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High-Bandwidth Sensorless Algorithm for AC
Machines Based on Square-Wave-Type

Voltage Injection
Young-Doo Yoon, Member, IEEE, Seung-Ki Sul, Fellow, IEEE, Shinya Morimoto, and Kozo Ide, Member, IEEE

Abstract—This paper describes a new control algorithm which
can enhance the dynamics of a sensorless control system and
gives a precise sensorless control performance. Instead of the
conventional sinusoidal-type voltage injection, a square-wave-type
voltage injection incorporated with the associated signal process-
ing method is proposed in this paper. As a result, the error signal
can be calculated without low-pass filters and time delays, and
the position estimation performance can be enhanced. Using the
proposed method, the performance of the sensorless control can be
enhanced; the bandwidth of the current controller was enhanced
up to 250 Hz, and that of the speed controller was up to 50 Hz.

Index Terms—AC machines, induction machine, sensorless con-
trol, signal injection, square-wave voltage, synchronous machine.

I. INTRODUCTION

S ENSORLESS drives of ac motors are adopted in many ap-
plications from industrial applications to home appliances.

Recently, electric vehicle applications have also been reported
[1]–[3]. The advantages of sensorless drives are not only the
reduction in the cost and size but also the improvement of
the reliability by eliminating the position sensor and related
cable connections. To achieve the advantages, many sensorless
techniques for estimating rotor position and speed have been
reported. These techniques are classified into two categories:
techniques based on back electromotive force (EMF) [4]–[7]
and techniques based on saliency in the spatial impedance of
the motor [8]–[16].

The former uses voltage models [4], [5] and/or observers
[6], [7] in the synchronous or stationary reference d–q frame.
It presents good results in the middle- and high-speed regions.
Since the amplitude of back EMF is proportional to the rotor
speed, it cannot keep the performance in the low-speed region,
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including zero speed and/or frequency, where the back EMF
disappears. The latter are exploiting the magnetic saliency.
Some algorithms inject test voltage signals in a sampling pe-
riod to estimate the rotor position [8], [9]. Since they detect
inductance difference using voltage signals in a short time,
they can be frail to parameter variation or measurement noises.
Other algorithms inject rotating high-frequency voltages and
use a tracking algorithm [10], [11]. The other algorithms inject
pulsating high-frequency voltages [12]–[16]. These rotating
and pulsating high-frequency voltage injection methods were
proposed for zero and/or low-frequency operation. These meth-
ods can be applied to general ac machines. They give reasonable
torque control capability at zero and/or low frequency, even
under heavily loaded conditions.

Based on such progresses, sensorless algorithms are adopted
in general-purpose inverters to drive interior permanent magnet
(IPM) motors. However, the performance of the conventional
sensorless control methods is still insufficient for some appli-
cations. The bandwidth of a speed controller is limited up to a
few hertz. Therefore, in some areas, a position sensor is used
in normal operations due to the limitation of the performance
of the sensorless control, and sensorless algorithms are just
utilized as the backup system for emergency when the position
sensor fails.

In this paper, a new algorithm of sensorless control for ac
servo applications is proposed to enhance the performance of
sensorless drive. Considering zero- and low-speed operations,
this paper focuses on voltage injection methods. Moreover,
the method based on back-EMF voltage is not considered.
However, the proposed method can be combined with the
method based on back-EMF voltage in middle- and high-speed
operations just like other previous methods [1], [16].

When high-frequency injection methods with conventional
manners (sinusoidal voltage injection) are used, low-pass filters
(LPFs) should be used to get an error signal. However, these
LPFs degrade sensorless control performances because of the
inherent time delay of LPFs. To enhance the performance,
the delay should be minimized. The proposed method relies
on higher frequency square-wave-type voltage injection. As
a result, the error signal can be calculated without any LPF,
and that means no time delay. Hence, the position estimation
performance can be enhanced. As a consequence, bandwidths
of current, speed, and position controllers can be increased very
much compared to those by the conventional sinusoidal-type
voltage injection method.

0093-9994/$26.00 © 2011 IEEE
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Fig. 1. Inductance characteristics of the tested motor.

Fig. 2. Block diagram of a signal processing and a position observer.

II. ANALYSIS OF CONVENTIONAL

SENSORLESS ALGORITHM

Conventional sensorless algorithms [10]–[16] based on a
high-frequency injection method exploit the saliency of the
motor at the injected high frequency. Fig. 1 shows the high-
frequency inductance characteristics of an IPM motor. Using
this saliency with a high-frequency injection method, sensorless
algorithms extract the angle information. Then, a position ob-
server estimates the rotor position. Fig. 2 shows a typical block
diagram of signal processing methods, including a correction
controller to estimate the rotor position. From the diagram, it
can be seen that the sensorless algorithm consists of a high-
frequency voltage injection part, a signal processing part, and
a correction controller which is basically a kind of position ob-
server. In this section, a conventional voltage injection method
and a signal processing method are explained, respectively.

A. Analysis of Voltage Injection Method

In Fig. 3, the block diagram of a conventional high-frequency
voltage injection method [10]–[16] is shown. High-frequency
voltage at the rotor reference d–q frame is added to the output
of the current controller. Although, in the block diagram, the
high-frequency voltage is injected in the rotor reference frame,

Fig. 3. Block diagram of voltage injection method.

the voltage can be injected in the stationary reference frame,
too. In both cases, the motor current consists of a funda-
mental component and the injected high-frequency component.
The fundamental component of the motor current is extracted
through an LPF or a notch filter, and it is used as a feedback
to the current controller to regulate the torque and flux level of
the motor. The high-frequency component of the motor current
is extracted using a bandpass filter, and it is used as input to a
signal processing part including a position observer.

There are roughly two kinds of voltage injection methods.
One is a rotating voltage injection method in the stationary
reference frame [10], [11]. The other is a pulsating voltage
injection method in the d-axis of the estimated rotor reference
frame [12]–[16].

Basic information of every signal processing method is
the induced high-frequency current in the stationary reference
frame isdqsh which is the only measurable quantity [12]. There-
fore, isdqsh should be analyzed according to voltage injection
methods. Here, a pulsating voltage injection method in the d-
axis of the estimated rotor reference frame will be analyzed.
In this paper, notation “h” means the injected high-frequency
component.

When a pulsating voltage is injected into the d-axis of
the estimated rotor reference frame, injected high-frequency
voltage can be described as in (1) with the assumption that the
estimation error of the rotor position (θ̃r = θr − θ̂r) is small
enough

vr̂
ds = Vh cos ωht, vr̂

qs = 0, θ̃r = θr − θ̂r ≈ 0. (1)

The relationship between the induced high-frequency current
and voltage can be described as follows:[

vr
dsh

vr
qsh

]
= [Zr]

[
irdsh

irqsh

]
= [Zr] [R(θr)]

[
isdsh

isqsh

]
. (2)

Therefore, the induced high-frequency current can be de-
duced as follows:[

isdsh

isqsh

]
= [R(θr)]

−1 [Zr]−1

[
vr

dsh

vr
qsh

]

= [R(θr)]
−1 [Zr]−1

[
R(θ̃r)

] [
vr̂

dsh

vr̂
qsh

]
. (3)

ωhLr
dh and ωhLr

qh are generally much larger than Rr
dh and

Rr
qh in the high-frequency impedance model. Moreover, the
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Fig. 4. Variation of the rotor angle to verify the characteristics of the induced
high-frequency current.

injected frequency ωh is also at least one order larger than
the fundamental frequency ωr. Therefore, the high-frequency
impedance in the rotor reference frame Zr can be simplified as
follows:

[Zr] =
[

Rr
dh + Lr

dh · s −ωrL
r
qh

ωrL
r
dh Rr

qh + Lr
qh · s

]
≈

[
Lr

dh · s 0
0 Lr

qh · s

]
. (4)

Using (3) and (4), the induced high-frequency current can be
represented as follows. In (5), the last expression is described
to intuitively understand the high-frequency current. High-
frequency injection methods cannot be used when saliency does
not appear

[
isdsh

isqsh

]
≈ Vh sin ωht

ωh

⎡⎣ cos(θr) cos(θ̃r)
Lr

dh
+ sin(θr) sin(θ̃r)

Lr
qh

sin(θr) cos(θ̃r)
Lr

dh
− cos(θr) sin(θ̃r)

Lr
qh

⎤⎦
≈ Vh sin ωht

ωhLr
dh

[
cos(θr)
sin(θr)

]
(Under the assumption that θ̃r ≈ 0). (5)

When rotor position θr changes from −π to π as shown in
Fig. 4, the induced high-frequency current isdqsh is shown in
Fig. 5 which is the simulation results using the aforementioned
sensorless control. Here, the envelope of the d-axis induced
high-frequency current shows the cosine function of rotor po-
sition, and that of the q-axis induced high-frequency current
shows the sine function of rotor position.

To demonstrate this definitely, the bold lines are also overlaid
in Fig. 5 together with the d- and q-axis induced high-frequency
currents. The bold line in the d-axis waveform shows cos(θr),
and that in the q-axis waveform shows sin(θr). From this figure,
it can be concluded that it is possible to detect the rotor position
by tracking the envelope of the induced high-frequency current
isdqsh when a high-frequency voltage is injected into the d-axis

Fig. 5. Envelope of the induced high-frequency current.

of the estimated rotor reference frame under the assumption of
small enough error between the actual rotor position and the
estimated position.

Therefore, the rotor position can be extracted only by reject-
ing the injected frequency from the induced high-frequency cur-
rent isdqsh. Using arctangent function as (6), the rotor position
can be directly calculated. In a real system, however, the real
implementation of (6) is quite difficult or impossible since the
denominator of (6) could be very small and/or zero in every
cycle of the injected signal and the angle through (6) is quite
sensitive to the measurement noises[ is

dsh

sinωht
is
qsh

sinωht

]
≈

[
1

Lr
dh

ωh
cos(θr)

1
Lr

dh
ωh

sin(θr)

]
(∵ θ̃r ≈ 0),

θrCal = atan2
(

isqsh

sinωht
,

isdsh

sin ωht

)
. (6)

B. Signal Processing Method

When a pulsating voltage injection method in the d-axis
of the estimated rotor reference frame is applied, two kinds
of signal processing methods can be generally utilized. These
methods can be classified by current measurement reference
frames. One is the method using the measurement axis in [12]
and [13] which uses the current at the reference frame offset by
45◦ from the estimated rotor reference frame. The other could
be called as the “method using ir̂qsh” in [14] and [15] which uses
the q-axis current in the estimated rotor reference frame. Here,
the method in [15] will be analyzed.

Fig. 6 shows the block diagram of the “method using ir̂qsh.”
As shown in Fig. 6, this method uses the q-axis induced high-
frequency current in the estimated rotor reference frame. The
main idea for this method is that the injected voltage at the
d-axis in the real rotor reference frame should induce only
d-axis current.

The high-frequency model of the plant can be described as[
vr

dsh

vr
qsh

]
=

[
Rr

dh + Lr
dh · s −ωrL

r
qh

ωrL
r
dh Rr

qh + Lr
qh · s

] [
irdsh

irqsh

]
. (7)
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Fig. 6. Block diagram of “method using ir̂qsh.”

From (7), −ir̂qsh sinωht can be described as follows:

−ir̂qsh sin ωht =
Vinj

2

[
ωrL

r
diff − 2ωrL

r
avg cos 2θ̃r

2ω2
hLr

dhLr
qh

sin 2ωht

+
Lr

diff sin 2θ̃r

ωhLr
dhLr

qh

1 + cos 2ωht

2

]
(8)

Lr
avg ≡

Lr
dh + Lr

qh

2
, Lr

diff ≡ Lr
dh − Lr

qh. (9)

As shown in (8), the estimation error of rotor position θ̃r ≡
θr − θ̂r is included in −ir̂qsh sinωht. Error signals, including

θ̃r, can be extracted by using an LPF. Equation (10) shows the
result after ideal low-pass filtering

LPF
(
−ir̂qsh sinωht

)
=

VinjL
r
diff

4ωhLr
dhLr

qh

sin 2θ̃r ≡ εr̂(θ̃r). (10)

Though only one signal processing method has been ad-
dressed here, most of signal processing methods with high-
frequency injection methods have something in common. They
use LPFs to get error signals. This is because the injected
frequency component should be rejected. However, an LPF
results in a time delay in position and speed estimation, and
this delay limits all the performance of sensorless control.

On the contrary, there are other sensorless approaches [8],
[17], [18] such as the “INFORM” method and zero sequence
technique. They do not use LPFs so that they have better
performances than the conventional methods. However, they
need additional circuits such as voltage sensors and/or custom-
designed hardware. Standard pulsewidth modulation (PWM)
controllers cannot be used.

C. Challenges to Increase Bandwidth of Sensorless Control

The conventional position observer—correction
controller—may be a form of a proportional–integral (PI)
controller or a form of a proportional–integral–derivative
(PID) controller with torque feedforward. As mentioned in
the previous section, signal processing methods incorporate
an LPF to obtain an estimation error of the rotor position.
Furthermore, the speed estimation, used as a feedback signal
for the speed control loop, also needs an LPF since the
estimated speed from the position observer is noisy. Therefore,
the realistic implementation of a position observer is not a
simple form of a PI or PID controller. Fig. 7 shows a possible

Fig. 7. Realistic forms of conventional position observer. (a) PI form. (b) PID
form.

implementation of the position and speed observer. As shown
in Fig. 7, LPF1 and LPF2 are included in the position observer
loop.

These LPFs restrict the control bandwidth. At first, LPF1 is
related with the bandwidth of the position observer. When the
cutoff frequency of LPF1 is high, which means that LPF1 is
weak, the input of the position observer has severe noise. More-
over, if LPF1 is strong, which means that the cutoff frequency
of LPF1 is low, the position observer loop has severe time delay.
Therefore, in both cases, the bandwidth of the position observer
is restricted. Because of the noise sensitivity and the delay, it
makes the observer unstable when the bandwidth is tempted to
increase.

LPF2 is related with the bandwidth of the speed controller.
When LPF2 is weak, the feedback of the speed controller has
severe noise. Moreover, when LPF2 is strong, it makes severe
delay in the speed controller loop. In both cases, the bandwidth
of the speed controller is also restricted. Because of the noise
sensitivity and the delay, it degrades the performance of the
speed controller when the bandwidth is getting extended.

As mentioned before, LPFs restrict the bandwidth of the
position observer and the speed controller. Therefore, in
order to increase bandwidths, LPFs should be eliminated or be
weak.

III. PROPOSED SENSORLESS ALGORITHM

As mentioned before, the envelopes (bold lines) of isdqsh in
Fig. 5 denote the rotor position. Therefore, the rotor position
can be extracted only by rejecting the injected high frequency
from the induced current isdqsh. Using arctangent function as
(6), the rotor position can be directly calculated. In this case, an
LPF may not be used to get the rotor position, and there is no
delay in rotor position estimation. In a real system, however, (6)
is not possible to be implemented as described before.

In order to get a rotor position as (6) in a real system, the
high-frequency sine function sin ωht should be eliminated from
isdqsh. To that purpose, a method to inject square-wave-type
voltage in the d-axis of the estimated rotor reference frame is
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Fig. 8. Several possible square-wave-type injection voltages.

proposed in this paper. The injected voltage is described as

V r̂
dsh =

{
Vh, half duty
−Vh, otherwise

(Vh > 0), V r̂
qsh = 0 (11)

where Vh is the magnitude of injection voltage. The injected
voltage can be several different square-wave-type voltages as
shown in Fig. 8. However, for convenience of the explanation,
the voltage described by (11), shown in Fig. 8(b), is used for the
analysis.

To get better performances, the maximum injection fre-
quency can be up to a half of the switching frequency. The
reason is for the digital implementation of the notch filter,
which is used for the feedback of the current controller. If the
high-frequency induced current is not properly filtered out, the
output voltage of the current regulator would interfere with
the injection voltage because the filtered current is utilized
for the feedback of the current regulator. Moreover, it would
degrade the overall performance. Another reason is to minimize
the noise in the induced current due to the sampling delay
and/or the nonideal components in the signal processing. Fur-
thermore, if the space vector PWM is used to apply voltage into
the motor, the noise in the induced current would be minimized
due to the symmetric voltage pulse pattern.

Fig. 9 shows the pattern of injection voltage under the
conditions that the switching frequency is 10 kHz, the injection
frequency is 5 kHz, and the magnitude of injection voltage is
8 V. These values depend on motor and inverter parameters and
the desired performance.

When the square-wave-type voltage in Fig. 9 is injected, the
corresponding Δisdqsh can be described as (12) shown at the

Fig. 9. Pattern of a square-wave-type injection voltage described by (11).

bottom of the page. Here, “Δ” means the difference between
the present value and the previous value of sampling instants.[

Δisdsh

Δisqsh

]
= [R(θr)]

−1 [Zr]−1
[
R(θ̃r)

] [
vr̂

dsh

vr̂
qsh

]

≈

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

VhΔT ·

⎡⎣ cos(θr) cos(θ̃r)
Lr

dh
+ sin(θr) sin(θ̃r)

Lr
qh

sin(θr) cos(θ̃r)
Lr

dh
− cos(θr) sin(θ̃r)

Lr
qh

⎤⎦ , V r̂
dsh > 0

−VhΔT ·

⎡⎣ cos(θr) cos(θ̃r)
Lr

dh
+ sin(θr) sin(θ̃r)

Lr
qh

sin(θr) cos(θ̃r)
Lr

dh
− cos(θr) sin(θ̃r)

Lr
qh

⎤⎦ , V r̂
dsh < 0

(12)

To consider the polarity of the injection voltage, (12) can be
modified as

Δisdsh
′ =

{
Δisdsh, if V r̂

dsh > 0
−Δisdsh, otherwise

Δisqsh
′ =

{
Δisqsh, if V r̂

dsh > 0
−Δisqsh, otherwise.

(13)

Finally, Δisdqsh
′ can be expressed as (14). The last expression

in (14) is also described to intuitively understand the high-
frequency current. The proposed method cannot be used when
saliency does not appear

[
Δisdsh

′

Δisqsh
′

]
=VhΔT ·

⎡⎣ cos(θr) cos(θ̃r)
Lr

dh
+ sin(θr) sin(θ̃r)

Lr
qh

sin(θr) cos(θ̃r)
Lr

dh
− cos(θr) sin(θ̃r)

Lr
qh

⎤⎦
≈ VhΔT

Lr
dh

·
[

cos(θr)
sin(θr)

]
(Under assumption that θ̃r ≈ 0). (14)

Using Δisdqsh
′, the calculated rotor position θrCal can be

directly calculated as (15). In (6), the denominator value of the
two inputs of the atan2 function goes to zero in every cycle
of the injected signal. At the instant, the result from the atan2
function is quite sensitive to the measurement noises. However,
in (15), the two inputs of the atan2 function have bounded
values so that the result from atan2 is robust to the noises.

Moreover, the error signal of the position observer f(θ̃r) is
directly calculated from θrCal as (16). Therefore, θrCal and
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Fig. 10. Block diagram of the proposed position observer.

Fig. 11. Block diagram of the proposed demodulation method.

f(θ̃r) can be obtained at every sampling instant without any
LPF, and there is no time delay in the signal processing

θrCal = atan2
(
Δisqsh

′,Δisdsh
′) (15)

f1(θ̃r) ≡ θrCal − θ̂r ≈ Kerror1θ̃r (θ̃r ≈ 0). (16)

Using the proposed method, the error signal of the position
observer f(θ̃r) can be obtained without any LPF. Therefore,
LPF1 shown in Fig. 7 can be eliminated. To further remove
LPF2, the speed controller can be implemented based on an-
other state of the position observer for a feedback. Fig. 10
shows a block diagram of the position observer exploiting the
advantage of the proposed method. Fig. 11 shows the overall
block diagram of the proposed demodulation method from the
stator currents to the estimated rotor position θ̂r.

Comparing Figs. 7 and 10, it can be seen that two LPFs have
disappeared in Fig. 10. It means that the major cause to limit the
dynamics of sensorless control is removed. Therefore, by using
the proposed method, the bandwidth of the position observer
and speed controller can be extended compared to that of the
conventional method. The performance comparison between
the conventional and the proposed signal processing method in
conjunction with the new injection method and observer design
can be summarized as follows.

• Two LPFs are removed.

– There is virtually no delay in tracking the rotor
position.

• Injection frequency becomes higher.

– Fundamental and injection frequencies are defi-
nitely separated.

• Stability of overall system is improved.

– Bandwidth of the position observer can be
increased.

– Bandwidth of the speed and position controller can
be increased.

TABLE I
NOMINAL PARAMETERSOF MOTOR UNDERTHE TEST

IV. EXPERIMENTAL RESULTS

The proposed method can be applied to any kind of ac
machines which has saliency in the rotor impedance. Here,
an IPM synchronous machine (IPMSM) was selected for the
experiments to verify the effectiveness of the proposed method.
The nominal parameters of a motor under the test are listed in
Table I.

The switching frequency was set as 10 kHz, and the sam-
pling frequency was 20 kHz. The square-wave high-frequency
voltage was injected. In the cases of position control and speed
control, the magnitude of the injection voltage was 8 V, and
its frequency was 5 kHz. It was added to the output voltage
of the current controller, and the sum was synthesized by a
commercial inverter.

The bandwidths of the speed and position controller were
set as 50 and 10 Hz, respectively. The pole of the position
observer was set as 50 Hz, and the PI gains of the position ob-
server were tuned. The bandwidth of the current controller was
250 Hz. The cutoff frequency of the notch filter for the feedback
of the current controller was set as the injection frequency.

Fig. 12 shows the waveform of stator currents in the sta-
tionary reference d–q frame on a constant speed operation
at 100 r/min. Due to the high-frequency injection, they have
ripples. Fig. 12(b) shows the magnified waveform. The pro-
posed method utilizes these high-frequency currents to estimate
the rotor position.

Fig. 13 shows the position estimation performance on a
constant speed operation at 100 r/min. Δisdqsh

′, the calculated

position θrCal, the estimated position through the observer θ̂r,
and the real position by the attached encoder for monitoring
purpose θr are displayed. As shown in Fig. 13, the calculated
position θrCal had some noises, but the estimated position θ̂r

had virtually no noise due to the position observer. From this
figure, it can be concluded that the proposed method estimates
the rotor position quite well without any time delay.

Fig. 14 shows the current regulation performance at the
standstill. The d-axis current in the rotor reference frame was
regulated with a sine wave reference. The magnitude of the
current reference was 1 A, and the frequency was 250 Hz. In
Fig. 14(a) and (b), the offsets of the current reference were
0 A and 1.5 A, respectively. IdseNF represents the d-axis
current filtered by the notch filter. In Fig. 14(a), IdseNF was
slightly distorted due to the zero-current clamping effect [19].
In Fig. 14(b), it can be seen that IdseNF was regulated well.
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Fig. 12. Waveforms of the machine currents. (a) Stator currents in stationary
reference d–q frame. (b) Magnified waveform.

Fig. 13. Position estimation performance.

Experiments on a speed control mode were performed as
shown in Figs. 15–17. Fig. 15 shows the step response when
the output of the speed controller—torque reference—is not
saturated. The step response with the reference changes from
300 to 400 r/min is shown. As shown in Fig. 15, the speed was
well regulated, and the bandwidth can be figured out as 50 Hz,
which is the designed value.

Fig. 16 shows the step response when the output of the speed
controller is saturated. The step response with the reference
change from 0 to 1500 r/min is shown. As shown in Fig. 16,
speed was increasing as a ramp since torque reference was
limited.

Fig. 17 shows the sine wave response of the speed controller
to show the bandwidth of the speed regulator clearly. The
magnitude of the speed reference was set as 100 r/min, and the
frequencies were set as 10 and 50 Hz, respectively. As shown
in these figures, speed was well regulated up to the designed
bandwidth, which was 50 Hz.

Moreover, the Bode plot was used for evaluating the per-
formance of the current regulator and speed controller. Gen-
erally, the current regulation loop is considered as the first

Fig. 14. Current regulation performance. (a) Offset of current command is
0 A. (b) Offset of current command is 1.5 A.

Fig. 15. Step response of speed controller when the output of the speed
controller is not saturated.

Fig. 16. Step response of speed controller when the output of the speed
controller is saturated.

LPF (irdqs/ir
∗

dqs = ωc/(s + ωc)); therefore, the bandwidth of
the regulator is defined as the frequency where 3 [dB] at-
tenuation of the actual current compared to its reference in
the Bode plot occurs. However, the exact transfer function
of the loop including delays cannot be modeled as the first
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Fig. 17. Speed regulation performance. (a) 30-Hz operation. (b) 50-Hz
operation.

Fig. 18. Bode diagram of the current regulation.

LPF, and sometimes, the frequency in the Bode plot where 45
[deg] phase delay occurs may be considered as the bandwidth.
Fig. 18 shows the Bode plot of the current feedback loop. The
bandwidth of the current regulator is almost 250 Hz.

Fig. 19 shows the Bode plot of the speed feedback loop. If
the frequency where 45 [deg] phase delay occurs is considered
as the bandwidth of the regulator, the bandwidth of the speed
regulator is almost 40 Hz. That is slightly less than the designed
bandwidth.

Fig. 19. Bode diagram of the speed regulation.

Fig. 20. Speed estimation performance of the position observer. (a) 30-Hz
operation. (b) 50-Hz operation.

Fig. 20 shows the speed estimation performance. The ex-
perimental condition of Fig. 20 was the same as that of
Fig. 17. In these figures, the speed reference (Wrpm_ref), the
estimated speed (Wrpm_est), and the speed from the encoder
(Wrpm_encoder) are displayed. “Wrpm_encoder” is the calcu-
lated speed by the M/T method [20] with the encoder used for
the monitoring purpose. Therefore, it can be considered as a
real speed. The speed reference is the signal which has the most
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Fig. 21. Stiffness of the proposed sensorless algorithm with load variation.
(a) From 0% to 80%. (b) From 80% to 0%.

Fig. 22. Step response of the position controller.

leading phase. Moreover, the other two signals are almost the
same as each other. As shown in these figures, the estimated
speed was identical with the real speed. From these results,
it can be concluded that the speed estimation by the position
observer was performed quite well.

Fig. 21 shows the dynamic stiffness of the proposed sen-
sorless control algorithm. On a constant speed operation of
1500 r/min, sudden load torque was applied by a load machine,
dc generator. The load was varied from 0% to 80% and vice
versa. Due to limitations of the load machine, a load over
80% could not be applied. As shown in Fig. 21, the position
estimation error was maintained within ±0.25 rad, even if the
load torque varied rapidly.

Fig. 23 shows the sine wave response of the position con-
troller. Signals in Fig. 23 are the same as those in Fig. 22.
The magnitude of the position reference was 1 rad, and the

Fig. 23. Position regulation performance.

frequency was 10 Hz. As shown in the figure, the bandwidth of
the position controller is around 10 Hz, which is the designed
value.

Experiments on position control mode were also performed.
The position controller consists of only P controller. Band-
widths of the speed controller and position controller were set
as 50 and 10 Hz. Fig. 22 shows the step response of the position
controller with the references of 0 to 5 rad. In the figure, the
position reference (Pos_ref), estimated position (Pos_est), posi-
tion from the encoder (Pos_enc), and torque reference (Te_ref)
are displayed. “Pos_enc” can be considered as a real position.
As shown in Fig. 22, Pos_est was identical with “Pos_enc,” and
position was well regulated.

The same experiments were also performed with an 11-kW
general-purpose IPMSM. The bandwidths of the speed con-
troller and position controller can be extended up to 25 and
5 Hz by the proposed method, respectively. Due to the page
limitation, the results were omitted in this paper.

V. CONCLUSION

This paper has proposed a new sensorless algorithm. It con-
tains a voltage injection method, a signal processing method,
and a position observer. Based on the square-wave-type high-
frequency voltage injection, a new rotor position estimation
method is proposed. The estimated position has a little noise
but virtually no delay.

Using the proposed method, the poles of the position ob-
server can be set at 50 Hz. The bandwidth of the speed
controller and position controller can be set as 50 and 10 Hz,
respectively. By increasing the injection frequency up to a
half of the switching frequency, the fundamental frequency is
definitely separated from the injection frequency. Moreover, the
bandwidth of the current controller is increased up to 250 Hz.
As a result, the stability, repeatability, bandwidth, and dynamic
stiffness of the proposed sensorless control method have been
enhanced conspicuously compared to that of a conventional
method.

The feasibility and effectiveness of the proposed method
have been verified through the experimental results and theoret-
ical analysis. Moreover, it can be easily applied to any ac servo
drive system driven by a PWM inverter and a digital controller
if the motor has saliency in rotor impedance at the injected high
frequency.
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