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ABSTRACT

The sensorless control of the permanent magnet synchronous motor (PMSM) has attracted wide attention due to its economic and
safety benefits. A fast and high-precision rotor-position estimation is necessary for the implementation of sensorless control. In low-
speed region, high frequency (HF) signal injection methods are mostly adopted. They suffer to bandwidth deterioration as some digital
filters must be included in the current feedback loop or the speed observation signal processing. The HF signal injection method based
on the injection of voltage pulses is presented in this paper together with its implementation in MATLAB/Simulink. The method is based
on the injection of voltage pulses where injection itself is separated from the motor control algorithm. The simulation results show that
the proposed method has good dynamic performance for the sensorless control of PMSM.
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1. INTRODUCTION

Permanent magnet synchronous machines (PMSM) are
widely used in the industry due to their high power den-
sity, efficiency, and maintenance-free operation. The field-
oriented control (FOC) method is utilized for the precise
full-speed range control of PMSM. A reliable informa-
tion about rotor position is essential for the implemen-
tation of FOC with PMSM. The information about rotor
position is obtained by measurement from resolver or ro-
tary encoder. These sensors are sensitive to electromag-
netic noise, require some mounting space, they are rela-
tively expensive and increases the total cost of the drive.
Therefore, the research and development of approaches that
do not utilize mechanical sensors for position measure-
ment have been provided in recent decades. This approach
is mostly referred as a sensorless control. Sensorless con-
trol approaches of PMSM can be classified into three major
groups, as can be seen in Fig. [I]
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Fig. 1 The overview of methods for sensorless control of
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The methods based on the fundamental excitation mod-
els are well-founded and suitable for medium- and high-
speed operation. In most cases the back electromotive force
(back-EMF) is utilized in the rotor position and speed ob-
servation. Since the amplitude of the back-EMF depends
on the motor speed, these approaches fail in position obser-
vation at zero and at low-speed ranges where the value of
back-EMF has critically low value to be used for reliable
position estimation [/1]].

For low-speed range the magnetic anisotropy of the
PMSM needs to be utilized. The anisotropy arises by ge-
ometric construction (a saliency of the rotor pole) usually
present in the interior permanent magnet synchronous ma-
chine (IPMSM) or due to saturation effects in the case
of surface-mounted permanent magnet synchronous ma-
chine (SMPMSM) [2]. Various high-frequency (HF) injec-
tion methods have been developed to utilize the saliency
of the PMSM as can be seen in Fig.[I]

In the case of HF sinusoidal signal injection the HF sig-
nal is injected in the stator a3 reference frame: HF rotating
sinusoidal signal injection-based method [3[], [4], [S], or in
the estimated rotor reference frame (ic}: HF pulsating sinu-
soidal signal injection-based method [6], [7]], [8]. The main
drawback of both methods is the upper limit of the injected
voltage frequency. The HF waveform of injected voltage
must remain sinusoidal what is not fulfilled for the injec-
tion of voltages with high frequencies. In addition, digital
filters are required to extract signals carrying rotor position
information. That restricts the bandwidth of the controllers.

To achieve a higher injection frequency and a better dy-
namic performance HF square-wave signal injection-based
methods were developed [9], [10], [11], [12]]. The HF volt-
age is injected into the estimated rotor reference frame qu
and its shape is a square-wave instead of sinusoidal. The
frequency of the injected voltage is a half of the switching
frequency. This method does not need digital filtering what
helps to increase the bandwidth of controllers and improves
the dynamic performance. However, increased losses with
this method presents a considerable disadvantage [[13|].
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Fig. 2 The block diagram of the sensorless control of PMSM using the HF pulse signal injection method.

The position and the speed estimation error can
be also negatively affected by the inverter nonlinear-
ities and voltage drops. HF pulse signal injection-
based method [13]], [[14] was introduced in recent years
to overcome all specified drawbacks of previous methods.
The main idea of this method is that HF pulse signal is in-
jected while the FOC algorithm is interrupted. It means that
the separate periods are used for the FOC and for the sig-
nal injection. The main advantage of this approach is that
the fundamental frequency current is separated from the
HF component and no digital filters are required, either
in the estimation process or in the feedback for current reg-
ulators. The robustness against voltage errors caused by
the inverted nonlinearities is also improved. This approach
is used in this paper.
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Fig. 3 The three switching periods during one control period.
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2. HIGH FREQUENCY PULSE SIGNAL INJEC-
TION BASED METHOD

The block diagram of the HF pulse signal injection-
based method implemented in sensorless control of PMSM
is shown Fig.[2| A switch is used to represent the fact, that
either the FOC is executed or the HF pulse voltage is in-
jected. The overall control period contains three switching
periods as in Fig.[3] The switching period is set to 40 kHz
(25 ps) and the overall control period is 13.33 kHz (75 ps).
In the first period, the FOC routine is executed and cur-
rent PI controllers in the control structure create the applied
voltage vector in the three phase stator reference frame U.
In the following two periods, the positive and negative pulse
voltages are injected, while the algorithm of the FOC is in-
terrupted (i.e. not executed). The injected voltage is applied
in the estimated cfc} axis, often referred to as the yé refer-
ence frame. The injection can be performed either in the
estimated d () or g (8) axis. Usually the estimated d (p)is
preferred since the torque ripples caused by the HF voltage
injection are then minimized. The relationship between the
true and estimated rotor reference frame, dg and cffj (yd)
can be seen in Fig.
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Fig. 4 The real and estimated reference systems.
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The currents are measured at the beginning of each
switching period, as can be seen in Fig. 3] The follow-
ing stands for the current variation in the af3 reference
frame [14]:

Aigp = (c1 +cre/ %O yuy s AT, (1)
_ Ly+L

where ¢; = ﬁ, ) = WA&Z, where XL = %,
Ly—L . .

AL = === and Ly,L, are the direct and quadrature axis

inductances respectively, 8, is the actual electrical rotor po-
sition, 6, is the angle of the applied voltage vector in the
af reference frame and ugp = Upel%, where U, is the
amplitude of the voltage vector uyg. As the pulse voltage
is injected in the estimated dg (y5) axis, it is convenient
to transform (I into the estimated rotor reference frame.
For this purpose, the estimated rotor position 6, is intro-
duced [14]:

Aiys = Aigge 7% = (¢ + 20?00y AT, (2)

where us is the voltage vector represented in the estimated
dg (y8) axis and 6, = 6, — 6, is the voltage angle in the
estimated reference frame and AT is the duration of one
switching period. The d axis current component does not
produce any torque in the machine and the injection is ap-
plied in the observed d () axis. Following holds for the
positive and negative injected pulse voltages:

Wys1 = Umeje"1 ~ UmejO —Au, 3)

Uy5o = Upe'®2 =~ U,e’™ — Au,

where w,5(, U5, denotes the first and second injected pulse
voltage, respectively, 0.1, 6, are the injected voltage an-
gles in the estimated cfé (y0) reference frame and Au is the
inverter voltage error caused by nonlinearities. Substitut-
ing (3) into (@) leads to:

Aiys) = ATc; (Upe® — Au) + AT cre2% =107, @
Aiysy = ATc| (Upe'™ — Au) + AT creP e 1%,

where 0, = 6, — ée is the rotor position observation error.
Since the injection is provided in the real axis, the position
error can be linked to the imaginary part of the current vari-
ations as follows:

Im(Aiys, — Alysy) = 2ksin(26,) ~ 4k6,, (5)
where k = AT c,U,, and for the imaginary part of the current
differences Aiysy, Aiysy stands:

Im(Aiys1) = —(iq1 — iqo) sin 0. + (ig1 —ipo)cos O, ©

a a

Im(Aiysy) = —(ig2 — iq1)sin 6, + (ig, —ig;) cos 6.

The estimated rotor position 6, and speed @, can be ob-
tained using a phase-lock loop (PLL) according to Fig. 3]
[15]). First, the current variations in o f3 reference frame are
calculated during the two injection periods. Next, the Park
transformation is used to transform the current derivations
into the observed rotor reference frame cfc} (y6). During
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the transformation, the observed rotor position ée is used.
Only the imaginary part of the current derivation contains
the rotor position observation error 6,, and so this part is ex-
tracted further. These three steps are all included in (6).
If ée is regulated to the zero value, the observed position
and speed will converge to the real values and the estimated
dg (y8) reference frame will align to the real dg reference
frame.

0

—>|A LLN Py Iﬂqlm(Aiyg)li’l PLL |—wi>

Fig.5 The coordinate transformation and PLL used for position
and rotor speed observation in HF pulse signal injection [14].

Table 1 PMSM parameters used in the simulation.

parameter notation value

DC voltage vDe 230 V
nominal torque Tn 2.44 Nm
nominal current iN 3A

torque constant kt 0.813 Nm/A
nb. of pole-pairs 2p 2

nominal speed ny 3800 rpm
resistance Rap 6.98 Q
d-axis inductance Ly 0.012 mH
g-axis inductance L, 0.034 mH
total inertia J 0.005 kg.m?
viscous friction B 0.0008 Nms/rad
PLL P-component kp 10 000

PLL 7I-component  k; 1 800 000

3. SIMULATION RESULTS

The simulations were performed and analysed with
MATLAB/Simulink environment. The interior PMSM with
the significant rotor inductions saliency was chosen to
be simulated and the switching frequency was set to 40
kHz. The motor parameters are listed in Tab. [I]

Two different amplitudes U,, = 40 V and U,, = 10 V
were selected to analyze the influence of the injected volt-
age amplitude on the estimation performance. The simu-
lation results for U,, = 40 V are shown in Fig. [6] and for
U, =10 V in Fig.[/] The layout of the figures is the fol-
lowing: up left: the estimated, actual and reference speed,
up right: the error in speed observation, middle left: the
estimated and actual electrical rotor position, middle right:
the error in rotor position observation, bottom left: the di-
rect and quadrature axis currents iy and i,, bottom right the
two-axis stator current components i and ig. The step ref-
erence speed was set to @y ¢ = 15 rad/s (143 rpm). During
the transient state, the maximum rotor position observation
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error A6, for U, = 40 V was about 0.006 rad (0.34 electri-
cal degrees) and for U,, = 10 V was about 0.031 rad (1.78
electrical degrees). The maximum speed error was around
0.5 rad/s (5 rpm) for U,, =40 V and 1.8 rad/s (17 rpm) for
U, =10 V. At time r = 0.4 s the motor was loaded with
nominal torque and at time ¢ = 0.8 s the motor was un-
loaded.
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Fig. 6 The simulation results of sensorless control with
HF pulse signal injection method for U,, =40 V.

As can be seen from Fig. [6] and Fig. [7] during the tran-
sient states of loading and unloading the motor, the obser-
vation error increases but the observed values converge very
fast to the real values. It can be stated that observation
and sensorless control of the PMSM has a satisfactory ro-
bustness and dynamic performance. The currents shown in
Fig.[f]and Fig.[7]are measured only during the FOC period.

N

7 z
e ke
£ £ 1
el el
(o] Q e pos
@ o 0 w
2 2
& &
£ Z
[$] [$]
Q Q
E .10 Ea
0 05 1 15 0 05 1 15
_Hest_ﬂam —A4f
0.04
= =
B T ooz l} .
54 ~ 5 Nt A
VAV VAVAVAVAREEE B v
02 8
= 0.02 1 |
3, s
0.04
0 05 1 15 0 05 1 15
‘ i W [—i—i, |
4 4 /\
=[] = |\ V/AY
g0 \V4 - s O
£ I £ WAV
i W W
4 -4
0 05 1 15 0 05 1 15
t[s] t[s]

Fig. 7 The simulation results of sensorless control with
HF pulse signal injection method for U, = 10 V.
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Therefore, no HF current components are visible in the
current waveforms. It is the main benefit of this approach
since no low-pass filters (DPF) are required in the current
loop feedbacks. The real phase currents i, i, and i, are
shown in the top of Fig.[8] A detail of the real phase current
i, can be seen in the middle of Fig. |E| (in blue colour). It is
clear that the injection of the HF voltages induces HF cur-
rent components in phase currents. But since the currents
for the current regulators feedback are used only during the
FOC period when no HF voltage injection is performed, the
measured currents seem to be smooth without any HF com-
ponents superimposed onto the current waveform, as can be
seen in the middle of Fig.[§](in red colour). A more detailed
comparison of the real phase current i, and the sample of
this current used as feedback for the current regulators i,z
can be seen in the bottom of the figure.
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Fig. 8 top: phase currents i, i, and i., middle: a detail of current
iq and the current used for feedback i,_gp, bottom: expanded
detail of iy and iy_g,.

It should be noted that even if the overall control pe-
riod consists of three switching periods (see Fig. [3) and
the FOC is calculated only once per control period, the
frequency of the execution of FOC is 3-times lower than
switching frequency. It means that the currents are sampled
with a frequency of 40 kHz but the FOC is executed only
at 13.33 kHz. This might cause some deterioration of per-
formance in the lower current sampling frequency regions.
Although nowadays the switching frequency of 40 kHz can
be easily achieved without using special high-end micro-
controllers.

The main part of the MATLAB/Simulink model can be
seen in Fig.[9] The FOC is executed only if the trigger sig-
nal falls. The trigger signal falls to the value of O at the
beginning of each FOC period in Fig. 3]

In this case, the bottom input is connected to the switch
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output in Fig. E} It means that the reference voltages uy_ref,
Uy rep enter the Park transformation and further they are
used to energize the motor windings.

In the following switching period the trigger signal rises
from zero to the value of 1 and remains the same value also
during the third period, until the begging of the next FOC
period occurs. While the trigger is a non-zero value, the top
input is connected to the switch output in Fig.[9] In this case
the quadrature axis voltage is held to zero: u,, = 0V while
the direct axis voltage is set to ug, = U, or ugy, = —U,, ac-
cording to the actual injection period. This implementation
allows a separation of the field-oriented control algorithm
and the HF signal injection what brings many benefits.

4. CONCLUSIONS

Sensorless control of PMSM using HF pulse signal in-
jection method and its implementation was described in this
paper. By the separation of HF injection from the algorithm
of field-oriented control, the low-pass filters are not neces-
sary and the bandwidth of the current controllers is not af-
fected. It results in very good dynamic performance of the
sensorless algorithm. Simulation results show that such
modification of sensorless control has a good performance
and observation ability during steady states and transient
operation. The described algorithm is suitable for sensor-
less control of PMSM machine in low- and very-low speed
regions and it is quite simple to implement, making it a se-
rious competitor against commonly known sensorless ap-
proaches.
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