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Variable Amplitude Pulsating Signal Injection
Method With Low DC-Bus Voltage Occupancy for
Sensorless Control of IPMSM

Junli Huang
and Wenmao Liu

Abstract—Sensorless control based on signal injection is inher-
ently limited to low-speed operation due to the injection voltage
occupying the dc-bus voltage. This article proposes a variable am-
plitude pulsating signal injection method with low dc-bus voltage
occupancy for sensorless control of interior permanent-magnet
synchronous motors. The varying injection amplitude is dynami-
cally determined by both the fundamental three-phase voltage and
the dc-bus voltage. A demodulation system is designed to extract
the amplitudes of the response current. The sinusoidal-varying
instantaneous susceptance signal, which is the amplitude ratio of
the response current to the injection voltage, is introduced to obtain
the rotor position. The effectiveness of the proposed method is vali-
dated through simulations and experiments. The proposed method
significantly reduces the voltage occupancy of the injection signal
to merely 5% of the dc-bus voltage, which extends the operational
speed range of signal injection methods.

Index Terms—Low dc-bus voltage occupancy, sensorless control,
signal injection, variable voltage injection.

I. INTRODUCTION

ERMANENT-MAGNET synchronous motors (PMSMs)
P are widely used in industrial applications. In order to reduce
costs or enhance system reliability, sensorless control methods
have been extensively investigated.

Sensorless control methods can be categorized into two types
based on their principles [1], [2], [3]. The first type is the back
electromotive force (back EMF) or flux methods. These methods
estimate motor position from the back EMF of the motor and
are suitable in high-speed scenarios, while they become inef-
fective in low-speed conditions as the EMF diminishes to an
undetectable level. The second type is the saliency-based meth-
ods. This approach, also known as the signal injection method,
involves injecting signals to extract the reluctance differences at
various rotor positions, thereby determining the rotor position.
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Signal injection methods exhibit a lower dependence on motor
parameters compared to model-based approaches. They demon-
strate superior system robustness under parameter mismatches
and variations due to saturation. Moreover, signal injection
methods can achieve high-performance position estimation at
low and zero speeds, a capability that model-based methods
struggle to match. This article focuses on the signal injection
method.

Signal injection methods are categorized by the reference
frame for injection into two primary types [1], [2], [3]: syn-
chronous rotating reference frame (SRRF) [4], [5], [6], [7], [8],
[9], [10], [11], [12] and stationary reference frame (SRF) [13],
[14], [15], [16], [17], [18], [19], [20], [21], [22]. The SRRF
type is simpler due to no complex filtering, while the SRF type
offers better robustness as the injection signal is independent of
position estimation [1].

The SRRF injection method suffers from stability issues, as
its stability relies on the accuracy of rotor position estimation re-
sults. It only works when the estimated speed matches the actual
speed, enabling convergence. Once deviating from equilibrium,
SRRF fails to reconverge, resulting in poor robustness [16], [17].
To overcome this problem, the SRF methods gain attention be-
cause of their ability to reconverge even if the position estimation
system deviates from the equilibrium point.

Signal injection methods are also categorized by their wave-
forms into two primary types [1], [2], [3]: sinusoidal and square-
wave signal injection. The sinusoidal type uses low injection
frequency to reduce the injection voltage, but introduces torque
ripples [7], [9], [101], [12], [13], [15], [17], [18], [19], [20], [21],
[22], [23], [24]. The square-wave type has a higher injection fre-
quency, which can achieve better dynamic performance, leading
to broader application scenarios [4], [5], [6], [8], [11], [14], [16],
[25].

For signal injection methods, a proportion of the dc-bus
voltage is required to obtain rotor information. At high motor
speeds, when back EMF is high, signal injection methods are
often limited by the available voltage and thus are not used.
Consequently, signal injection methods are generally applied
only in low-speed scenarios. Researches suggest that a minimum
threshold for injection voltage amplitude is required to ensure
system stability, which is proportional to the negative sequence
inductance of the motor and the frequency of the injection
signal [20].
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TABLE I
DC-BUS VOLTAGE OCCUPANCY RATIO IN RECENT SIGNAL INJECTION
METHODS
Carrier waveform  Reference  DC-bus voltage
Source . . y
in modulation frame occupancy ratio
[14] square-wave SRF 22.7%
[18] square-wave SRF 25.8%
[11] square-wave SRF 32%
[6] square-wave SRRF 37%
[4] square-wave SRRF 37%
[16] square-wave SRF 37%
[8] square-wave SRRF 40%
[21] sinusoidal SRRF 7.44%
[9] sinusoidal SRRF 21.1%
[20] sinusoidal SRRF 25.6%
[17] sinusoidal SRF 25.8%
[19] sinusoidal SRF 34.3%
[12] sinusoidal SRRF 37%
[13] sinusoidal SRF T1%

Conventional signal injection methods failed to operate at
rated speed due to the voltage limitation. To evaluate the high-
speed operation potential, this article introduces a key parameter
for assessing the voltage utilization of signal injection meth-
ods: the dc-bus voltage occupancy ratio. The dc-bus voltage
occupancy ratio refers to the proportion of the dc-bus voltage
occupied by the injection signal, which is unavailable for gen-
erating the fundamental voltage of the motor, thereby limiting
the maximum achievable speed. Table I summarizes the dc-bus
voltage occupancy ratio of signal injection methods reported in
the literature. A high dc-bus voltage occupancy ratio is required
in the square-wave injection methods, which is above 22.7%
as listed in Table I, as high injection frequencies are used to
achieve better dynamic performance. In addition, the occupancy
ratio of the sinusoidal injection methods is equally high as
the square-wave type, except in [21]. The reason for the low
occupancy ratio in [21] lies in the low injection frequency of
only 500 Hz. However, such a low injection frequency induces
significant torque pulsations and leads to instability in the control
system.

In this article, a variable amplitude pulsating signal injection
method in the SRF is proposed to achieve low dc-bus voltage oc-
cupancy for sensorless control. The proposed method selectively
injects voltage in the zero-crossing regions of the fundamental
voltage, while avoiding injecting voltage on the peaks, thereby
achieving a low dc-bus voltage occupancy. To obtain the rotor
position under varying injection voltage, this article introduces
an instantaneous susceptance signal and a demodulation system
for extracting the amplitude of response currents. The pro-
posed method can reduce the voltage occupancy ratio to 5%,
thus extending the speed range of signal injection sensorless
control.

The rest of this article is organized as follows. In Section II,
the principle and the disadvantages of the conventional signal
injection method are introduced. In Section III, the principle and
the implementation of the proposed signal injection method are
presented. In Sections IV and V, the proposed method is vali-
dated by both simulations and experiments. Finally, Section VI
concludes this article.
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Fig. 1. Schematic diagram of the control system with SRF injection method.

II. CONVENTIONAL PULSATING SIGNAL INJECTION
SENSORLESS METHOD

The structure of an SRF signal injection sensorless field-
oriented control (FOC) system is illustrated in Fig. 1, where
the two red blocks represent the voltage signal injection and
the demodulation process for extracting rotor position from the
response currents, respectively.

A. High-Frequency Signal Model of Interior PMSM (IPMSM)

Neglecting the harmonics and saturation effects of IPMSMs,
the voltage equations in the dg reference frame can be written
as

Vg = Ryiq+ La%2

Vg = Ryiq + LoSa 4 WLgig + wi)

—wLgiy

ey

where vg and v, are the voltages on the d- and g-axes, ¢4 and 7,
are the currents, and Lg and L, are the inductance. R is the
stator resistance. v is the flux linkage of the magnet. w is the
electrical angular speed of the rotor.

When the frequency of the injection signal is significantly
higher than the speed of the motor in angular frequency,
the stator resistance and the back EMF can be neglected,
then the high-frequency voltage equations can be written
as

"
van = Lq g 5
T

VUgh = L

where vg, and vy, are the high-frequency components of the
voltages on the d- and g-axes, and igy, and %4, are those of the
currents.

The high-frequency model in the a—f reference frame is ex-
pressed as follows, which is used in the signal injection method
in SRF [9], [13], [16]

dfﬁh = (Lis + i cos 29) Vah + (ﬁ sin 29) Ugh
3
di .
;‘zh = (i sin 20) Vah + (L% — ﬁ cos 29) Ugh

where 0 is the rotor position. v,y and vgy, represent the high-
frequency components of the voltages on - and /3-axes, while
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ian and igy denote that of the currents. The symmetric induc-
tance Lg and differential inductance L are defined as

Lo~ 2LaLe 2L4L,

_ fhdta oo .
Ly+Ly ° Ly—Lg

B. Pulsating Signal Injection Method in SRF

In SRF, injecting a signal into the «-axis produces response
currents in both the a- and 3-axes, which contain rotor position
information.

When injecting a high-frequency square-wave voltage into
the a-axis at half the sampling frequency, the voltages are given

t mod 275 € [0,Ty)

Vrinj
{—Vinj t mod 2Ty € [Ty, 2T) i+ Ju(t)
0

by
Vah
Vgh
“)
where Vi, is the amplitude of injection voltage. T is the
sampling period of the discrete-time control system. fi, is the
square-wave carrier function.

According to the high-frequency model in the a—f reference
frame (3), the increments of currents are as follows:

Aiy ~ Nigy, = (LLS + i cos 20) TsVinj - fu(t)
()
Aig = Nigy, = (ﬁ sin29) TsVinj - fu(t)

where Ai, and Aig are the increments of - and -axes current
between two adjacent samplings, and Ai,p, and Aigy, are the
increments of the high-frequency components.

Demodulating the high-frequency component of the a-axis
current by multiplying the increment of current with the carrier
function, the resulting signal is obtained as

1
Tares = Aig - fh(t) = ‘/ianSf + Iinj cos 20 (6)
S
where the amplitude of the varying part is
1
Iinj = ‘/iansE- (7

Applying a high-pass filter to remove the dc component, the
resulting signal is obtained as

HPF[i ares] = Iinj cos 26. ©)

Similarly, demodulating the high-frequency component of the
[-axis current yields the following signal:

7:Bres = Ai,@ : fh(t> = linj sin 26. ©)]

Rotor position information, contained in the orthogonal sinu-
soidal signals (8) and (9), can be extracted through an orthogonal
phase-locked loop.

C. DC-Bus Voltage Occupancy Issues

Conventional signal injection methods employ a fixed-
amplitude high-frequency injection voltage, which directly oc-
cupies the dc-bus voltage, and consequently, limits the achiev-
able fundamental voltage amplitude.
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Fig. 2 shows a schematic of the conventional SRF pulsating
signal injection method. The amplitude of the injection voltage
is constant [see Fig. 2(a)], while the resulting response current
varies in amplitude according to the variation of inductance,
manifesting as an amplitude-modulated high-frequency signal
[see Fig. 2(b)]. The amplitude of response current [see Fig. 2(c)]
is extracted by demodulation, then used to determine the rotor
position.

Fig. 2(e) shows the waveform of the phase output voltage,
which is obtained as the sum of the fundamental voltage [see
Fig. 2(d)] and the injection voltage [see Fig. 2(a)]. The amplitude
of the fundamental voltage is limited as the sum must not exceed
the constant dc-bus voltage, shown as the dashed line in both
Fig. 2(d) and (e). The injection signal restricts the amplitude
of the fundamental voltage, particularly when approaching its
peak, as shown in the blue-boxed region.

While this analysis specifically addresses signal injection
methods in SREF, the tradeoff between the fundamental voltage
and the injection voltage is inherently embedded in conventional
signal injection methods, including the SRRF method.

III. PROPOSED VARIABLE AMPLITUDE PULSATING SIGNAL
INJECTION SENSORLESS CONTROL

A. Principle of the Proposed Signal Injection Method

As mentioned in Section II-C, the injection voltage restricts
the amplitude of fundamental voltage when approaching its
peak, as shown in the blue-boxed region in Fig. 2. After carefully
inspecting the waveform, in the zero-crossing regions of the
fundamental voltage, the injection signal does not impose such
limitations, as the green-boxed region shown in Fig. 2. As an
improvement, the method with an injection voltage applied only
in the zero-crossing regions is proposed to remove the limitation
on the amplitude of the fundamental voltage.

Fig. 3 presents the proposed variable amplitude injection
method, compared to Fig. 2. To reduce dc-bus voltage oc-
cupancy, the amplitude of injection voltage [see Fig. 3(e)] is
adaptively adjusted based on the fundamental voltage waveform
[see Fig. 3(f)]. This process transforms the injection voltage into
an amplitude-modulated high-frequency signal [see Fig. 3(a)].
The amplitude of the resulting high-frequency response current
[see Fig. 3(b)] further varies with the inductance, creating a
doubly amplitude-modulated current signal [see Fig. 3(b) and
©]1

The instantaneous susceptance signal [see Fig. 3(d)], defined
as the amplitude ratio of the response current to the injection
voltage, is introduced to eliminate the influence of the varying
amplitude of injection voltage, and to yield a sinusoidal signal
directly correlated with the rotor position.

The key advantage of the proposed method lies in its ability
to enable a higher amplitude of output voltage after signal
injection with the same dc-bus voltage, as demonstrated by
comparing Figs. 2(e) and 3(g). This characteristic is achieved by
increasing the amplitude of the injection signal in zero-crossing
regions of the fundamental voltage while reducing it near the
peaks.
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Fig. 2. Schematic of the conventional signal injection method.
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Fig. 3. Schematic of the proposed signal injection for susceptance extraction.
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Fig. 4. Schematic diagram of the proposed sensorless control system.

The detailed implementation of the proposed method in Fig. 3
will be explained in the following subsections: calculation of
injection voltage, extraction of instantaneous susceptance, ex-
traction of position and speed information, and compensation
of position and speed delay, corresponding to the red blocks in
Fig. 4.

B. Calculation of Injection Voltage

This subsection presents the implementation of calculating
the amplitude of the injection voltage [see Fig. 2(e)] based on
the fundamental voltage [see Fig. 2(f)].

Fig. 5. Schematic diagram of available injection voltage for ABC phases.

Given that the high-frequency signal period is sufficiently
short, the fundamental voltage, which is the reference voltage
provided by the current loop, is assumed constant within a
period of the high-frequency injection voltage, so as the rotor
position.

The reference voltages of the ABC phases with space
vector pulse width modulation (SVPWM) applied are
U Arefs U Brefs UCref> @S Shown in Fig. 5. Since the injection voltage
must have equal positive and negative amplitudes, the available
voltage for injecting high-frequency signals in each phase is
evaluated separately for both positive and negative amplitudes.
The available voltages for the ABC phases, shown in Fig. 5, are
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Fig. 6.  Schematic of reference and proposed output voltage of ABC phases.

given as follows:

U Aavail = min(“max — U Arefs Umax + UAref)
(10)

UBavail = min(vmax — UBrefs Umax + 'UBref)

VCavail = mln(vmax — VUCrefy Umax + UCref)

where vm.x denotes the maximum available voltage per phase,
which can be set to vmax = Upc/2 in practical systems, where
vpc 1s the de-bus voltage.

At low-speed conditions, the amplitude of the fundamental
voltage is low, and a lower value can be selected for vyx. As a
typical selection, v,y is given as

U = max (0.5, Ju2 402+ 00555 ). (1)

To inject voltage on the a-axis while ensuring no injection
component on the [-axis, the injection voltages of B and C
phases must be equal. As a result, the injection voltage ampli-
tudes of the three phases are given as

VU Ainj = U Aavail

. (12)
UBinj = VCinj = — MiN(VBayail, Vcavail ) -
The amplitude of injection voltage on the c-axis is determined
as

Vinj = VAavail + Min(VBayail, Voavail)- (13)

Fig. 6 shows the typical three-phase voltage waveform of the
proposed method with a fundamental voltage of the peak-to-
peak amplitude of 85% pulse width modulation (PWM) duty
cycle.

C. Extraction of Instantaneous Susceptance

This subsection implements the process of extracting the am-
plitude [see Fig. 3(c)] from the response current [see Fig. 3(b)]
and obtaining the inductance information [as susceptance in
Fig. 3(d)].

The procedures of voltage injection and response current
demodulation are illustrated in Section II-B. In the equation of
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., = X cos20

al
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Fig. 7. Schematic diagram of the control system with filtering and demodu-
lating system.

response current amplitude (7), the amplitude fjy; is proportional
to that of the injection voltage Viy;. If the current amplitude Iiy;
is divided by the amplitude of the injection voltage Viy;, the
influence of variation of the voltage amplitude can be eliminated,
thereby making the demodulated signal dependent only on the
rotor position.

The instantaneous susceptance is defined as the amplitude
ratio of the response current (6) and (9) to the injection voltage
(4) at the same instant, shown in (14). It characterizes the
current variation induced by applying a unit voltage within one
sampling period. While its definition is similar to the magnitude
of susceptance, it does not represent the result under sinusoidal
steady-state conditions but shares the same unit Q. The a-axis
instantaneous susceptance is a sinusoidal signal superposed on
a dc component, while the 3-axis instantaneous susceptance is
a sinusoidal signal with the same amplitude as the a-axis signal
but phase-shifted by 90°. Both signals exhibit a frequency equal
to twice the angular frequency of the rotor.

Lo = Z{}j =T, (LLS + ﬁcos%)
(14)

T8 = ipres Ts+— sin 20

1
Vinj Lp
To obtain the instantaneous susceptance according to its defi-
nition, it is necessary to acquire synchronized instantaneous val-
ues of both ¢qyes, 7gres and Vi at each sample. For this purpose, a
demodulation scheme, shown in Fig. 7, is specifically designed
to extract the amplitudes of response currents while maintaining
strict synchronization with the amplitude of injection voltage.
The increments of a- and S-axes currents A, Aig are mul-
tiplied by the carrier signal f},(¢), and passed through a low-pass
filter (15) to obtain the demodulated currents.

1+Z_1 kLpr

where 27! is the discrete-time unit delay operator. kypg is the
filter order, and k; pp = 3 is taken in this article.

The amplitude of injection voltage Vi,; should pass through the
same low-pass filter to obtain the same phase delay. Also, a one-
sample delay on the application of voltage is introduced by the
structure of converters, so an additional unit delay compensation
is required. The compensation for the high-frequency voltage
amplitude signal is as follows:

5)

Hy(2) = 2 Hy(2). (16)
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TABLE II
EKF VARIABLES AND DEFINITIONS

Symbol Definition Dimension
x State vector R3
u System input measurement vector R?
F State transition matrix R3%3
h(x) Nonlinear measurement function R2
H(x) Measurement Jacobian matrix R2%3
Q Process uncertainty matrix R3%3
R Measurement uncertainty matrix R2%2
& Estimated state vector R3
P State uncertainty matrix R3%3
K Kalman gain matrix R3%2
k Number of iterations N
A Signal amplitude R
0 Rotor position R
w Rotor speed R
quw Variance of rotor speed R
TaosTaf Measurement noise variance of xo1 and xg1 R

The instantaneous susceptance on the - and (3-axes are ob-
tained by passing the amplitude of the injection voltage through
a division operator «~! and multiplying it with the demodulated
current signal, as shown in Fig. 7.

The «-axis instantaneous susceptance contains a dc compo-
nent, illustrated in (14), which can be filtered out by a high-pass
filter with a very low cut-off frequency. The 3-axis instantaneous
susceptance may also contain a dc component in actual systems
due to nonideal factors, which can be filtered out by the same
high-pass filter. The filtered instantaneous susceptance x,; and
2 g1 are shown as follows:

o1 = HPF(z,) x31 = HPF(xp) 17
where the high-pass filter is implemented as a second-order
Butterworth filter (18), in which ( is the damping ratio and w3
is the characteristic frequency.

2wsTy(1 —z71)

(14 2¢wsTs + w3T2) — 2(1 + CwsTs)z~t + 272"
(18)

Hj(z) =

D. Extraction of Position and Speed Information

In this subsection, the rotor position is extracted from the
instantaneous susceptance signal [see Fig. 3(d)].

An extended Kalman filter (EKF) is used to extract rotor
position from the filtered instantaneous susceptance x,; and
2 g1, which are orthogonal sinusoidal signals, and to obtain the
estimation of rotor position 6 and rotor speed w. The variables
used in the EKF are listed in Table II.

The state vector @, the system input measurement vector u,
the state transition matrix F', the nonlinear measurement func-
tion k() and its Jacobian matrix H (), the process uncertainty
matrix (), and measurement uncertainty matrix R are given as
follows:

A 1 0 0
r=|0|,u= ol ,F=10 1 T,
Tp1

w 0 0 1
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Predict state and uncertainty matrix
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Compute Kalman gain
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P g : » T -1
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Correct state prediction

‘ik = :&Hk—l + K, - (uk - h(:i:k\k—l))
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Fig. 8. Schematic diagram of the EKF for rotor position and speed extraction.
h(x) = Asin(20) H(z) - sin(26) 2Aco.s(29) 0
Acos(20) cos(20) —2Asin(20) 0
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Tma
Q=10 0 0|,R=
0 Tz
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The EKF algorithm is detailed in Fig. 8, which is adapted
from [26] following a similar structure. The first step is the
initialization of the estimation of the state vector &( and its
uncertainty matrix Py, which is performed only before the first
iteration. Then, the prediction stage is computed based on the
previous estimation, obtaining &y, and Pk‘k,l. With Pk\kq
and the measurement Jacobian matrix H k|k—1, the Kalman gain
K, is computed. Then, the correction of the state prediction is
performed with the error between the input measurement uy, and
the predicted measurement b (&1 ). Finally, the uncertainty
matrix P}, is corrected, and the algorithm repeats until the end
of the operation.

E. Compensation for Position and Speed Estimation Delay

Delay in estimated position and speed signals is introduced
during both the demodulation of high-frequency currents and
the estimation process of the EKF. A compensation system is
implemented for the delay, shown in Fig. 9. The EKF-estimated
speed of w is passed through a bandwidth-limited differentiator
(19) with a bandwidth of weyi to obtain its variation rate do/dt.
The compensated position émmp and speed Weomp are shown in
(20) and (21), which are the final results of position estimation
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TABLE III
PARAMETERS OF MOTOR IN SIMULATION
Symbol  Definition Value
Lg d-axis inductance 1.0 mH
Lq g-axis inductance 1.5 mH
Rg stator resistance 04 Q
P permanent magnet flux linkage  0.02 Wb
np number of pole pairs 2
In rated phase current 7 A
1%N rated line voltage 245 V
Pn rated power 220 W
~ rated torque 0.55 Nm
N rated frequency 130 Hz
J moment of inertia of rotor 0.001 kg -m?
process.
-1
wderi(l -z )
Hderi(z) = 1 (19)
(]- + WderiTs) -z
) R R dw
HcomP:9+K1w+KQE+K3 (20)
. . dw
wcomp:w+K4E. (21)

The coefficients K1, K>, and K3 for position compensation,
and the coefficient K4 for speed compensation, are calibrated as
follows. By operating the position estimation system in open-
loop mode within the simulation environment, comprehensive
data are collected, including position and speed estimation er-
rors, estimated speed @, and its variation rate dw/d¢. Optimal
compensation coefficients are obtained with a multivariable
linear regression analysis on the collected data.

IV. SIMULATION RESULTS

In this section, a simulation of open-loop position estimation
based on the proposed method is conducted. The simulations
consist of two parts. The first part is designed to demonstrate
the principle of the proposed method, while the second part is to
validate the necessity and effectiveness of the voltage amplitude
signal delay compensation, which is conducted as (16).

The motor parameters used in the simulation are presented in
Table III, while the controller parameters are listed in Table IV.

A. Simulation 1

The simulation is conducted with ideal current sampling,
under the rated speed with 80% of the rated load. The difference
between the maximum value of the output voltage and that of
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TABLE IV
PARAMETERS OF CONTROLLER IN SIMULATION

Symbol  Definition Value
Sfow switching frequency 5 kHz
fs sampling frequency 10 kHz
vDC DC-bus voltage 35 V

Reference and output voltage

Phase Cvoltage Phase B voltage Phase A voltage
(PWM duty cycle) (PWM duty cycle) (PWM duty cycle)

0 2 4 6 8 10 12 14 16
Time(ms)

Fig. 10.  Simulation 1: Reference and output voltage of ABC phases.
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the reference voltage is 2.5% of the dc-bus voltage, shown in
Fig. 10, which means a 5% occupancy of the dc-bus voltage as
shown in Fig. 11. In the following discussion, this condition of
the injection voltage will be described as occupying 5% of the
dc-bus voltage.

Due to the variation of the amplitude of the injection voltage,
the waveform of the response current is not a sinusoidal wave,
as shown in Fig. 12. The instantaneous susceptance waveform
presents as a distortion-free orthogonal sinusoidal signal, as
Fig. 13. Asobserved in Fig. 13, the EKF-estimated instantaneous
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delay compensated. (b) Voltage delay not compensated.

susceptance exhibits phase delay relative to the actual value due
toits inherent limitation in tracking sinusoidal signals. The phase
delay presents as a dc offset in the position estimation, which
is eliminated by compensation in Section III-E. As a result, the
position estimation error shown in Fig. 14 is low.

B. Simulation 2

The simulation is conducted with 5% dc-bus voltage occu-
pancy, under 200% of the rated speed with 40% of the rated
load. Contrast simulations are performed for both cases: with
and without voltage compensation, which is conducted as (16). A
higher rotational speed is employed in the simulations to amplify
the effects of voltage delay compensation errors.

As shown in Fig. 15, significant distortion is introduced into
the instantaneous susceptance waveform if the voltage delay is
not compensated. Periodic errors in position estimation results
are introduced by the absent voltage compensation, shown in
Fig. 16.

7455

Position estimation error(std=0.10) Position estimation error(std=0.27)

0.5 0.5 Ll lily

® A0 = A9
i) i)
o =1
3] 3]
Q Q
3 3
= =
£ 0 £ 0
= =
= =
S S
= =
% %
o k=3
=% =%
05 05
0 20 40 60 80 100 0 20 40 60 80 100
Time(ms) Time(ms)
(a) (b)
Fig. 16.  Simulation 2: Position estimation error. (a) Voltage delay compen-

sated. (b) Voltage delay not compensated.

TABLE V
PARAMETERS OF MOTOR IN EXPERIMENT

Symbol  Definition Value
Lg d-axis inductance 1.947 mH
Lg g-axis inductance 2.871 mH
R stator resistance 1.601 ©
P permanent magnet flux linkage  0.02115 Wb
np number of pole pairs 3
In rated phase current 42 A
\%N rated line voltage 20.8 V
PN rated power 80 W
T~ rated torque 0.4 Nm
N rated frequency 100 Hz
TABLE VI
PARAMETERS OF CONTROLLER IN EXPERIMENT
Symbol  Definition Value
fsw switching frequency 10 kHz
fs sampling frequency 10 kHz
UDC DC-bus voltage 35V
iLSB Current sampling resolution ~ 7.32 mA

V. EXPERIMENT RESULTS

This section presents experimental validation of the control
system with the proposed signal injection method. The tests are
divided into two parts. The first part follows procedures similar
to the simulation in Section IV to demonstrate the principles
of the proposed method. The second part employs closed-loop
control experiments to verify the performance of the proposed
method in closed-loop systems.

The motor parameters used in the experiment are presented in
Table V, while the controller parameters are listed in Table VI.
The motor control platform employed in the experimental tests
is shown in Fig. 17.

A. Open-Loop Estimation Experiment

In this section, two sets of tests are conducted. The first test
performs open-loop estimation experiments for the proposed
signal injection method. The second test validates the necessity
and effectiveness of the voltage amplitude signal delay compen-
sation, which is conducted as (16).

1) Test1: Test1isconducted under the rated speed with 50%
of the rated load.

The injection voltage occupies 14% of the dc-bus voltage,
shown in Fig. 18.
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Fig. 18.  Test 1: Reference and output voltage of ABC phases.

Amplitude of injection voltage and response current

Fig. 19.  Test 1: Amplitude of injection voltage and response current.

Fig. 19 presents the amplitude of injection voltage and the a-
and [-axes response currents under loaded conditions. Due to
the variation of amplitude of injection voltage, the waveforms of
response current are not sinusoidal waves, as shown in Fig. 19.
A strict synchronization between the peak positions of both the
amplitude of injection voltage and the a--axes response current
is observed, which validates the effectiveness of the voltage
amplitude signal delay compensation.
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The waveforms of instantaneous susceptance of a- and (-
axes appear as orthogonal sinusoidal signals, represented by the
thinner lines in Fig. 20. The EKF method successfully extracts
the fundamental component, shown as the thicker lines in the
figure.

The estimated position and speed of the EKF are compared
with encoder measurements. The corresponding position and
speed errors are shown in Figs. 21 and 22.

2) Test 2: Test 2 is conducted at the rated speed with 50% of
the rated load, with the injection voltage occupying 5% of the
dc-bus voltage, while the voltage delay compensation in (16) is
removed.

As shown in Fig. 23, distortion is introduced into the wave-
form of the instantaneous susceptance if the voltage delay is not
compensated. The absence of compensation introduces an offset
in the position estimation results, shown in Fig. 24. Compared
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Fig.24. Test2: Position estimation error without voltage delay compensation.

to simulation results in Section IV-B, the distortion of instanta-
neous susceptance decreases because of the lower speed in the
experiment.

B. Closed-Loop Control Experiment

In this section, closed-loop control experiments are con-
ducted. Two sets of tests are performed separately. The first test
applies rated torque at rated speed, while the second test applies
40% of rated load at 200% of rated speed. Since the proposed
algorithm is only suitable for medium-to-high speed ranges, the
proposed position estimation algorithm is switched in loop at
50% rated speed.

1) Test 3: In this test, a rated load is applied at rated speed
and removed soon.

A load is applied at t = 9 s, and then, removed at t = 17 s.
Fig. 25 presents a comparison between the estimated speed and
the actual speed, which is obtained from the encoder, during the
whole test process.

Fig. 26 presents a comparison between the estimated speed
and the actual speed during the acceleration process. No time lag
is observed between the estimated speed and the actual speed,
which meets the bandwidth requirements for the speed control
loop.

The sampled currents of the oscilloscope reveal the waveform
of response current induced by the injection voltage, shown in
the red-boxed regions in Fig. 27. These response currents man-
ifest as triangular waveforms superposed on the fundamental
current. While the amplitude of triangular waveforms varies
within one fundamental period, it exhibits identical amplitude
variation patterns across different fundamental periods.

Test 2: Instantaneous susceptance of a- and [S-axes without voltage
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Fig. 27.

Fig. 28 presents the d- and g-axes currents throughout the
entire experimental process. The zoomed region displays the d-
and g-axes currents under rated conditions. The torque controller
employs a fixed current angle strategy for d- and g-axes reference
currents, which leads to the nonzero d-axis current. The current
ripples originate from the harmonic components of the back
EME, which are uncompensated in the control scheme.

Fig. 29 presents the d- and g-axes voltages throughout the en-
tire experimental process. The zoomed region shows the d- and
g-axes voltages under rated conditions. Under rated conditions,
the d-axis voltage approaches the maximum output voltage, and
the dc-bus voltage is fully utilized by the fundamental voltage.

Fig. 30 presents the reference and output voltages. The figure
clearly shows the injection voltage occupying 5% of the dc-bus
voltage, observed at the peaks of the waveform of the reference
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Fig. 29. Test 3: d- and g-axes voltage during the whole test process.
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Fig. 30.  Test 3: Reference and output voltage at rated condition.

voltages. During the test, the motor operates under rated con-
ditions, exhibiting slight saturation that creates a flat-top in the
voltage waveforms.

Fig. 31 displays the instantaneous susceptance under rated
conditions along with the EKF filtered results. Noise is observed
in the waveforms of instantaneous susceptance, with relatively
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Fig. 33.  Test 3: Speed estimation error during the whole test process.

higher noise levels at the peaks of the sinusoidal waveforms,
which corresponds to the noise amplification effect of the divi-
sion operation to obtain instantaneous susceptance.

Figs. 32 and 33 present the estimated position and speed
errors, respectively. The main regions display the errors through-
out the entire experimental process, while the zoomed regions
show the errors under rated conditions. As observed in both
figures, when load is applied to the motor, the standard deviations
of both position and speed errors increase relatively as the
injection voltage is limited. The estimated position exhibits an
offset when high load torque is applied, which is similar to
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Fig. 34. Test 3: Position error during transient process. (a) Accelerating.
(b) Decelerating. (c) Load applying. (d) Load removing.

reported results in [20] and [24], and can be compensated in
the control scheme without control performance debasement.

Fig. 34 illustrates the position estimation error during tran-
sient processes. The corresponding operating conditions include
acceleration from 50 to 100 Hz, deceleration from 100 to 50 Hz,
application of rated load, and removal of rated load. As observed
in Fig. 34(a) and (b), no significant impulse in the position
estimation error is present during the acceleration and decelera-
tion processes. However, during the load application process, as
shown in Fig. 34(c), a brief impulse in the position estimation
error occurs when the load increases to the rated value, but
it quickly recovers to the steady state. During load removal,
as depicted in Fig. 34(d), the position estimation error varies
smoothly with the decrease in load, without any observable
impulse.

2) Test 4: In this test, 37% of the rated load (0.15 Nm) is
applied at 200% of the rated speed and removed soon.

The load is applied at 7=14.5 s, and then, removed at /=19 s.
Fig. 35 compares the estimated speed with the actual speed,
which is obtained by the encoder. During the test, the motor
operates exceeding the rated speed, resulting in output power
below the rated power.

The response currents of the injection voltage are observed
in the sampled currents of the oscilloscope, shown in red-boxed
regions in Fig. 36. Compared to that under the rated condition
in Fig. 27, the triangular-waved response currents have higher
amplitudes and are more clearly observed in Fig. 36, as the
position of the injection voltage shifts closer to the d-axis, where
the inductance is lower.

Fig. 37 presents the waveforms of the reference and out-
put voltages. The injection voltage occupies 5% of the dc-bus
voltage, observed as the 2.5% difference of dc-bus voltage be-
tween the maximum values of the reference and output voltages.

7459

Accurate and estimated speed

N

o

S
1

205 Zoom view
est
350 | | —no
ace
200
300 F
.
= 195
5 250 F 10 102 104 106 108 11
]
< #
T 200 F 7
g WV
o
%]
150
100 +
50 L I J
0 5 10 15 20
Time(s)
Fig. 35. Test 4: Speed during the whole test process.
Tek Stop. [ I s 1 1
i 180°Elec.
/
/
iié';\f‘r/
E. 200 & ][1 Toms T00MS/5 % J[ 25 Sep 2025
& 200n &y 1M points 0.00A 17:12:38
Fig. 36. Test 4: ABC-phase current waveforms under 25% of rated load at

200% of rated speed.

Reference and output voltage

Phase A voltage
(PWM duty cycle)

Phase B voltage
(PWM duty cycle)

Phase C voltage
(PWM duty cycle)

Time(ms)

Fig. 37.  Test 4: Reference and output voltage at loaded condition.

Fig. 38 displays the instantaneous susceptance under loaded
conditions along with the EKF-filtered results. Figs. 39 and 40
present the estimated position and speed errors, respectively. In
comparison with the results at rated condition in Figs. 31-33,
the increment of motor speed shows no negative effect on the
position estimation.

Fig. 41 presents the variation curves of the position estimation
error during transient processes. The corresponding operating
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conditions include acceleration from 50 to 200 Hz, deceleration
from 200 to 50 Hz, application of a 0.15-Nm load, and removal
of the load. None of the processes shown in Fig. 41 exhibit
significant impulses. The estimation error varies smoothly in
response to changes in operating conditions.

The experimental results in Sections V-B1 and V-B2 demon-
strate the effectiveness of the proposed method at both rated
speed and exceeding rated speed with low dc-bus voltage oc-
cupancy. Furthermore, closed-loop control tests exceeding the
rated speed confirm that the proposed method can extend the op-
erating range of signal injection sensorless methods to voltage-
constrained conditions. In terms of speed and position estimation
errors, the proposed method achieves performance comparable
to conventional model-based methods, thereby validating the
effectiveness of the proposed method.
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C. Comparison of DC-Bus Voltage Occupancy

To evaluate the superiority of the proposed method in terms
of voltage utilization, the achieved dc-bus voltage occupancy
ratio of 5% is compared with various signal injection methods
reported in the literature, as summarized in Table I. Conventional
methods, including both square-wave and sinusoidal injection,
typically exhibit high occupancy ratios (ranging from 22.7%
to 71%). The method in [21] achieves a relatively low ratio of
7.44%, but it uses a much lower injection frequency (500 Hz),
resulting in significant torque pulsations and system instability.
In contrast, the proposed variable amplitude pulsating signal
injection method maintains a high injection frequency (5 kHz)
while occupying only 5% of the dc-bus voltage, representing
a substantial improvement. This enhancement not only extends
the operational speed range of signal injection-based sensorless
control but also reduces the demand on the dc-bus voltage,
thereby improving overall system performance.

VI. CONCLUSION

This article improves the sensorless control with pulsating
signal injection in the SRF. A variable amplitude injection
method is proposed, where the amplitude is computed from the
fundamental three-phase output voltage and the dc-bus voltage.
A high-frequency response current demodulation method for
varying amplitude injection voltage is developed. The instan-
taneous susceptance is introduced to eliminate the influence of
amplitude variation, and its sinusoidal-varying characteristic is
revealed. An EKF-based method extracts rotor position from
instantaneous susceptance. A position and speed-delay compen-
sation system for estimation results is introduced to achieve low-
latency estimation. The effectiveness of the proposed method in
closed-loop control systems is validated through experiments.
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The proposed method significantly improves dc-bus voltage
utilization, thus reducing the dc-bus voltage occupancy ratio
of injection voltage to merely 5%, which represents a great
improvement compared with conventional methods, and extends
the operational speed range of signal injection methods.
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