be obtained as the difference between
current ripples in two half PWM periods as (35)

N N T 7
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From (29), the calculated current ripple can be rewritten
as (36). In this case, the demodulation process can be substi-
tuted by the only current ripple calculation given by (33)—(35)
with neither LPF nor bandpass filter. Fig. 11 shows the block
diagram for rotor position estimation. The position error is
proportional to the difference of two current ripples in the
estimated g-axis with the constant K as

0, =Ki}, = K (Ai} 40 — Al o) (37)
LasL

K = i 1 . 38

2(Lq9 - Lde)AT . ‘/TTLJ ( )

The rotor position error between the real rotor position and
the estimated rotor position can be also obtained by other
demodulation process in [14] and [22]. To extract the position
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Fig. 13. Block diagram of the proposed pulsating voltage signal injection
method with the switching frequency signal injection.

error, 9,., from the current ripple, the orthogonal measurement
axes, the d"*- and ¢™-axes shown in Fig. 12, have been used.
The difference between the d"*-axis current ripple and the ¢"-
axis one in (39) is proportional to the rotor position error
between the real rotor position and the estimated rotor position
as (40).

With a state filter or an observer, the rotor position can be
estimated through (40). The entire control block diagram of the
proposed pulsating signal injection sensorless method with the
switching frequency signal injection is shown in Fig. 13
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To verify the proposed pulsating signal injection sensorless
method, the same test setup of the case of the signal injection to
the stationary reference frame was used. The PWM switching
frequency is 5 kHz, and the current sampling frequency is
10 kHz. In Fig. 14(a), the speed control performance under
the speed reference change from —200 to 200 r/min with load
is shown, and the current regulation performance at standstill
was demonstrated in Fig. 14(b) and (c). The results show lower
ripples than the results in Fig. 8. The difference may come
from the multiple saliency of the motor because the rotating
signal injection is rather sensitive to the multiple saliency of the
motor [23].

Even though the rotor position can be estimated exactly in
various operating condition, the injected signals produce non-
negligible acoustic noises. This noise problem tends to restrict
the application of the signal injection sensorless control. There
are two ways to reduce these acoustic noises: minimizing the
magnitude of the injected signal and increasing the frequency
of the injected signal near or above the audible frequency
range. The former can be a fundamental solution. However, the
magnitude of the injected signal should be determined by the
accuracy and resolution of the current measurement. In most
cases, they are decided by the hardware setup of the inverter,
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Fig. 14. Pulsating signal injection sensorless control performance (injection frequency: 5 kHz). (a) Speed control from —200 to 200 r/min, (b) current control

(100-Hz reference), and (c) current control (300-Hz reference).
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Fig. 15. Phase currents and their FFT with 30% load condition (16-kHz signal
injection). (a) Without signal injection. (b) With signal injection.

and the latter may be used for the reduction of the acoustic
noise. However, the maximum injected frequency is limited by
the PWM switching frequency.

Owing to the proposed methods, the frequency of the injected
signal can be increased up to the switching frequency itself.
If the PMW switching frequency is set as 16 kHz, which is
almost the boundary frequency of the human audible frequency
range, the acoustic noise can be virtually eliminated. The same
test setup of the previous experiments, except for the PWM
switching frequency, was used to verify the elimination of
the acoustic noise. The PWM switching frequency is 16 kHz,
and the switch devices are conventional insulated gate bipo-
lar transistor modules. The maximum switching frequency is
guaranteed up to 20 kHz by the manufacturer of the module.
Fig. 15 shows the phase currents in 30% load condition. In
Fig. 15(a), the phase currents and their fast Fourier transform
(FFT) result without signal injection are presented. With a
16-kHz signal injection, the current component at 16 kHz is
shown in Fig. 15(b). The magnitude of the current at 16 kHz
was 0.5 Arms, which could be adjusted by the magnitude of the
injected signal. The acoustic noise caused by the injected signal
disappeared.

Fig. 16 shows the current control performance. The band-
width of the current control loop was 700 Hz, and the rated
current is 54 A. The g-axis current reference was varied from
0 A to 20 A and 50 A, respectively. As shown in Fig. 16,
the position estimation error was maintained within £0.25 rad,
even if the g-axis current varied rapidly. In the steady state, the
position error varied according to the stator current. This error
is caused by the flux saturation [20].

Current control: 20A step Current control: 50A step
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Fig. 16. Step current response (16-kHz signal injection). (a) 20-A step refer-
ence. (b) 50-A step reference.
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Fig. 17.  Speed control from —300 to 300 r/min without load. Speed reference,

estimated speed, position error, and estimated rotor position.

In Figs. 17-19, the speed control performances were demon-
strated. In the no-load condition, the speed reference was
changed from —300 to 300 r/min slowly, as shown in Fig. 17,
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Fig. 18.  Speed control from 300 to —300 r/min with full load. g-axis current,

estimated speed, position error, and estimated rotor position.

even though, at the zero speed, the speed was regulated
smoothly. In the 100% load condition, the speed was controlled
slowly from 300 to —300 r/min, as shown in Fig. 18. The
position estimation error varied from O to 0.4 rad, and the
average error is about 0.2 rad. This offset position error can
be further decreased by compensation of the average value
according to the load condition [24]. In Figs. 17 and 18,
there are some oscillations in the position errors, which are
by the spatial harmonics in the inductances. Fig. 19 shows
the speed control results of sinusoidal speed references, 5 and
25 Hz, respectively. The real speed was measured by the
encoder for monitoring purpose, and the feedback signal to the
speed control loop was the estimated speed by the sensorless
control method. With the 5-Hz sinusoidal speed reference, the
speed was estimated and controlled exactly. Moreover, with the
25-Hz sinusoidal speed reference, the speed was estimated well,
and the estimated speed, as well as the real monitored speed,
showed the 45° phase delay to its reference. From the figure, it
can be concluded that the bandwidth of the speed control loop
based on the proposed sensorless control is around 25 Hz.

Fig. 20 shows the position control performance. The electric
rotor position varied from —2 to 2 rad, which means that the
mechanical rotor position is from —2/3 to 2/3 rad because the
pole pair of the IPMSM under test is three. With 25% and
70% load conditions, the electric rotor position error is less
than 0.3 rad, which means less than 0.1-rad error in mechanical
angle without any position compensation. Fig. 20(c) shows the
position control result with the step load condition. Because of
the torque control bandwidth, the rotor position varied due to
the step load. However, the estimated rotor position tracked the
real rotor position exactly. The electric position error between
the estimated position and the real position was demonstrated
in Fig. 20(c). In Fig. 20, the position error differs according
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Fig. 19. Speed control performance with sinusoidal speed reference. Speed
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(a) 5-Hz sinusoidal speed reference. (b) 25-Hz sinusoidal speed reference.
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Fig.20. Electric rotor position control. Electric rotor position reference varied
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step load: Mechanical position reference, estimated position, real position, and
electrical position error between the estimated and the real position.

to the rotor position even with the constant load condition.
This difference is caused by the spatial harmonics in the
inductances.

Due to the 16-kHz high injection frequency, the acoustic
noises could be reduced immensely. However, the increased
frequency signal causes the side effect: loss increase. Generally,
the core loss increases according to the frequency of the current
signal. Fig. 21 shows the temperature of the machine in the
5- and 16-kHz signal injections, respectively. In the case of the
16-kHz signal injection, the saturated temperature is higher
than that of the 5-kHz signal injection.
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Fig. 21. Machine temperature in 5- and 16-kHz pulsating signal injections.

IV. CONCLUSION

This paper has presented a method to inject high-frequency
signal, whose frequency is the same as the PWM switching
frequency of the inverter, for the position sensorless drive of
an IPMSM. To extract the information regarding the rotor po-
sition, the current ripple components according to the injected
voltage signal are used. The differences between successively
sampled currents are used for the demodulation process, and
neither LPF nor bandpass filter is necessary in the process. To
inject the PWM switching frequency into IPMSM, the injected
voltage signal was synchronized with a PWM carrier wave.
Because of this high injection frequency, the dynamics of the
sensorless control can be enhanced. The proposed method can
be applied to both the stationary reference frame injection,
the so-called rotating signal injection, and to the estimated
rotor reference frame injection, the so-called pulsating signal
injection. Through the experimental results obtained at 5- and
16-kHz PWM switching frequencies, the current control per-
formances, the speed control performances, and the position
control performances were demonstrated with the 11-kW off-
the-shelf general-purpose IPMSM. In particular, the audible
noise was virtually eliminated with the 16-kHz PWM switching
frequency. The bandwidth of the speed control loop was eval-
vated through the sinusoidal speed reference test, and it con-
cluded that the bandwidth is around 25 Hz. Also, the accuracy
of the position control is within 0.1 rad in mechanical angle
regardless of the load variation. Based on the speed control and
position control performance with virtually eliminated acoustic
noise, the proposed sensorless control can replace the position
sensor of the low-end servo with position sensor in near future.
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