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Abstract

In this master thesis, a sensorless control strategy of a permanent magnet synchronous
machine for its application to a hybrid electric vehicle is implemented. An analysis
about the benefits of implementing this kind of control strategy and a study of the
most important sensorless control methods that are used nowadays along with the
implementation of the different control loops that this kind of control strategy implies
will be done in order to perform different simulations in SIMULINK tool of MATLAB
that prove the correct operation of the electric machine under this kind of control.
Moreover, some tests will be carried out with the real electric machine to check its
real behaviour when it operates under this control strategy.
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Chapter 1

Introduction

1.1 Thesis motivation

In the last decades, Permanent Magnet Synchronous Machines (PMSMs) have expe-
rienced a very important growth in their use in industry applications. This is due
to the more and more strict performances that are required for the machines in this
scope.

For the actual industry applications, PMSMs present better performances than
other kind of electric machines, such as induction machines (IMs), which are the
most common in the industry. One of the most important characteristics that they
have is their very high efficiency, no excitation current is needed in the rotor since
these kind of machines are excited by means of the magnets, so that the only losses
that exists are the iron losses which mostly occur in the stator. Moreover, another
important characteristic is the high power density that they have, which is a very
demanded characteristic, since in a small area these machines can deliver a high
amount of power. In general, PMSMs are smaller and have a higher efficiency than
other kind of electric machines of the same power, so that in addition to present
better characteristics they can be easier installed. All of these characteristics make
PMSMs suitable for industry applications, being the most demanded markets in which
they are used the power generation industry, medical technology, aerospace industry,

compressors and pumps or vehicle applications, being this last one a very demanded
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market nowadays.

The most important drawback of this kind of machines is their high cost, the
magnets that they use are very expensive and represents a high percentage of the
total cost of the machine. Due to this, the cost reduction of the part that has to
do with the design and cabling becomes in a very important part of the machine
development for maintaining the total cost inside acceptable limits. This field is in
which this master thesis is focused on.

PMSM control is achieved by knowing the position of the magnets at any moment,
so that a position sensor is usually placed in the rotor of the machine in order to
obtain it. However this sensor it is very expensive, so that a control strategy of
the machine without this sensor and the associated cabling it is the challenge that
many companies face nowadays. With this new situation, where there is no position
sensor in the rotor of the machine, different control techniques must be used in order
to obtain the position of the rotor at any moment in order to properly control the
PMSM and this is what is called sensorless control strategy.

This kind of control strategy is being very demanded for different industry appli-
cations due to its important benefits, since along with the high cost reduction that it
implies due to the elimination of the position sensor and its cabling, a more compact
machine and easy to install is achieved. However, the problem related to this control
has to do with the higher complexity that it implies.

For this project, the most extended sensorless control techniques that are currently
used will be implemented and tested, which are the high frequency (HF) method
that consists in a high frequency signal injection that allows to obtain the rotor posi-
tion of the electric machine at low or zero speed, and the back electromotive force
(BEMF) method which allows to obtain the machine rotor position at medium or
high speed ranges. This last one method is based on the back electromotive force
generated by the machine, so that this method will not operate at zero or low speeds
since the generated BEMF will be zero.

Then, inside PMSMs, several groups can be distinguished depending on the po-
sition of the magnets along the rotor. Depending on this, PMSMs can be classified
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into Surface PMSMs (SPMSMs) or Interior PMSMs (IPMSMs). Then, inside these
two groups, several configurations can be adopted, being SPMSMs divided into Sur-
face mounted magnets PMSMs (SM-PMSMs) and Inset surface magnets PMSM
(SI-PMSMs), and IPMSMs divided into classical internal (buried) magnets PMSMs
(I-PMSM), V-shaped internal magnets PMSMs (VI-PMSMs) and rotor with ra-
dial internal magnets PMSMs (RI-PMSMs). Fig.1-1 shows all of these PMSMs

configurations [1].

{a) SM-PMSM (b) SI-PMSM

fc) I-PMSM d) VI-PMSM (&) RI-PMSM

Figure 1-1: PMSMs configurations.

Looking at Fig.1-1, the PMSM that is going to be used along this master thesis
for simulations and real tests under sensorless control strategy is a SM-PMSM with

outer rotor configuration, which will be introduced in section 3.1.1.

1.2 Objectives

After being introduced the master thesis topic, the objectives that are expected to

be achieved are the following ones:

1. Understanding the important advantages, the benefit, of using a sensorless con-
trol strategy against using the classical control based on the use of sensors in

the rotor of the machine.
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2. Theoretical study of the most extended sensorless control techniques applied to

PMSMs, understanding their basic principles and how they work.

3. Implementation of an algorithm that allows the transition between different

sensorless methods in a smooth way depending on the machine speed.

4. Implementation and simulation of the complete system that conforms the PMSM
operating under sensorless control strategy at different speeds in order to anal-

yse the combined operation of the sensorless methods.

5. Real tests of the PMSM that allows to analyse the real behaviour of the electric

machine under this kind of control strategy.

1.3 Structure of the thesis

The present master thesis is divided into six chapters, being each one of them focused

on the following information:

e Chapter 1: In this chapter, an introduction about the master thesis topic has
been done along with an individual description of each one of the proposed

objectives.

e Chapter 2: Along this chapter, a review of the most extended sensorless control
methods applied to PMSMs that are used nowadays is done, explaining in which
situation they are used depending on the machine speed. An introduction for
each method is performed and the PMSM equations in which are based each one
of them are presented. Moreover, the control loops of both sensorless control
methods are explained in detail and some important selection criteria that have
to do with these methods, such as the HF signal selection that is injected, are

also presented.

e Chapter 3: Along this chapter, the sensorless control methods implementation

that is done for being able to simulate the machine operation under this kind
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of control strategy is explained in detail, including filters design, tuning of the
different PI controllers and different important criteria that have to be taken into
account for the correct operation of the electric machine. A description about
the PMSM that is used in the present thesis for simulation and real analysis,
and about the control scheme that governs the operation of this electric machine

it is also done.

Chapter 4: In this chapter, the obtained simulation results of the PMSM
operation under sensorless control strategy are presented. The simulation is
performed in SIMULINK tool of MATLAB. At first, both sensorless methods
are independently analysed in order to check if they are working properly, and
then, the complete system is analysed, which consists on the PMSM operating
under both sensorless methods with a determined speed profile that allows to

check the performance of the machine at any possible situation.

Chapter 5: Along this chapter, the experimental results that were obtained
from some tests with the real PMSM operating under the developed sensorless
control are presented. The most important signals that corroborate the PMSM

properly operation are analysed.

Chapter 6: In this last chapter, the extracted conclusions of this master thesis

and the future work that can be done in this field are presented.
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Chapter 2

Sensorless control methods

2.1 Introduction

Sensorless control techniques are broadly used nowadays in many different applica-
tions. This is due to the important advantages that this kind of control implies, being

the most important the following ones [2]:

e Cost: As there are no sensors included in the rotor of the PMSM the total cost
of the project is reduced. Adding sensors to the rotor leads to a higher system
complexity since flexible PCBs or slip rings, among others, should be included
in the machine in order to obtain the rotor position which suppose a very high

cost increment for the final project.

e Reliability: Not including sensors in the PMSM rotor increases the reliability
of the system because any possible failure in the measurements that these kind
of sensors provide could make the control loops of the systems to fail, implying
the machine failure, so sensorless control techniques make the system more
robust, which is very important in the case of military applications. Moreover,
with this situation no maintenance related to the sensors should be done, so the

cost is also reduced.

e Noise immunity: As sensors are not included in the rotor of the PMSM, the

noise that could be induced by them due to the machine operation is avoided,
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which is so useful for the machine performance allowing control loops working

in a properly way without any extra circuits in order to avoid this noise.

However, the implementation of this kind of control strategy implies using different
PMSM control methods that allow to obtain the rotor position of the electric machine.
These methods are divided into three groups, the first one based on fundamental
excitation methods, the second one based on saliency and signal injection methods

and the third one based on artificial intelligence methods [2],[3].
Fundamental excitation methods

Inside this group of sensorless control methods, we can distinguish the non-
adaptive and the adaptive methods.

As for the non-adaptive sensorless control methods they use current and voltage
measurements of the machine as well as the machine equations. The benefits of using
this kind of control methods are the very quick response that they have and the easy to
be computed, but very accurate PMSM parameters are required. Estimators using
stator voltage or currents, flux based position estimators or estimators
based on the BEMF are examples of this kind of sensorless control methods.

Respect to the adaptive methods they use the mathematical model of the machine
and input variables measurements providing estimated outputs. Then, the error is
fed back to the system model to correct the estimated values in order to adapt them.
The most important advantage of these methods is the possibility of estimate all the
possible states of the machine, but they require a very complicated algorithm and a

high computational cost.
Saliency and signal injection methods

This kind of sensorless control methods use the salient-pole PMSMs characteristic
where the inductance varies with the rotor position, so that a HF (high frequency)
signal (voltage or current) is injected and by signal processing it is possible to extract
the current components that contain the rotor position information of the electric

machine.

Artificial intelligence methods
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The artificial intelligence methods are proposed as a way to identify and control
non-linear dynamic systems because of the wide range of non-linear functions of any
desired degree and accuracy that they can approximate. These methods have the
advantages of immunity against harmonic ripples and robustness to parameters vari-
ations. However, these methods have a very high complexity as they include neural

networks, real time algorithm calculations and a high computational cost.

Among all of these sensorless control methods, the BEMF and the HF methods,
which are the most extended ones [2],[3],[4], are going to be explained in detail along

this master thesis.

2.1.1 PMSM dynamic model

The dynamic model of the PMSM it is presented below. The stator voltage model in
the rotor reference frame is given by [5],[6]:
‘/drs R, 0 Zle p —wy )‘gs

= + (2.1)
Vs 0 Rs| | wy P Ays

qs
Where p term represents the derivative term and Ay, represents the fluxes in both

axes. Then, these fluxes are expressed as:

s Lgs 0O Uy Apm
ds| _ |7 d I (2.2)

L 0 Lyl | 0

qs
Being A, the permanent magnet flux. Substituting equation 2.2 into equation

2.1, the voltages in both axes can be obtained.

Vis = Rigs + pLasiys — wrLgsty, (2.3)

s —

Vis = Ryigs + pLgsiyg + wr Lasigs + w,.Apm (2.4)

Being w; Ay, the BEMF component.

These equations can be also transformed to the stator reference frame resulting
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in the following stator voltage model [6],[7]:

Vi Rs+ p(XLs — ALgcos(26,.)) —pALgsin(26,) 05 o
= ] " Wy Apm
2% pALgsin(26,) Ry +p(XLs + ALscos(20,)) | |2,
(2.5)
Where:

AL, = @ represents the differential inductance

Las+L .
YL, = % represents the average inductance

2.2 BEMF method

The BEMF control strategy is used to estimate the position and speed of the machine
only when it is operating in medium or high speed ranges. This is because the BEMF
is proportional to the speed of the machine (equation 2.4), so that at low speed ranges
or zero speed of the machine, the information given by the BEMF vanishes and it is
not useful, so it can not be used in these situations [6],[8].

This method is based on the PMSM equations in the stationary reference frame

(e, 3), which are developed in section 2.2.1 [9)].

2.2.1 PMSM model in stationary reference frame

The BEMF control method is based on the PMSM equations in the stationary refer-
ence («,/3). This allows not to do reference frame transformations (i.e af to dgq) and
the corresponding angle estimation, so that the control loop implementation becomes
not so complex.

Equation 2.6 shows the PMSM model in the stationary reference frame («,f3)
[9],[10]:

di

Vo = Riq +eq+ ——1L,
dig '
Vlg = Rig + eﬂ + %Lq
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Where V, g correspond to the PMSM terminal voltages, R is the PMSM winding

resistance, i, 3 are the PMSM phase currents and e, s are the BEMF components.

The BEMF component can be presented as follows [10]:

AU,
€q =
dt
] (2.7)
N

Where ¥, g correspond to the PMSM flux linkage.

Substituting equation 2.7 into equation 2.6, the rotor flux linkage of the PMSM
can be extracted as a function of the terminal voltages, phase currents and winding

resistance of the PMSM. Equation 2.8 shows this procedure.

AV, dia AU,  di, B | |

Vo, = Riy, + o + % = 7 =V, — Ri, %Lq = |¥, = /(Va Rla)dt Zan
AUy dis. dV C dig | .

Vﬁ = RZB + W + ELQ = W = Vﬁ — Rlﬁ — %Lq = \Ifg = (Vﬁ — RZB)dt — ZﬁLq
28]

2.2.2 BEMF control loop

For obtaining the speed and rotor position of the machine at medium or high speed
ranges, the BEMF control loop shown in Fig.2-1 must be implemented, which is based

on the equations explained in section 2.2.1.

Looking at Fig.2-1, going from the left to the right, the first step that is done is
the transformation of the terminal voltages (V,, V4, V.) and phase currents (i, i, i.) of
the machine from the abc reference frame to the af reference frame. Then, equation
2.8 is implemented to obtain the rotor flux linkage (¥,, ¥3) of the PMSM.

After that, a Phase Locked Loop (PLL) is implemented in order to obtain the

speed and angle of the machine from the flux linkage.

Section 2.2.2.1 shows a study of different kinds of PLLs.
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Figure 2-1: BEMF control loop.

2.2.2.1 Phase locked loop (PLL)

PLL techniques are broadly used nowadays in order to obtain the speed and position
of electric machines because of their good characteristics, such as simplicity, good
dynamic response and robustness.

There are mainly two basic PLL structures adequate for this purpose which are
the Synchronous Reference Frame PLL (SRF PLL) and the Angle Tracking
Observer (ATO) [11].

SRF PLL

The working principle of the SRF PLL consists of controlling the g-axis component
to be zero, so that the d-axis component will be equal to the magnitude of the input
signal. Fig.2-2 shows the block diagram of this PLL.

Looking at Fig.2-2, the input signal corresponds to the PMSM flux linkage in a3
reference frame, as Fig.2-1 indicates. Then, starting from this signal a reference frame
transformation to the dq reference frame is done and the corresponding ¥, and ¥,
signals are obtained, being the first one equal to the PMSM flux linkage magnitude
and the second one controlled to be zero.

After that, a PI controller allows to obtain the estimated PMSM speed, and by

integrating it, the estimated PMSM rotor position can be obtained. Making the input
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Figure 2-2: SRF PLL block diagram.

value of the PI controller unitary is always a good practise in order to make the error
independent of the input signal magnitude [11]. For doing that, the g-axis value is
divided by the module of the input signal in the af reference frame at the input of
the PI controller as it can be seen in Fig.2-2.

This PLL technique provides a very good performance, however, when the PLL
input is unbalanced or contains harmonics components the estimated speed and po-
sition becomes inaccurate. In order to solve this problem, pre-filter stages or filters
in the loop stages can be used to eliminate the different disturbances that can affect
to the PLL before they reach it or the reduction of the PI controller bandwidth can
be also applied, being this last one not so good for the dynamic response of the PLL
[11].

The SRF PLL is the one that has been selected for the BEMF method that will be
implemented in this project because of its relatively easier implementation compared

with the ATO implementation, which is explained below.
ATO

The ATO, also known as a8 PLL, is another kind of PLL that can be used in order
to estimate the PMSM rotor position and speed. Fig.2-3 shows the block diagram of
this PLL technique.

Attending to Fig.2-3, the input signal, which is abc reference frame, is transformed

to the a3, and then, the principle of operation of this kind of PLL is practically the
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Figure 2-3: ATO block diagram.

same as the SRF PLL, a PI controller is used in order to obtain the estimated PMSM
speed and by integrating it, the estimated rotor position can be obtained.

The main difference of using this method is that the phase error is obtained by the
vectorial cross product between the input signal in the a3 reference frame (¥,35) and
the the estimated unitary vector ei% [11]. In this case, the input of the PI controller
is normalized by the same method as before.

As in the case of the SRF PLL, the ATO has the same problems with unbalances
and harmonics contents in the PLL input, so that filtering stages or PI controller

bandwidth reduction can be applied [11].

2.3 HF method

At zero and low speed ranges of the machine, the information given by fundamental
excitation methods, such as the BEMF method, is not useful, being zero or not so
accurate as it is proportional to the machine speed. For these situations, the high
frequency signal injection method is the most common strategy that is used in order
to obtain the speed and rotor position of the PMSM.

The HF signal injection method is based on the electric machine magnetic saliency
phenomenon. In this method, a high frequency current or voltage signal is superim-
posed to the fundamental excitation of the PMSM. Injecting this HF signal to the
PMSM, high frequency current components are generated in the electric machine,

which contains the information about the rotor position, so that these high frequency

30



induced components must be analysed and processed in order to isolate the compo-
nent that contains the information about the rotor position [12],[13].

For doing this, a combination of different filters such as low-pass filters (LPF),
high-pass filters (HPF) or band-pass filters (BPF) can be implemented in order to
isolate the high frequency component that contains the rotor position [5]. The solution
that is adopted in this project is based on a combination of Band-stop filters (BSF),
also called notch filters, with BPF, which operate exactly in an opposite way. The
BSF passes all the frequencies with the exception of those that are within a specified
stop band, while the BPF isolate frequencies that are between two specific frequencies

rejecting the others.

2.3.1 HF signal selection

In the selection of the HF signal that will be injected to the electric machine, there are

mainly two important factors that must be analysed and taken into account, which

are [5],[6]:

e Frequency of the HF signal: The higher the frequency of the injected signal,
the higher the difference in frequency respect to the fundamental excitation
signal, so that the filtering will be easier. However, the maximum frequency is
limited by the switching frequency of the inverter. Usually, when it is possible,
the value of the frequency is set 10 times higher than the fundamental excitation

signal and 10 times lower than the power converter switching frequency.

e Amplitude of the HF signal: The main issue related to the amplitude has
to do with the induced torque ripple. Too high signal amplitude will generate
torque ripples, which is undesirable, so that the lower the amplitude of the
injected signal, the lower the vibration of the electric machine due to the induced
torque ripples and the lower the hysteresis losses and the losses due to the
induced currents in the conductors. However, a trade off between a too high and
too low amplitude of the signal must be done, since too low voltage amplitude

implies loss of sensitivity since the generated current may not be enough.
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The HF signal can be injected in current or voltage, being the preferred method the
voltage injection. This is due to the more complexity that implies the signal injection
in current, as a current regulator is needed and the injected signal is affected by its
bandwidth [6],[7]. For this project, the HF signal injection in voltage is the one that
will be used.

As for the kind of HF signal that can be injected to the electric machine, it can be
injected in a continuous or discontinuous (transient) way, being the continuous HF
signal injection the selected method in this project.

Inside this kind of HF signal injection, different signals can be also injected, being
the most typical ones the rotating sinusoidal vector injection and the pulsating

injection.

2.3.1.1 Rotating vector injection

By using this method, which has been proposed by Jansen and Lorenz [6],[14], a
rotating voltage vector is superimposed to the fundamental excitation of the machine.
This generates a high frequency induced current in the electric machine that contains
the information about the rotor position, so that this generated component must be
identified and isolated in order to obtain rotor position.

In this situation, the high frequency signal is injected in the stator of the machine,
and as the rotor is rotating inside it, at the end, the high frequency signal is injected
in the whole rotor.

Equation 2.9 shows the rotating voltage vector that is applied [6],[7].

‘/;lsqshf = Vs Zj;i;l)z;g = Vhy * eJwnyt (2.9)

Looking at equation 2.9, Vj; represents the amplitude of the injected rotating
vector, while wy,¢ represents the frequency at which is injected.

Considering that a high frequency injection is being applied, the simplification

shown in equation 2.10 can be done, so that the stator flux induced by the high

frequency signal injection can be obtained by integrating the injected voltage [6],[7].
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Then, substituting equation 2.9 into equation 2.10, the induced flux due to the

injection of the high frequency voltage signal is shown in equation 2.11.

Vi |cos(wngt) | —jViy | cos(wnst)

JWhy sin(wpst) Wht | sin(wpst)

S —
dqshf -

(2.11)

The induced current due to the HF voltage signal injection can be obtained

through equation 2.12.

=L %\ (2.12)

A=Lxi1=1=L""%x)\=> dqsny

-S
qushf

Where L~! represents the inverse of the inductance matrix that can be obtained

from equation 2.5 and that is shown in equation 2.13.

. 1 YLy — ALscos(20,) ALgsin(26,.)
L = | (2.13)
dstigs ALgsin(20,.) YLs+ ALgcos(260,.)

Substituting equation 2.11 and equation 2.13 into equation 2.12, the induced cur-
rent due to the HF rotating voltage vector injection is obtained in scalar form (equa-

tion 2.14).

—jViy | ELscos(wpyt) — ALgcos(wpyst + 26,
LasLgswny YLgsin(wpst) + ALgsin(wy st + 26,)

s _
dqshf

(2.14)

Then, from equation 2.14, by making the mathematical developments that are
shown in equations 2.15 and 2.16, the induced current can be also obtained in vectorial

form as it is shown in equation 2.17.
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Vil x elUnt x eTIT = VisZLs 5 ¢ (Wrst=3)
Ldquswhf Ldquswhf

—§Viy | —ALscos(wpst + 20,) N — Vi AL 4 i (—wngt426,)
LasLqstns | AL sin(wyst + 26,) Las Lgstwny (2.16)
VAL i st ViDL i
Ldquswhf Ldquswhf
Bgeny = Tpe % €073 4 L w020 3) (2.17)
Where
[ ViBLs  _ _ ViyBLs
PC ™ LgsLgswpy — wpp(SL2—AL2)
) — VthLs o VisALs

T LgsLgswpy — wpp(SL2—AL2)

Looking at equation 2.17, it is seen that the negative component of the induced

current due to the HF signal injection is the one that contains the PMSM rotor posi-

tion (26,.), so that this component will be isolated in order to extract this information.

2.3.1.2 Pulsating injection

In this method, proposed by Corely and Lorenz [6],[15], the high frequency signal

injection is done in only one axis, it wants to be injected in a concrete place of the

rotor, not as in the rotating vector injection method where the high frequency signal

injection is done in the whole rotor. Due to this, in this method, the high frequency

signal is directly injected in the rotor.

Equation 2.18 shows this high frequency pulsating injection in the d axis [6].

: cos(wpst)
qushf - Vhf 0 (218)

From this point, the mathematical development [6] is similar to the one that is
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carried out in the rotating vector injection method, explained in section 2.3.1.1.
At the end, the induced current that is obtained in vectorial form is shown in

equation 2.19.

bdgsn; = (Isp + Iare? M) sin(w,t) (2.19)

Where

T o Vi XL
EL 7 Qup(RL2FAL?)

I o VAL

AL = 4, (SL2+AL?)

By using this method, the resultant currents contain a positive and a negative
components that are exactly equal, which in turn can be divided into two different
components as it is shown in equation 2.19, one of them that contains the rotor

position information and the other that does not contain it [6].

2.3.2 HF control loop

The HF method that will be implemented in this project is based on the rotating vec-
tor injection method. A high frequency signal is injected at a certain frequency (wpy)
with a determined amplitude (V),f) (equation 2.9), so that the final objective consist
of the isolation of the induced current component that contains the rotor position
of the electric machine (equation 2.17), which corresponds to negative component,
in such a way that it allows to obtain the speed and position of the PMSM. Fig.2-4
shows the HF control loop that will be used in order to obtain the rotor position of
the machine.

Looking at Fig.2-4, the frequency spectrum is represented and four different fre-

quency components are shown:

® Wy, Induced current negative component frequency (—wpyp + 2wy) that con-

tains the rotor position (equation 2.17).

e wy,;: Induced current positive component frequency (2wy) that contains the

rotor position.
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Figure 2-4: HF control loop.

e wy: Current component at the fundamental frequency of the machine.

o wypr: Current component at the frequency of the HF signal that is injected.

As for this HF method implementation, at first, the phase currents of the PMSM
are transformed into af components, and then, a combination between different kind
of filters and a PLL are used in order to extract the rotor position of the electric
machine.

The first filter that is used is a BSF that allows to eliminate the current frequency
component at the high frequency that is being injected (wyr). After that, another
BSF filter is used, but in this case the frequency component that is eliminated is the
fundamental component of the machine (wy), so that at the end, only one signifi-
cant component is present in the spectrum that corresponds to the induced current
negative component that is required (ws,s), which has a frequency of —wgyp + 2wy.
Finally, a BPF is also used to totally isolate this current component, although this
filter could not be necessary depending on the electric machine.

Then, a reference frame transformation (af to dg) is done in order to obtain
a component that is only dependent on the fundamental frequency of the machine
(wh,, f), and finally, a PLL is used to obtain the estimated speed and rotor position
of the PMSM.

Respect to the PLL configuration, it is the same as in the BEMF method (SRF
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PLL, Fig.2-2, subsection 2.2.2.1), but in this situation the input signals are currents

and not flux linkage.

2.4 Conclusion

Along this chapter, the sensorless control strategy has been introduced. What means
using this kind of control strategy and the inherent benefits that it implies for the
system are explained. Moreover, the most extended sensorless methods that are
currently used, their basic operation principles along with their corresponding control
loop and the PMSM equations in which they are based on have been also presented.

In the case of the HF sensorless control method, a very detailed description about
the selection of the type of high frequency signal that can be injected is done along

with an analysis of its characteristics in terms of frequency and amplitude.
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Chapter 3

PMSM sensorless control

3.1 Introduction

The most important point of the present master thesis has to do with the implementa-
tion of the previously explained sensorless methods for their application in SIMULINK
tool of MATLAB, which is the simulation tool that is selected. Along this chapter,
all the required control loops and algorithms that have to be implemented in order
to emulate the sensorless control of a PMSM for its application to a hybrid EV are

going to be explained in detail.

3.2 PMSM system description

3.2.1 PMSM characteristics

The PMSM that is going to be used in order to apply the sensorless control technique
is Surface mounted permanent magnet synchronous machine (SM-PMSM) with outer
rotor configuration, which is shown in Fig.3-1 and whose main characteristics are
shown in Table 3.1.

The main advantages of using an outer rotor configuration against using inner

rotor configuration are the following ones [16],[17]:

e Torque: Outer rotor PMSMs can deliver a very high amount of torque, which
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Figure 3-1: SM-PMSM with outer rotor configuration.

Parameters Symbol | Value

Pole pairs P 6
d axis inductance Ls(mH) | 0.10297
q axis inductance L,(mH) | 0.12165
Stator resistance R(Q2) | 0.02695
Permanent magnet flux linkage | A, (V's) | 0.10672

Table 3.1: PMSM characteristics

makes this kind of PMSM suitable for Electric Vehicles (EV) applications.

e Winding: An outer rotor PMSM is easier to wind than inner rotor configura-

tions.

e Magnets detachment: For an outer rotor configuration, the centrifugal force
make the magnets to push against the rotor yoke, while for an inner rotor
configuration, the magnets do not have a surface in opposition, so that they

can detach from the rotor.

However, there is a main drawback in the outer rotor configurations, which has
to do with thermal aspects. Magnets are very sensitive to the temperature, so that
an adequate cooling system must be implemented. In the case of inner rotor con-
figurations, the cooling of the magnets is easier, while in outer rotor designs, the

refrigeration of the magnets is done by means of inner coolant [16].
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3.2.2 PMSM control scheme

The PMSM is going to be current controlled. The machine will be rotating with
a determined speed profile while different current commands are specified. Fig.3-2

shows the general control loop of the electric machine.

Id*
Vaf +~ Va* :
abe| id _* Vd* | dq > o S
7 7 Vo \< R = b\
d g . Va* ( '}i E ic
a = abe| Ve +~ Vc* =8
L +

Figure 3-2: PMSM main control loop.

Where

® i, abc currents of the PMSM

Vaer: abe voltage commands of the PMSM

Vave_f: abe fundamental voltages of the PMSM

Vaveng: High frequency voltage signal injection
® i44-: Current commands in the dq reference frame

f: PMSM rotor position

Looking at Fig.3-2, the control scheme of the PMSM is going to be explained.
The control of the PMSM is based on the principle that the machine will be
rotating at different speeds imposed by a specified speed profile while different d and

q current values are commanded.
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The abc currents of the PMSM are measured and transformed from the abc to
the dq reference frame thanks to the rotor position of the PMSM, which is obtained
from the HF and BEMF methods, and the errors between the obtained dq currents
and the dq current references that are commanded are calculated. From these errors,
by means of PI controllers, the required dq voltages that are needed to be applied to
the PMSM are obtained in both axes and a reference frame transformation to the abc
reference frame is done and the required fundamental voltages that will be applied to
the PMSM are determined.

At this point, the high frequency signal injection is done. A high frequency voltage
signal is added to the previous fundamental voltages, so that at the end, the abc
voltage commands of the PMSM are obtained, which contain the high frequency
signal that is required for the HF sensorless method. This high frequency signal

injection it is disabled when the BEMF sensroless method is being used.

¢ BEMF method = Vabe, = Vi

abc

e HF method = V., # V.

3.2.2.1 Current PIs tuning

The current control loop scheme of the electric machine with PI controllers is shown

in Fig.3-3.

G(s) |2

(-
+*
-+
o
—

Figure 3-3: Current control loop block diagram.

For making the tuning of the current PI controllers the zero-pole cancellation

method is applied. Equation 3.1 shows the typical transfer function of a PI controller.
K

pi(s) = Bls+9) (3.1)

S
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As the plant of the system is a motor, which consists of an RL load, the transfer

function of the system is shown in equation 3.2.

1
R
- Ls+ R s—i—%

G(s) (3.2)

If both transfer functions are combined, since they are in series configuration, the

equivalent block is obtained in equation 3.3.

G(s) = PI(s)- G(s) = K(SS+ ) - j . (3.3)

Once this total transfer function is calculated, in order to eliminate the pole of
the plant with the zero of the controller, the value of ¢, which is equal to the integral
term of the PI controller, must be %. After the zero pole cancellation is done, the
total transfer function G(s) is equal to £.

By solving the loop of Fig.3-3, the final transfer function is obtained as it shown
in equation 3.4.

K K

i Ls L
1+ L s+ & (3:4)

From equation equation 3.4, the bandwidth of the system, which is equal to w,

is equal to %, so that the proportional term of the PI controller can be obtained

through equation 3.5.

K
T =w=K,=wlL=2nfL (3.5)

Then, in order to implement this PI controllers in MATLAB, the PI controller
transfer function that is given by MATLAB in parallel configuration is shown in
equation 3.6

Ki N KpS -+ Kl

PI(S) = Kp + s T (36)

Comparing equations 3.1 and 3.6, for the MATLAB implementation, the term K,

is equal to the previously calculated term K (equation 3.5), and the term K is equal
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to the term Kc of equation 3.1, so that at the end, if K; = K¢ and c is equal to

P
L

— R _ R
K =KE= K =K,

as it has been calculated before, K; for the MATLAB implementation is equal to

Equations 3.7 and 3.8 show the proportional and integral terms for each one of

the current PI controllers when zero-pole cancellation strategy is applied.

Ko = [271]

R (3.7)
Kiq = Kde—
d
Ky, =|2nfL,
R (3.8)
q i

Being the values of R, Ly and L, the ones shown in Table 3.1, while the value of
f has been selected to be 500 Hz.

3.3 Sensorless techniques application

In this section, a very detailed explanation about how the sensorless methods de-
scribed in sections 2.2 and 2.3 are implemented for their application in the PMSM

rotor position estimation is going to be done.

3.3.1 HF strategy implementation

For the HF method implementation, the input signals of the method are the phase
currents of the PMSM in «af reference frame as it seen in Fig.2-5. In the general
control loop of the machine (Fig.3-2), these currents are the i, currents measured

from the machine, which then must be transformed to the af reference frame.

For the implementation of this sensorless control strategy, a HF signal of 1250 Hz

and an amplitude of 10 V is injected.
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3.3.1.1 Filters implementation

The filtering stage of the HF sensorless method consists of three different filters in
series configuration (Fig.2-4) filtering each one of them a induced current component
at a determined frequency, so that at the end, the current component that contains
the rotor position information can be totally isolated.

Notch filter at wye

As it is seen in Fig.2-4, the first step that is done is to eliminate the high frequency
current component that is induced due to the high frequency signal injection at 1250
Hz. For doing this, a positive sequence notch filter at this frequency is applied.

This filter only filters the component at 1250 Hz, which is the one that wants
to be eliminated. The negative component at 1250 Hz will not be eliminated, since
the desired component that wants to be isolated that contains the rotor position
information is at a frequency of —wgp + 2w, (Equation 2.17), so that if the machine
is rotating at zero or at very low speeds, this filter will not eliminate this component.

Equation 3.9 shows the transfer function of this filter.

S — JWny
5 — Jwpf + Wpy

(3.9)

Where wy is equal to 27 f, being f equal to 1250 Hz and wy,, is equal to 27 f,
being f equal to 10 Hz, which is the selected bandwidth. The magnitude and phase
of this filter are shown in Fig.3-4.

Notch filter at wy

The objective of this notch filter is to eliminate the current component that is at
the fundamental frequency of the PMSM. As the PMSM will be rotating at different
speeds, this filter must be frequency adaptive and change its frequency depending on

the machine speed. The transfer function of this filter is shown in Equation 3.10.

s+ w?
$2 4 28wy,s + w2

(3.10)

Where the natural frequency of the filter (w,,) that is equal to 27 f will change the

value of f depending on the machine speed and the damping factor () is equal to
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Figure 3-4: Magnitude and phase of the notch filter at wy¢

0.2 in order to obtain a bandwidth of 10 Hz. Fig.3-5 shows the magnitude and phase
of this notch filter considering a PMSM speed of 50 Hz.
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Figure 3-5: Magnitude and phase of the notch filter at wy

BPF at (_WHF + 2Wf)

Finally, a BPF is applied to eliminate all the small current frequency components
that are around the desired current component (—wgp + 2,,¢) and only pass this one.

Equation 3.11 shows the transfer function of this filter.
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28wy, s
$2 4 28w, s + w2

BPF = (3.11)

Where the natural frequency of the filter w, is 27 f, being f equal to 1250 Hz at
the beginning where the PMSM is stopped, and then, the filter will change its natural
frequency depending on the machine speed, since this filter is also dependent on this
parameter (—wgyp + 2wy). The value of the damping parameter £ is 0.02 to obtain a
bandwidth of 25 Hz. Fig.3-6 shows the magnitude and phase of this filter when the
PMSM is not rotating (1250 Hz).
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Figure 3-6: Magnitude and phase of the BPF at —wgp + 2wy

After all these filters are applied, the desired component at a frequency of —wpyp+
2wy is isolated and it can be correctly analysed. Looking at Fig.2-4, a reference frame
transformation to the dq reference frame with the high frequency angle (angle of the
high frequency signal that is injected) is only needed to obtain the desired current
component only dependent on the machine speed (2wy), and finally a PLL is used to

obtain the machine speed and position estimation.

3.3.1.2 Tuning of the HF PLL PI controller

For the tuning of the PI controller of the HF PLL (Fig.2-2), the sisotool tool is used
to obtain a bandwidth of around 30 Hz. For doing this, Fig.3-7 shows the system
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that is introduced in sisotool.

v

0* + P| w‘_[ 2]

Figure 3-7: PLL block diagram for sisotool.

Looking at Fig.3-7, the plant of the system corresponds to the integrator and the
gains of the PI controller are adjusted to obtain the desired bandwidth. After doing

this, the calculated proportional and integral gains are the following ones:

kpur =
kigr =

3.3.1.3 HF estimated position compensation

After obtaining the estimation of the PMSM rotor position, this position needs to be
corrected, since the application of the different filters previously mentioned generate a
phase shift of the estimated position respect to the real position of the machine. Each
filter generates a determined phase shift at the frequency of the current component
that wants to be isolated, which in this case is at a frequency of —wgp + 2wy, so that
at the end, there will be a combined phase shift due to the application of the different
filters.

To calculate the phase shift due to each one of the filters, a fourth order polynomial
that fits to the phase of the bode diagram of the corresponding filter is implemented,
so that for the different frequencies at which the PMSM is rotating the polynomial
of each one of the filters allows to obtain the induced phase shift at the frequency
of —wgp + 2wy. The polynomials for the different filters are created by using the
"polyfit” function of MATLAB.

Then, the different filters phase shift are going to be analysed for a frequency range
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between -1400 Hz to -1100 Hz, where the desired current component that contains
the rotor position is located at determined PMSM speeds (—wgr + 2wy).

Phase shift of the NOTCH filter at wgr

Firstly, the notch filter that is applied in order to eliminated the high frequency
current component (Fig.3-4) is analysed.

The discretization of the filter in order to generate the bode diagram and the
fourth order polynomial that fits the phase are created for this filter. Fig.3-8 shows

the results.
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Figure 3-8: 1250 Hz NOTCH filter polynomial and error at frequencies of -1400:-1100
Hz

Looking at Fig.3-8a, it shows the phase of the bode diagram and the created
polynomial in the previously mentioned frequency range. As it can be seen, the
created polynomial matches the phase of the bode diagram of the filter, so that the
error that will be obtained by applying this polynomial, which is shown in Fig.3-8b,
it is very low.

It is also seen that the induced phase shift by this filter at the frequency of the
desired current component it is not so high, it is in the range of —3%1073 to —4 %1073
radians.

Phase shift of the NOTCH filter at w¢

The same procedure is carried out for the filter that is applied in order to eliminate
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the current component at the PMSM fundamental component (Fig.3-5).
For this situation, Fig.3-9 shows the results.
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Figure 3-9: 50 Hz NOTCH filter polynomial and error at frequencies of -1400:-1100
Hz

Attending to Fig.3-9a, both the phase of the bode diagram of the filter and the
generated polynomial are very similar and the error between them is very low (Fig.3-
9b). In this situation, the induced phase of this filter at the desired current component
frequency is higher than the previous one, oscillating between -0.01 to -0.02 radians.

Phase shift of the BPF at —wgr + 2w

Finally, as for the induced phase shift due to the application of the BPF used to
eliminate all the small frequency components around the desired current component
(Fig.3-6), it is zero, since this filter is applied exactly at the frequency of the desired

current component (—wps + 2wy).

3.3.1.4 Current control loop HF components rejection

Due to the HF signal injection that is done in the HF sensorless strategy, high fre-
quency current components enter into the current control loop of the PMSM, so that
the PI controllers could react to these components making the system to fail, since an
increment in the ripple of the PMSM currents occur and the HF method is affected.

In order to solve this problem, a filtering stage of two consecutive filters in series
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configuration is implemented in the current control loop. One filter is fixed at a
frequency of 1250 Hz, which is the responsible of filtering the high frequency current
component that it is induced at the frequency that the HF signal that is being injected,
and the other one is a frequency adaptive filter, which is the responsible of filtering
an induced high frequency current component at a frequency of —wy,s +wy. This last
one filter starts at 1250 Hz, since the initial machine speed is 0 Hz, and then, it will
change its natural frequency depending on the PMSM speed.

Fig.3-10 shows the magnitude and phase of these filters when the machine it is at
0 Hz, so that both filters are the same.
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Figure 3-10: Magnitude and phase of the current filters

Looking at Fig.3-10, the magnitude and phase of both filters are shown, which are
the same with the difference that the frequency adaptive filter starts at 1250 Hz when
the machine is not rotating and then, it starts to move in frequency as the PMSM

varies its speed.

3.3.2 BEMF strategy implementation

In the BEMF sensorless strategy, the input signals are the PMSM phase currents and
the terminal voltages of the machine (Fig.2-1). In Fig.3-2, these signals corresponds to

the i currents of the machine and the V. terminal voltages applied to the inverter,
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which in this case are equal to V. f, since as it has been mentioned in section 3.1.2,

when the BEMF menthod is applied the high frequency signal injection is disabled.

3.3.2.1 Flux linkage calculation

For obtaining the flux linkage of the PMSM, which will be the input of the BEMF
PLL (Fig.2-1), the integration term that is used to obtain it is implemented as a low-
pass filter in the real application to avoid problems with the PLL implementation in
the case of impulse signals. This is due to the fact that in case of an impulse signal
occurs, the flux that will be obtained by using an integrator will remain constant at
a determined value while the input signal (the impulse) returns to its initial value, so
that the PLL will not correctly estimate the position of the machine. This situation
does not occur by using a low-pass filter as integrator term.

The transfer function of the low-pass filter that is used is shown in equation 3.12.

1
_ 3.12
/j st 10%2r (3.12)

This transfer function is implemented in order to obtain a low-pass filter bode
diagram similar to the one of a integrator.

In order to see the previously mentioned difference of using an integrator or a
low-pass filter, Fig.3-11 shows the output signal of both of them against a unitary
impulse input signal.

As it can be seen, the output signal of the integrator remains constant at a certain
value, so that in this case, the input signal of the PLL (flux linkage) will not corre-
spond to the real one and problems in the control system can arise, while in the case

of using the LPF implementation, the output value it is the same than the input.

3.3.2.2 Tuning of the BEMF PLL PI controller

The tuning of the BEMF PI controller is done by the same way of the HF PLL PI
controller, it is tuned to obtain a bandwidth of around 30 Hz, so that the proportional

and integral terms of the PI controller are the same as the ones of the HF PLL shown
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Figure 3-11: Response against unitary impulse input signal

in section3.3.1.2:

kppemr =

kKipemr =

3.3.2.3 BEMF estimated position compensation

As in the case of the HF strategy implementation, a correction in the estimated
position of the BEMF method must be done due to the induce phase shift by the
low-pass filter implementation. For doing that, this induced phase shift is calculated
form the LPF transfer function (equation 3.12).

At first, the implemented LPF is discretized, and then, equation 3.13 is applied
[18].

z ="l = cos(wTy) + jsin(wTy,) (3.13)

Once this is done, the numerator and denominator of the discretized filter are

separated into the real and imaginary component as shown in equation 3.14.

real(num) + j - imag(num)

LPF =

3.14
real(den) + j - imag(den) (3:-14)
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Finally, the induced phase shifted can be obtained by subtracting the phase of
the denominator from the one of the numerator of the discretized filter as shown in

equation 3.15.

imag(num) 4, imag(den)

ps = tan"*( ) — tan ) (3.15)

real(num) real(den)

3.4 Transition region algorithm

In the present section, a description about the transition between the two sensorless
methods depending on the PMSM speed and its importance for the system properly
operation is going to be explained in detail.

As it has been mentioned in sections 2.2 and 2.3, there are two different sensorless
control strategies that are applied depending on the machine speed. If the machine
speed is very low or zero the HF technique is more adequate, while the BEMF tech-
nique is the best option when the machine is operating at medium or high speed
ranges.

Despite of the fact that the HF method is able to work at medium or high speed
PMSM ranges, there are some drawbacks that makes it undesirable at these speeds,

which are [19]:

e The injection of the high frequency signal at high speeds will create acoustic
noise due to the pulsating torque generation, which is undesirable for the electric

machine.

e Power losses generation

Due to this, a switching from one method to the other must be done depending
on the machine speed.

However, a very important point must be taken into account in this situation, since
a hard transition from one method to the other could make the machine control to fail.
If a hard transition is done, the estimated angle that is obtained and that is used in

order to make the current control of the PMSM (Fig.3-2) will change instantaneously
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from the one that is obtained from the HF method to the one from the BEMF method
and vice versa, so that the angle estimation in this point could change drastically and
the machine control will be seriously affected making the system to fail.

In order to avoid this problem, a transition region between the two methods is
established, where both of them will coexist, so that the estimated angle is changed

from one method to the other in a smooth way.

3.4.1 Algorithm implementation

The implemented algorithm is based on linear functions, where the total estimated
angle of the PMSM is determined as the sum of the two estimated angles multiplied
by the corresponding cost of each one of the methods, so that as a function of the
machine speed, each one of the methods will have a determined cost. These costs of
both methods are complementary between them.

Fig.3-12 shows the costs generation as a function the machine speed.
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Figure 3-12: Sensorless methods costs generation.

As it is seen in Fig.3-12, there are two speeds that corresponds to the speed at
which the BEMF method starts to operate (w;) and to the speed at which the HF
method is disable and the machine operates only under BEMF sensorless method
(ws).

For this project, the value of w; has been set to 30 electrical Hz and the value
of wy to 40 electrical Hz, so that the transition region is delimited by these PMSM
speeds.

The HF cost function and the BEMF cost function are implemented as follows:
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fi(z) = HF cost function

o if Speed <w; = HF =1

o if w, <Speed<w2:>HF:—%+4

o if Speed > wy = HF =0

fa(z) = BEMF cost function

o if Speed < wy = BEMF =0

o if w, <Speed<w2$BEMF:Sq—%ed—3

o if Speed > wy = BEMF =1

For obtaining the speed of the PMSM, which is used in order to obtain the corre-
sponding costs in the previous function (Fig.3-12), it is calculated as the sum of the
corresponding products between the calculated costs of each method by the estimated

speed of the corresponding method. Fig.3-13 shows this speed calculation.

e HF

Cost HF

7, (%) |_Cost BEMF
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Figure 3-13: PMSM speed estimation.

Looking at Fig.3-13, fi(z) and fo(x) corresponds to the costs function of the
HF and BEMF sensorless methods respectively, which are shown in Fig.3-12. For
obtaining these costs, the PMSM speed estimation of the previous sample time is the
one that is used, and at the end, this speed w, is the PMSM speed estimation that
is obtained by means of the HF and BEMF methods.
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Then, the estimated position of the PMSM is obtained in the same way by using
the costs that are obtained with the PMSM speed estimation. Fig.3-14 shows the

calculation of the PMSM estimated rotor position.
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Cost BEMF

fe BEMF

Figure 3-14: PMSM position estimation.

In this case, the costs are the same than the ones obtained in Fig.3-13, and
the estimated angles that are used are the estimated angles of the corresponding
sensorless methods. At the end, the estimated rotor position of the PMSM is obtained
(ée), which is used in order to make all the reference frame transformations that are

needed for the PMSM current control shown in Fig.3-2.

3.5 Conclusion

In this chapter, all the circuits, control loops and algorithms that conform the sensor-
less control of a PMSM have been presented and explained in detail. A description
about the PMSM that is used in order to develop the sensorless control strategy
along with the explanation of the desired current control loop that is applied have
been done. Moreover, a very detailed explanation about the position correction that
is done due to the phase shift that generates the different filters applied in both
methods it is also done.

Finally, a fully detailed explanation about the implemented transition region al-
gorithm between both sensorless methods is done, showing the algorithm that is used

in order to achieve a smooth change between both sensorless methods depending on
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the PMSM speed.
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Chapter 4

Simulation results

4.1 Introduction

Along this chapter, some simulations in SIMULINK tool will be carried out in order
to analyse the performance of the PMSM in sensorless operation taking into account
all the assumptions and the implemented circuits described in chapters 2 and 3.

Each one of the sensorless methods are going to be analysed independently, and
then, the global PMSM operation will be tested when both methods are working
together. The current control loop of the PMSM and the transition region between
both sensorless methods will be also analysed.

Before analysing the system, several aspects of the simulation must be remarked,

which are the following ones:

e Speed profile: A speed profile is imposed to the PMSM in order to check the
performance of the PMSM in all the different situations and to compare this
speed (real speed of the PMSM) with the estimation provided by the HF and
BEMF sensorless methods. Fig.4-1 shows the commanded speed profile for the

simulation in electrical %.

e dq current commands: For the d axis current the reference will be 0 Amps,
while for the q axis current two current steps are set, being one of them of 50

Amps at 0.5 seconds and the second one of -100 Amps at 1.5 seconds. The
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Figure 4-1: Commanded speed profile.

PMSM starts from zero speed.

¢ BEMF method enable: The BEMF sensorless method is programmed to
start its operation when the machine speed is above 20 electrical Hz (200 me-
chanical rpm), speed at which the generated BEMF is enough for the method

to give accurate measurements.

e HF method disable: The HF sensorless method is programmed to stop its
operation when the machine speed is above 45 electrical Hz (450 mechanical
rpm). At this speed the HF signal injection is disable and the machine will
only operate with the BEMF sensorless method. This is implemented due to

the reasons described in section 3.3.

4.2 Transition region algorithm analysis

First of all, the transition region algorithm is going to be analysed, since this algo-
rithm generates the cost of each one of the sensorless methods which determine the
contribution of each method to the PMSM rotor position estimation depending on the
PMSM speed, including the transition between both methods at determined speeds
of the machine section 3.3.

By applying the implemented algorithm in section 3.3.1, Fig.4-2 shows the cost
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generation for each one of the methods depending on the speed of the PMSM, which
follows the speed profile of Fig.4-1, where Fig.4-2a shows the cost along all the sim-

ulation and Fig.4-2b shows a zoom of the transition region area.
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Figure 4-2: Transition region costs generation for each one of the sensorless methods

Attending to Fig.4-2a, the costs that determine the contribution of each method
to the PMSM rotor position estimation are seen. At the beginning of the simulation,
where the PMSM speed is not too high, only the HF method is working until the
machine reaches a speed of 30 electrical Hz (188.5 electrical 4).

Then, from this point, a transition region between the sensorless methods starts,
where their contribution to the rotor position estimation change in linear relationship
according to the algorithm implemented in section 3.3.1, until the machine reaches
40 electrical Hz (251.3 electrical ™). In this transition region both methods are
active. Fig.4-2b shows a zoom of this transition region.

Finally, from 40 electrical Hz, the PMSM only works under the BEMF method,
being the cost of this method ”1” and the cost of the HF method ”0”.

The PMSM rotor position estimation that can be obtained by using these costs
(Fig. 3-13), which can be the position estimation of the HF method (at low speeds),
the position estimation of the BEMF (at medium or high speeds) or the position
estimation conformed by the contribution of both methods (transition regions), is the

one that is used for the PMSM current control shown in Fig.3-1.
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4.3 HF method performance

After analysing the cost generation for both sensorless methods, the PMSM perfor-

mance at low speeds, where the HF method is applied, is going to be analysed.

The most important parameters that are needed to be analysed are the estimated
rotor position, the error with respect the real rotor position and the estimated PMSM

speed.

4.3.1 HF speed estimation

Once all the parts related to the HF sensorless method described in chapters 2 and
3 are implemented, Fig.4-3 shows the PMSM speed estimation by the HF method and
the real speed of the machine (commanded speed profile of Fig.4-1). In this graph,

the speed is represented in electrical %.
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Figure 4-3: HF speed estimation.

Analysing Fig.4-3, it is seen that the estimated PMSM speed given by the HF
method matches the real speed until the speed of the machine reaches 45 electrical
rad

Hz, value that corresponds to 282.75 electrical “, when the high frequency signal

injection is disabled (section 4.1).
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4.3.2 HF rotor position estimation

Once the speed estimation of the machine is analysed, the rotor position estimation

by using this method will be studied.

4.3.2.1 HF rotor position correction analysis

First of all, the estimated position compensation is analysed.

Fig.4-4 shows the real position of the machine, the estimated position that is
obtained from the HF method and the compensated position that is obtained by
using the fourth order polynomials created in section 3.3.1.3 to compensate the
induced phase shift by the filtering stage at the frequency of the desired current

component.

HF position correction
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Figure 4-4: HF position correction analysis.

Looking at Fig.4-4 it is seen how the rotor position estimation that is obtained it
is not so good, there is a considerable error respect to the real one due to the induced
phase shift of the filtering stage. However, after the filters phase shift compensation
is done, the obtained position of the machine it is quite close to the real position of

the PMSM, so that the error between them it is very low.
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4.3.2.2 Final HF rotor position estimation

Then, once the compensation is done, Fig.4-5 shows the estimated rotor position given
by the HF method in the range between 0.65 seconds to 0.75 seconds and the error
respect to the real position of the machine in the range that the PMSM is operating

under this sensorless control method once the position compensation is done.
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Figure 4-5: Rotor position estimation and error respect to the real PMSM rotor
position by using the HF method

Attending to Fig.4-5a, the real rotor position and the estimated are represented in
a specific time range where this HF method is working. As it is seen, the estimation
of the rotor position seems to be good, but for being sure of this, a representation of
the error respect to the real position in degrees in all the range that the HF method is
active is shown in Fig.4-5b. Looking at this last figure, the error it is always between 2
and -2 degrees, so that the PMSM position estimation given by this sensorless method
at low speeds of the PMSM it is so good. The error that appears at the beginning
of the simulation is because the HF method is not enabled yet, and at the end of the
graph the error becomes too high due to the HF signal injection disconnection at 45

electrical Hz.

64



4.4 BEMF method performance

After being analysed the HF method signals, the BEMF sensorless method is inde-
pendently studied.

The BEMF method is enabled at 20 electrical Hz, as it has been mentioned at the
beginning of this chapter, but its information it is not used until the machine reaches
30 electrical Hz, when the transition region between both methods starts (section
4.2).

For this method, as in the case of the HF method, the estimated position, the
error respect to the real PMSM position and the estimated speed of the PMSM are

going to be analysed.

4.4.1 BEMF speed estimation

Fig.4-6 shows the PMSM speed estimation by using this sensorless control strategy.

In this graph, the speed is shown in electrical %.
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Figure 4-6: BEMF speed estimation.

Looking at Fig.4-6 it is seen that the speed estimation provided by the BEMF
sensorless method is so accurate. The peak that appears in the estimated signal
corresponds to the enabling of the method at 20 electrical Hz (125.66 electrical %1),

and then, the estimated PMSM speed follows the imposed speed profile perfectly.
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4.4.2 BEMF rotor position estimation
4.4.2.1 BEMF rotor position correction analysis

By the same way of the HF rotor position correction analysis (section 4.3.2.1), the
BEMF estimated position correction is going to be analysed. Fig.4-7 shows the real
position of the machine, the estimated one and the corrected position that is obtained

by applying the procedure that is explained in section 3.3.2.3.
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Figure 4-7: BEMF position correction analysis.

As it is seen in Fig.4-7, the corrected position that is obtained by using the phase
compensation procedure, it is closer to the real position of the machine, so that the

compensation it is properly done.

4.4.2.2 Final BEMF rotor position estimation

Then, final rotor position estimation of the PMSM by using this sensorless method
is done. Fig.4-8 shows the estimated rotor position given by the BEMF method in a
time range between 1.115 to 1.165 seconds, a period of time where the BEMF method
is active, and the error respect to the real position of the PMSM when this sensorless
control method is active.

Looking at Fig.4-8a, it is seen that the real rotor position of the PMSM and the

estimated one are very similar between them. For checking that, Fig.4-8b shows the
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Figure 4-8: Rotor position estimation and error respect to the real PMSM rotor
position by using the BEMF method

error respect to the real position, which is seen to be very low. The error along all
the BEMF method operation, which goes from the BEMF method enable until the
end of the simulation due to the speed profile characteristics, it is only between 4 and

-4 degrees.

4.5 PMSM performance

After the analysis of each one of the sensorless methods that control the PMSM
depending on its speed, the global performance of the system is going to be analysed.
For doing this, the speed estimation of the PMSM along all the simulation, the rotor
position estimation and its error respect to the real one, and the current control loop

analysis of the machine under sensorless control strategy are needed to be studied.

4.5.1 PMSM speed estimation

First of all, the analysis of the PMSM speed estimation is going to be done. Fig.4-9
shows the PMSM speed estimation and the real speed of the PMSM (speed profile) in
electrical %1, where Fig.4-9a shows the real estimated PMSM speed (without filtering
it) and Fig.4-9b shows the estimated PMSM once it is filtered.
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Figure 4-9: PMSM speed estimation

Looking at Fig.4-9a, it is seen that the estimated PMSM speed is a combination
between the speed estimation provided by the HF method (Fig.4-3) and the BEMF
method (Fig.4-6). The speed estimation it is so good, and only a peak at the beginning
of the simulation due to the HF estimation occurs because of the ¢ axis current change
from 0 to 50 Amps at 0.5 seconds. However, by means of a low pass filter of natural
frequency w, equal to 100 Hz this peak can be filter. Fig.4-9b shows the estimated
PMSM speed once this filter is applied.

4.5.2 PMSM rotor position estimation

After the speed analysis, the rotor position estimation study is going to be done.
Fig.4-10 shows the estimated rotor position of the PMSM during a period of time
that goes from 0.74 seconds to 0.84 seconds, which corresponds to the transition
period time range (between 30 and 40 electrical Hz), and the error respect to the real
position of the machine during all the PMSM operation.

Looking at Fig.4-10a, both the estimated position of the machine and the real one
are shown and it is seen that they are very similar. To check that, Fig.4-10b shows
the error of both signals in degrees, which is seen to be very low, with a maximum

error of 4 degrees along all the simulation. Looking at this last figure, it can be
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Figure 4-10: Rotor position estimation and error respect to the real PMSM rotor
position by applying sensorless control strategy

appreciated that the error of the machine position is the composition of both errors
previously analysed in sections 4.3.2.2 and 4.4.2.2 provided by the HF and the
BEMF control methods.

4.5.3 PMSM current control loop performance

Finally, as for the analysis of the PMSM operating under sensorless control, the
analysis of the main control loop of the electric machine is going to be done. For
doing that, the d and q axis currents of the machine will be studied in order to check
how they track their respective reference commands.

Fig.4-11 shows the q axis current reference command and the q axis current of the
PMSM operating under sensorless control, which suppose with the estimated rotor
position provided by the HF and BEMF methods depending on the machine speed.

Looking at Fig.4-11, it is seen how the q axis current of the machine correctly
follows the commanded reference. It is also seen a peak in the current when it is at
50 Amps that corresponds to the high frequency signal injection disabling, but then,
it returns very fast to the desired value.

Then, the same analysis is done for the d axis current of the PMSM, which is

shown in Fig.4-12.
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Figure 4-11: g-axis current of the PMSM under sensorless control strategy.
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Figure 4-12: d-axis current of the PMSM under sensorless control strategy.
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Attending to this figure, it is seen that the d axis current reference command is
always zero Amps and the machine d axis current follows it correctly. In this analysis,
there are two peaks in the current of the machine, where the first one corresponds
to the high frequency signal disabling as in the case of the q axis current, and the
second one to the cross-coupling due to the change in the q axis current reference (50
to -50 Amps). However, after both of them, the current returns to zero Amps very

fast.

4.6 Conclusion

In this chapter, the simulation results of the complete system have been presented and
the good performance of the PMSM operating under sensorless control strategy have
been demonstrated. The implemented sensorless control methods and the different
algorithms and circuits that are used in order to estimate the position of the PMSM,
such as the implemented transition region algorithm or the implemented filtering
stages that allow to correct the estimated position of the machine, show very good
results in the whole speed range at which the electric machine is simulated, in terms
of speed and position estimation, allowing a quite good current control of the machine

without the need of using a position sensor in the rotor of the PMSM.
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Chapter 5

PMSM experimental results

5.1 Introduction

In this chapter, some tests are going to be carried out with the real PMSM in order
to analyse the rotor position estimation provided by the different sensorless methods
that have been studied in the previous chapters in real operation. For doing that,
the different control loops, filtering stages and circuits that have been explained in
chapters 2 and 3 and that are needed for each one of the sensorless control methods
(BEMF and HF) are programmed in the Code Composer tool. In this part of the
thesis, a previous work in this field has been used, where a sensorless control of a
PMSM has already programmed and only some parameters of the system such as PI
controllers or some aspects of the different control loops were needed to be changed.
For carrying out the different tests, the workbench that is explained in section 5.2
is used.

As for the different analysis that will be done along this chapter, at first, the rotor
position estimation provided by each one of the sensorless control methods is going to
be studied as in sections 4.3 and 4.4, and then, the PMSM performance when both
methods combine their rotor position estimation by means of the transition algorithm
will be evaluated as in section 4.5.

For doing these analysis, as the memory of the DSP that is used is not enough to

store all the required data along a speed profile as the one shown in Fig. 4-1, what
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is done is to vary the speed of the PMSM from 30 to 660 electrical %i in steps of 30

%j and store all the required data at the different speeds during 0.3 seconds.

5.2 Workbench

For being able to perform the different tests with the real PMSM, a workbench as

the one shown in Fig.5-1 is used.

*4 /

i

DC

Diode rectifier

Inverter 1 Inverter 2

IM PMSM

Figure 5-1: Tests workbench diagram.

Looking at Fig.5-1, the power converter configuration that is used it is very sim-
ilar to a back to back converter configuration, with the difference that both electric
machines do not share the DC bus, there is a DC/DC converter in the middle. With
this special configuration, tests with different electric machines can be done, since
the DC/DC converter allows to change the voltage at the right side of the system
to adapt it to the machine requirements, in this case to the nominal voltage of the

PMSM that will be used to make the experiments, which is 450 V.
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5.2.1 Workbench operation

Attending to the presented system in Fig.5-1, the grid voltage is rectified by means of
a diode rectifier, so that the grid phase voltage of 400 V is rectified to 565 V, which
is the voltage at which the IM works. The power resistor that is placed at the output
of the diode rectifier is used to charge the DC bus, and once it is charged the resistor
is bypassed in order to avoid losses.

The DC/DC converter that is in the middle of the DC bus allows to have two
different voltages at both sides of the converter, being 565 V at the left, which is the
voltage at which the IM works, and 450 V at the right of the system, which is the
nominal voltage of the PMSM.

As for the control part of the system, as it has been said before in section 5.1,
the PMSM will be test at different speeds in order to evaluate the rotor position
estimation in different situations. For doing this, the IM is speed controlled and
thanks to the coupling between both electric machines the PMSM, which is current
controlled (Fig.3-1), will rotate at the same speed, so that the different rotor position
estimations provided by the implemented sensorless control methods at the different

1 %l can be studied. The speed control

speeds that are set from 30 to 660 electrica.
loop of the IM is shown in Fig.5-2.

For being able to control both electric machines, two control PCBs are used, one
being the responsible of analysing the electric machine data and the other one being
the responsible of controlling the corresponding electric machine using the previously

analysed information, in current in the case of the PMSM and in speed in the case of

the IM.

5.3 HF experimental results

First of all, the HF sensorless method is analysed at a speed of 150 electrical %1,
which corresponds to around 24 electrical Hz, approximately the speed at which the
PMSM is rotating in Fig. 4-4a, where the HF rotor position estimation is analysed

for the simulation results.
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Figure 5-2: IM current control loop.

As in the case of the simulation results analysis (section 4.3), the estimated rotor
position provided by this sensorless method and the error respect the real position
are going to be analysed along with the estimated position correction that is done in

order to compensate the filters phase shift.

5.3.1 HF rotor position estimation results
5.3.1.1 HF rotor position correction results

As it was shown in section 4.3.2.1, in order to obtain a good position estimation,
the phase shift caused by the filtering stage that is done in the HF method must be
compensated. Fig.5-3 shows the real position of the PMSM, the estimated one and
the corrected position.

Looking at Fig.5-3, it can be seen how the estimated position error respect to the
real one it is so high, but then, once the compensation is done, the error respect to

the real position becomes lower resulting in the error shown in Fig.5-4b.
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Figure 5-3: HF position correction analysis under PMSM real operation.

5.3.1.2 Final HF rotor position results

Then, once the compensation is done, Fig.5-4 shows the rotor position of the PMSM
estimated by the HF method and the error respect to the real position of the machine,

which is measured by an encoder.

HF method position estimation HF method position error

Estimated
Real

Phase (rad)
O~ O R N WHMOU O ©

error (deg)
O~ O R N WHMOU O ®

1 012 014 0.16 0.18 0.2 1 012 014 0.16 0.18 0.2
Time (s) Time (s)

(a) Rotor position estimation (b) Error respect real position

Figure 5-4: Rotor position estimation and error respect to the real PMSM rotor
position by using the HF method under PMSM real operation

Looking at Fig.5-4a, the estimated and real position of the PMSM are seen, which
are similar as it is expected. The error that exists between them is shown in Fig.5-4b,

which is 6 degrees, higher than the obtained by simulations (Fig.4-4b), but an ac-
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ceptable error. This difference could be due to the different behaviour of the machine
in a real situation compared with the simulation, so that the PI regulators of the HF

PLL could operate in a slightly different way:.

5.4 BEMF experimental results

The same analysis is carried out for the BEMF sensorless method. In this case,
the study is done at a speed of 360 electrical %l, around 57 electrical Hz, which is
approximately the speed at which the machine is rotating in the simulation analysis
of the BEMF (Fig. 4-7).

The rotor position estimation of the BEMF method, its error respect to the real

position and the position correction that is done due to the use of filters are going to

be analysed.

5.4.1 BEMF rotor position estimation results
5.4.1.1 BEMF rotor position correction results

The estimated position correction that is done in this sensorless method due to the

LPF that is used in order to obtain the flux of the machine is shown in Fig.5-5.

BEMF position correction
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Figure 5-5: BEMF position correction analysis under PMSM real operation.

Attending to this figure it is clearly seen the important correction that is done in

78



the estimated rotor position. The position that is calculated by the BEMF method
has a significant error respect to the real position of the machine, but once the com-
pensation of the LPF induced phase shift is done, the obtained position is very close

to the real one.

5.4.1.2 Final BEMF rotor position results

Finally, Fig.5-6 shows the estimated and real position of the PMSM and the error

between them.

BEMF method position estimation BEMF method position error

Estimated
Real

/

Phase (rad)

O o, v W A OO N ©
error (deg)
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0.14 0.16 0.18 0.14 0.16

12 12
Time (s) Time (s)
(a) Rotor position estimation (b) Error respect real position

Figure 5-6: Rotor position estimation and error respect to the real PMSM rotor
position by using the BEMF method under PMSM real operation

Looking at Fig.5-6a, it is seen that the error it is not so high between the real and
the estimated position provided by the BEMF sensorlees method. For being sure of
this, Fig.5-6b shows the numerical error, which is around 2 degrees, very similar to

the one obtained through the simulation carried out in chapter 4 (Fig. 4-7b).

5.5 PMSM experimental results

Once both sensorless control methods have been independently analysed, the system
global operation is going to be studied. In this situation, the position of the PMSM

inside the transition the region, where both sensorless methods are active, along with
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its error respect to the real position of the machine will be analysed. The speed at

rad

22, around 35 electrical Hz.

which the analysis is carried out is 210 electrical

5.5.1 PMSM rotor position estimation results

Fig.5-7 shows the real position of the machine, the estimated position and the error

between them.

PMSM position estimation PMSM position error

Estimated
Real

Phase (rad)

Ok O R N WHU O N ®
error (deg)

Ok O R N WHAU O N ®©

1 0.12 0.14 0.16 0.18 0.2 1 0.12 0.14 0.16 0.18
Time (s) Time (s)

(a) Rotor position estimation (b) Error respect real position

Figure 5-7: Rotor position estimation and error respect to the real PMSM rotor
position under PMSM real operation

Looking at Fig.5-7a, it is seen that both positions are very close each other, having
an error lower than 5 degrees, very similar to the one obtained through the simulation
results (Fig. 4-10Db).

In addition to the PMSM operation in the transition range, in this analysis of the
real PMSM operating under sensorless control strategy, the error of the estimated
position respect to the real one, which is obtained by means of a encoder, is analysed
in all the established speed range, which goes from 30 to 660 electrical %i. Fig.5-8
shows this error in the whole speed range.

Attending to Fig.5-8, it is seen that at very low speeds of the PMSM, the rotor
position estimation it is not so good, specifically between 0 to 60 electrical %i (0
to 10 electrical Hz), which could not be solved in time. After that, the HF control

method estimates the rotor position in a more accurate way (around 6 degrees of error)
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Figure 5-8: PMSM error respect to the real position from 30 to 660 electrica
under PMSM real operation.

until the transition region starts (at 180 electrical %l that corresponds to around 30
electrical Hz). During this period, which lasts until 240 electrical "¢ (around 40
electrical Hz), both sensorless control methods are working together, providing a
rotor position estimation with an error between 0 to 5 degrees. Finally, from 40
electrical Hz, only the BEMF control method is working and the estimated position

of the electric machine it is so accurate, with an error lower than 3 degrees.

5.6 Conclusion

In this chapter, the real PMSM operation under sensorless control strategy has been
shown and studied. The previously studied and designed circuits, control loops and
filtering stages in chapters 2 and 3, required for the correct operation of the HF and
BEMF sensorless control methods, have been put into practice by means of the code
composer tool.

The obtained results from the real operation of the machine slightly differ to the
ones obtained by means of simulations in chapter 4, since in real practise the PMSM
behaviour it is not the same as in simulations, but they are very close each other, so
that this allows to demonstrate the correct operation of the PMSM under sensorless

control strategy, obtaining accurate results in terms of rotor position estimation,
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which is the most important objective of applying this kind of control strategy.
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Chapter 6

Conclusions and future work

Conclusions

In the present master thesis, a very detailed study and analysis of the sensorless
control strategy applied to a PMSM has been done.

The different benefits of using this kind of control strategy and the different control
methods that exist in this field nowadays have been presented and described in chapter
2. The most extended ones, which are the BEMF and HF control methods, have been
explained in detail understanding their basic principles and the way in which they
work along with an analysis about the PMSM model equations in which they are
based on.

After that, chapter 3 shows the central part of the master thesis. In this chapter
the PMSM that is used for the simulations and real tests is presented and both
sensorless control methods are totally implemented, showing the required filtering
stages and the different circuits implementation that are necessary for each one of
them. Moreover, a transition algorithm between both methods it is also implemented,
which is the key of the properly operation of the machine, since it determines the
sensorless methods contribution to the conformation of the rotor angle depending on
the electric machine speed.

Then, the complete system is simulated in SIMULINK tool with all the imple-
mented control loops and filtering stages, checking that PMSM works correctly under

sensorless control strategy, and the results were satisfactory. Both sensorless methods
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operate in the desired way depending on the machine speed, and the rotor position
estimation is very close to the real one, so that the BEMF and HF sensorless con-
trol methods good performance for a PMSM sensorless control strategy it is fully
demonstrated.

Finally, real tests are carried out with the real PMSM in order to check if these
methods could be applied in real practise, and the same signals analysis than the
ones done in the simulations are performed. The results are a bit different, since
the behaviour of the real machine it is not the same as the simulated, but the rotor
position estimation that is obtained for each one of the sensorless methods it is quite

good.

Future work

This field it is in continuous development and a lot of improvements can be done.
As it is seen along this master thesis, despite of the fact that the BEMF and HF sen-
sorless methods provide a very good estimation of the PMSM rotor position, they are
very dependent in the case of the BEMF method in the PMSM parameters accuracy
and in the case of the HF method in the accuracy in which we are able to design the
filtering stage and the corresponding compensation that allows to extract the rotor
position. In this ambit, different algorithms that allow to avoid these dependences
will be a very good option. In the same way, different sensorless methods that provide
the same or better accuracy in the position estimation as these ones without the need
of a high computational cost that require the use of very powerfull computers will be
also a great solution.

Another possible solution that could make this kind of strategy more attractive
than it is, is the development of a sensorless control method that is able to estimate the
rotor position in an accurate way along the PMSM speed range, so that the transition
region algorithm between different sensorless methods it is not required, which avoids
a lot of possible problems, such as errors in the position estimation due to the failure
of one of the methods, so that the combination of both fails, or if the speed of the
machine oscillates or change too fast, possible failures in the determination of the

sensorless methods contributions that could make the system to fail.
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Finally, respect to the error that occur at very low PMSM speeds (Fig. 5-8),
some improvements in the HF sensorless methods can be done in order to avoid this

error, which can make the PMSM control system to fail.
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