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Preface

The thesis represents an approach and a contribution to the sensorless
control methods for General AC Drives. The novel sensorless method, V/f with
stabilizing loops control is mostly based on the active flux concept and maximum
torque per ampere condition. This control method can be applied for all ac motors.
Besides the implementation of both the sensorless and with encoder vector control
schemes, the thesis proposes four different correction loops strategies of the interior
permanent magnet synchronous motor, in a wide speed range.

Motivation

Though motion-sensorless FOC and DTFC have spread in a spectacular way
to all servo-drives, high dynamics response in general AC drives is still a problem we
have to deal with.

The motor response and performances under vector control with and
without position sensor are first analyzed in Chapter 2 and Chapter 3.

The main target of the thesis is to prove that V/f with stabilizing loops
control can provide high dynamic performance, without speed or current regulators
(hence their design is not a problem we have to deal with), without coordinate
transformations and with less computation effort than sensorless vector control.
Under V/f control, the motor starts from any position, thus it does not need an
independent starting strategy. Both simulations and experiments have been
conducted and comparisons between the proposed control method and sensorless
vector control results have been discussed, to prove the above mentioned demands
(Chapter 4 and Chapter 5).

In Chapter 6, other three V/f with correction loops control strategies are
analytically described and their results are analyzed, in order to find a simpler
method to fulfill the imposed requirements. The experimental setups are described
during Chapter 7, while the conclusion and the contributions are highlighted in
Chapter 8.

The proposed method uses the active flux concept and includes the
maximum torque per current condition; it also offers a smooth transition of the
motor functioning below base speed region and above the base speed region.
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Abstract

The present thesis proposes a novel approach of V/f with stabilizing loops
control, suitable for all AC General Drives, with Interior Permanent Magnet
Motor, used as a case study. The main target is to prove that this control method
can provide fast speed and torque control, without the use of PI speed and
current controllers, without coordinate transfomations and with reduced
computation effort, than in sensorless vector control.

This control method is based on active flux concept, it includes the maximum
torque per ampere condition and the capability of the drive to work above base
speed. Comparisons with existing sensorless control methods have been
conducted and results have been interpreted.

To prove once more the stabilizing loops effectiveness, simulation and
experimental tests have been performed with open loop V/f control. Increased
system stability and fast dynamic performances have been obtained after the
two stabilizing loops consideration.

Four different V/f with correction loops control methods have been analytically
studied and tested: one of them through both digital simulations and
experimental verification, the other three strategies, through digital simulations.
Results show sianificant results for two of them.
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Nomenclature

Abbreviations

ac Alternating current;
dc Direct current;
DTFC Direct torque and flux control;
EMF Electromotive force;
M Induction machine;
INFORM Indirect flux detection by online reactance measurement;
IPMSM Interior permanent magnet synchronous machine;
HPF High pass filter;
PI Proportional integral controller;
PM Permanent magnet;
PWM Pulse width modulation;
SVM Space vector modulation;
VC Vector control;
Symbols
B Viscous friction coefficient;

iz, ip, ic Instantaneous stator a, b, c phase currents;

Iy, Iq Stator currents in d, g rotor reference frame;
I, IB Stator currents in g, B stator reference frame;
Ig Magnitude of the stator current vector;

J Inertia of the motor shaft and the load system;
Ly, Lq Rotor d- and g- axis inductances;

Lg Stator total inductance;

Lee Short-circuit inductance of the IMs;

p1 Number of pole pairs of the motor;

R¢ Stator resistance per phase;
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Te Electromagnetic torque;

Vg VB stator voltage in a, B stator reference frame;

Ve DC-link voltage;

Vs Magnitude of the stator voltage vector;

Veomp Compensation voltage;

W, Electrical rotor speed;

Ber Electrical rotor position;

0 4 Active flux angle;

Y

‘PZ Active flux;

Ypym Rotor permanent magnet flux;

Y Stator flux linkage;
Subscripts

a;b,;c Stator a,b,c phases;

s Stator quantity;

r Rotor quantity;
Superscripts

* Reference quantity;

A Estimated quantity;
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Chapter 1
Permanent Magnet Synchronous Machine Drives
and Their Control — State of the Art

This chapter offers a comprehensive overview of the state of the art of the
General AC Drives and their control techniques, with the main focus on Interior
Permanent Magnet Synchronous Motors (IPMSM). In the beginning, a brief
description of the General AC Drives is presented, followed by a classification of the
permanent magnet synchronous drives. The permanent magnet synchronous motors
characteristics and a review of their control methods, with and without motion
sensor will be resumed further on. Finally, the basic principles for the IPMSM, the
proposed solution and the conclusion are shown.

1.1. General AC Drives

The electric machine mechanical power was the best source of the
mechanical power in the 19" century, which is the period when the electric
machinery has been invented. The machine mechanical power represents the main
source of mechanical power to support the present industrialized society. More than
60% of today’s total electricity produced today is used to run the electric machines.
If we talk about the transportation area, we have to say that the combustion engine
has dominated during the past century as a source of mechanical power. Nowadays,
the electric machines are many times faster than the internal combustion engine,
thus, they are applied as main source of traction force in the electric vehicle, the
hybrid vehicle and the electrically propelled vessels [1].

An electric machine drive system is an industrial system which converts the
electrical energy into mechanical energy — as a motor and mechanical to electrical
energy — as a generator [2]. The industrial system is made of several electrical and
mechanical parts like: the electric machine, the electric power converter, the control
system, the acquisition system and so on.

Through more than one century of their development, the AC Machines have
various shapes, each of them suitable for different applications in industry, electric
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10 Chapter 1 AC Motor Drives and Their Control-State of the Art

traction, vehicles, ship propulsion, home appliances, robotics, and so on. An electric
machine can be designed as thin disk type, long cylinder type and rotating or linear
motion type [1].

Alternating current (AC) Motor Drives are today a mature technology with
torque levels from about 0.02 Nm to a few MNm and from high speeds (500 krpm at
100 W) to low speeds (16 rpm, 3 MW, PM Synchronous Wind Generator). The
absence of mechanical brushes, the implicit four quadrant operation and motion-
sensorless digital control via reasonable cost PWM converters have all contributed to
this situation.

The speed control range and torque response quickness discriminates
between general drives and so called servodrives. A 5(10)/1 speed range with
full torque change in stable conditions within hundreds of milliseconds indicates a
general AC drive, while a more than 1000/1 speed range with full torque response
within milliseconds (1-2 ms) refers to high quality servo-drives [3].

Nowadays, the machine drive system can be easily controlled directly from
the information processing system which is based on the rapid power electronics
development. Thus, an Induction or a Synchronous machine can be driven through
a variable frequency inverter [1].

1.2. Permanent magnet electric machine drives

The shift from DC Motor to the AC Motor occurred as a consequence of not
only the power electronics technology improvement, but also because of the control
theory for the AC motor and the increased use of permanent magnets. The change
from the field flux corresponding to the external winding to the permanent magnet
flux increases the machine torque and power density and because of the copper loss
elimination, the efficiency is improved. Because of the low torque pulsations, the PM
machines are characterized by low vibration and noise [4]. The rugged construction
and the simple maintenance of the drive have to be also specified.

The lately increasing cost of the permanent magnets (PMs), their
demagnetization at raised temperatures, the need for field weakening control, the
machine needs to start from an initial position [6-9], all these are a few of the
permanent magnet electric machines disadvantages.
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1.3. PMSM Control Techniques 11

Permanent magnet electric machines are in general AC controlled in the
stator and DC excited in the rotor and they are constructed in various design
topologies, so their classification follows:

¢ PM excited DC brush machine;
e Synchronous Motors
— Brushless AC Motors (sinusoidal back-EMF):
> Interior permanent magnet synchronous motor;
» Surface permanent magnet synchronous motor;
— Brushless DC Motors (trapezoidal back-EMF);
— Reluctance synchronous motor;
e Stepping motor, Switched Reluctance Motor;

Greater attention has been given to the sinusoidal machines than on
trapezoidal ones because they are closer to the other AC Machines both in
functioning and in the principles of operation. The difference between the two types
of motors is that PM AC Brushless Motors are fed with sinusoidal back-emf
waveform, while the DC Brushless Motors need trapezoidal bemf waveform. Even
though, both sinusoidal and trapezoidal PM machines are identical in behavior [4].
Anyway, we have to mention that in what concerns the sinusoidal back-emf motors,
the rotor position is required continuously, unlike the trapezoidal back-emf motors,
for which it is enough if we have the rotor position every sixty degrees to obtain the
proper switching sequence.

The absence of brushes and commutation makes the structure of the
permanent magnet (PM) synchronous machine very simple, simplicity which makes
the AC permanent magnet machines machines the most attractive from all the PMs
machines [5].

1.3. PMSM Control Techniques

Initially, the machine drive system has been controled using manual
operation methods, but their place has been rapidly taken by the automatic control
system.

AC drives were equiped with a V/f control, which is easy to implement and
low cost control. Field oriented control (FOC) and direct torque and torque control
(DTFC) have been the next steps for AC Drives excellent dynamics.
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12 Chapter 1 AC Motor Drives and Their Control-State of the Art

These days, the most important concerns are to eliminate all nonlinear
effects and losses, to obtain higher efficiency and to develop intelligent control
strategies to allow the system operate at optimal operating conditions [1].

During the last decades research and development of the PMSM control
strategies have been made and their implementation has been presented through a
lot of scientific papers. In what concerns the power electronics associated with the
drive system, the three phase bridge inverter has been widely used, as shown in
Fig.1.1. at any instant of time, three power devices (IGBTs) of the three phase
bridge inverter are conducting.

* Q1 Q2 Q3
] ]
b
g’}g J
Q6

a

|
] ]
Q

Q4 5

Fig. 1.1. Variable voltage and frequency inverter with pulse width modulation;

Because of the additional performance requirements like maximum torque
per current, constant torque angle, maximum efficiency, and so on, various control
strategies have been emerged. Almost all of the control methods and their
implementation are affected by the machine parameters. Considering the latter, plus
the voltage limitations of the inverter, the IPMSM control has to be optimized for
each operating condition by an adaptive approach.

As mentioned before, position information is the key factor in the control of
PM Synchronous motor drives and this is the reason for the great interest in
sensorless control techniques. Among the variety of the position sensors, the most
popular one is the resolver which has an acceptable resolution and accuracy, that
determine the performance and dynamics of the control. The output of a digital
encoder is a train of pulses which is converted to an integer value to determine the
gear ratios without loss of information. Hence, the encoder is very important for the
complete machine modeling and calculation of all state variables based on the
measured values.

There are different techniques through which we can estimate the position
information, some of them will be discussed further on.
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1.3. PMSM Control Techniques 13

1. One easy way to obtain the position information is to use open loop
estimatos using the measured voltages and currents to construct the flux linkage
position signal through which the phase angle of the stator current can be controlled
[16]. The stationary frame «, 3 axes flux linkages are:

Ta(t):I(Ua—Ia~R5)dt—Lq~Ia; (1.1)

Wﬂ(t)=I(Uﬁ—Iﬁ~Rs)dt—Lq~Iﬂ; (1.2)

Where R is the stator resistance and I,, lg, are the currents expressed in
stator coordinates.

The algorithm performance and the precision of the position information
depend on the quality of the estimated flux linkages, on the accuracy of the
measured voltages and currents and on the parameters variation.

2. We can also determine the rotor position based on a hypothetical rotor
position [17-19]. A hypothetical system of axes (y, 8) for the rotor position is
considered, not the same with the actual one. The main idea of this control is the
system self-synchronization, which means to eliminate the error between the actual
and hypothetical axes. The drawback of this method is that it is computationally
intensive and requires fast processors for better accuracy.

3. Other sensorless method to determine the real rotor position is based on
Kalman filtering. A Kalman filter provides optimum filtering for noisy signals and
processes with no computationally effort, so it is an efficient candidate for on-line
speed and rotor position estimation.

The Kalman filter is an optimum state estimator and consists of a two-step
process: prediction and filtering. The filter estimation is constantly corrected by an
additional term. The prediction part of the observer estimates the next value, while
the filtering part of the observer, corrects the estimation process in a recursive
manner, based on the measured values. The most important step in a Kalman filter
is to select the proper coefficient for the best position information.

This method is computationally intensive and depends on the model
parameters accuracy.

4. Rotor position estimation can be made using state observers.

The output of a state observer is defined as a combination of states and it is
compared with the equivalent measured output variables of the real motor. The
error between the two signals is used to correct the state trajectory of the observer.
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14 Chapter 1 AC Motor Drives and Their Control-State of the Art

For accurate position information and for a nondestructive motor operation, the
observer stability is a very important issue.

Difficulties will appear in the implementation process, as the observer
optimum gains have to be fixed and initial information of the states is required, to
assure the observer proper functioning, during all operating conditions.

5. Another sensorless method for the interior permanent magnet
synchronous motors is based on the back emf integration.

6. Position information can also be obtained based on the machine
inductance variation.

For IPM motors the inductance along “q” axis is greater than the one along
“d” axis because of low permeability of the magnet material. The inductance can be
used to obtain the rotor position, as it is a function of the rotor position. The
variation of the self-inductance with rotor position is determined by injecting a
frequency sinusoidal signal into one winding and measuring the terminal voltage and
current. Using the two motor variables, the phase inductance can be calculated and
afterwards, the rotor position can be estimated through a lookup table. The
algorithm will search the lookup table for the phase inductance closest to the
calculated one. Hence, the position information depends on the accuracy of the
inductance calculation.

Position error is higher when there is a large error in the inductance
calculation.

A drawback of a great importance for all the above sensorless techniques for
rotor position estimation is that none of them are self-starting schemes. Most of
them are based on arbitrarily energizing two or three windings and expecting the
rotor to align in a certain definite position, but this solution leads to low dynamic
performance [36].

A specific PWM pattern can be applied to the inverter to align the rotor in the
direction of a phase winding, followed by the sensorless control strategy. This
strategy is characterized by poor dynamic response and it is not suitable for
applications which need a smooth starting into the right direction.

A method that shows high dynamic performance and is the most widespread
in industrial drives, is the Indirect Flux Detection by On-line Reactance Measurement
(INFORM). The INFORM main idea is to use the effect of the difference between L4
and L4, so the rotor aligns to a certain position by applying a stationary armature
current. Then, l4is applied to accelerate the rotor. This method creates a noisy rotor
angular position, so the Kalman filter is used to improve the rotor position accuracy.
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The position detection scheme for PM synchronous motors is mainly based
on the parameters variation and measurement of the motor terminal voltages and
currents, which are used in different observers or direct calculations. Because of the
motor parameter variation with temperature, saturation or measurement
inaccuracies, the estimated position can be affected, so errors occur in the position
estimation.

The basic PMSM control strategies and their characteristics are presented
further on.

Vector control or field oriented control (FOC) was developed during the
1980s, it is based on the steady state relationships and ensures the decoupling
between the flux and the torque. The flux is a function of the field current, known as
the d-axis current or the flux producing current. Keeping it constant, the torque is
controlled by the armature current, which is the qg-axis current or the torque
producing current.

In standard vector control, the currents in d-g coordinates are required for a
precise and independent control of the flux and the torque. Hence, the three phase
PMSM input currents will be transformed to the two phase system in rotor reference
frame in (6).

The three phase currents for a PMSM are:

I, =15 sin(e - t); a.3)
Iy = I -sin(a),_ -t—%”j; 1.4
I = I ~sin(a)r -t+2§”); (1.5)

Where w, is the rotor speed.

The transformation matrix for the d-g axes currents calculation is:

I cos(ay -t) cos(a)r -t+2£) Cos(a),— _t727z) I,
{q}:g N 3 (1.6)
—sin(ay -t —sin( ~t+—”) —sin( ~t—7”)
(or -t) or 3 wr 5 I

Ig
The d-g axes currents and the torque angle for a given load are constant
values. As shown in the phasor diagram, Fig. 1.2., the permanent magnet flux is
along d-axis, hence, l4 current produces only a part of the d-axis flux, the rest of it
being provided by the permanent magnets.
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16 Chapter 1 AC Motor Drives and Their Control-State of the Art

v,
Vs q

Fig. 1.2. PMSM phasor diagram;
The electromagnetic torque is the sum of the reluctance torque and the field

torque and it is given by (7):

3
Te:§~pl~[(Ld—Lq)~Id~Iq+‘~PpM~Iq] @.7n
For 14,=0, the electromagnetic torque is:

3
Te :é'pl'LPPM‘I 5 (18)

Vs

2 Apm

RINE 4

Fig. 1.3. PMSM phasor diagram at constant torque angle control;

The torque expressed in (8) is not constant if we consider that the
permanent magnet flux is sensitive to the temperature fluctuations in the rotor [4].
If the iron losses are neglected, we can also minimize the stator current, for the
copper losses minimization, so the total losses are minimized at a given torque.
Considering this situation, the pair of Iy lq is uniquely obtained and therefore we
have the maximum torque per ampere operation (MTPA). Through MTPA, the best
efficiency is assured while generating the given reference torque [1].

Through Direct torque and flux control (DTFC) both the torque and the
flux are directly controlled, through a combination of voltage vectors in the PWM
inverter which supplies the motor (Fig. 1.4.). The table of optimal switching is based
on the measurement results and implies the fact that the stator flux space vector
variation follows the applied voltage space vector. If we want to increase the torque,
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1.3. PMSM Control Techniques 17

the flux vector has to be advanced in the direction of the motion. If the estimated
stator flux position is calculated, than the voltage vector can be determined and the
space vector modulation techniques can be applied. Using the voltage and current
observer, and taking into account the voltage and current limits, the flux and then
the torque will be calculated [28].

The DTFC was initially presented by Takahashi et all. [29]. Some of the DTC
[37], [38] main characteristics are the fact that it is well suited for the operation in
the constant power region, it does not have an inner current loop, so there is no
need for reference currents [30].

-+ Vdc —
o Speed T ﬂ: D }—H—‘
() > —( > a Labe
_ controller I, Commutation| D, PWM IPMSM
table I
a2 'E . D. | Inverter \
Va, Vb
P 0
_ As € Speed, Torque,
Or Flux Observer

Fig. 1.4. Sensorless DTFC (with commutation table) — general scheme;

The key of this control strategy is to find the optimal combination of “d” and
“q” currents to get the fastest torque response the best efficiency.

As there are applications like pumps or ventilators that do not require high
performance, scalar control represents a good solution for the electric drives
management. Open loop V/f control, Fig. 1.5., is a scalar control based on the
frequency and voltage magnitude proportional relationship. The system becomes
instable when fast ramp acceleration is applied, hence the reference frequency is
ramped for an increased stability of the drive.

The mathematical relation between the voltage and the machine frequency is
given in (1.9):

AV 'S (1.9)

Where Vg is the voltage boost.

BUPT



18 Chapter 1 AC Motor Drives and Their Control-State of the Art

Vo* Iabc Vdc Vdc
+ + -
ﬁ,% NV l l s=
V,=V*cos(0*)| Ve Savc,| pyym |12t
Vg | SVM
1] o Vp=V*sin(6%) p Inverter
Eb s

Fig. 1.5. Open loop V/f control scheme, smooth ramp prescribed frequency;

The V/f control strategy is suitable in applications which are characterized by
low performance, such as pumps, compressors and fans and results up to full rated
speed can be obtained.

Energy saving requirements can be achieved by a proper adjustment of the
flux amplitude and trying to minimize the machine losses, for both scalar and vector
control methods. In applications like pumps for oil or water movement, where
dynamic requirements are not severe, but the efficiency and energy saving are
priorities, highly utilized machines are the interior permanent magnet motors
with the magnets embedded in the rotor structure.

1.4. Operating Principle of IPMSM Drives

The PMSMs have the field generated by the PMs, so the rotor topology
depends on how the permanent magnets are placed in the rotor, so we can
distinguish two of the most common types, the interior placed permanent magnets
(Fig. 1.6a) and the surface mounted permanent magnets (Fig. 1.6b).

There also exists the PMSM with inset magnets, which are placed directly
under the rotor surface (salient pole machine).

The IPMSM have the magnets placed in the middle of the rotor laminations in
radial or circumferential orientations, this configuration makes them good
candidates for high frequency based sensorless control, it is mechanically robust and
it is more complex than for the suface mounted magnets. For IPMSM the dg
inductances differ so both magnet and reluctance torque are produced.
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permanent

magnets permanent

magnets

b)

Fig. 1.6. a) IPMSM structure; b) SPMSM structure;

The ,d” axis saturation occurs due to the magnet, but it does not
significantly change when the fundamental current is injected, in contrast with the
,»Qq” inductance which can vary as the operating conditions change.

The market of industrial motor drives for low and medium power applications
more and more adopts the Interior Permanent Magnet Synchronous Motors
(IPMSMs), especially because of the recent progress of the rare earth magnet such
as NeFeB.

Interior Permanent Magnet Synchronous Motors (IPMSMs) are known to
have several advantages:

» increased efficiency (the copper loss associated with field windings
does not exist);

» rugged construction (the lack of brushes and the use of PMs to
generate the field allow to design these machines with less weight
and compact size);

» high torque density (as the d, g-inductances are not equal, the
reluctance torque contribution has also to be considered);

» moreover, the capability of operating above base speed (in case of
high saliency, the speed domain at constant power goes above 3/1);

» high power factor;

» easy maintenance;

The permeability of the PMs which is almost equal to that of air and the fact
that the PMs are inserted inside of the rotor (as shown in Fig. 1.7.), contribute to
the asymmetry of the rotor reluctance. This PMSM configuration is desirable because
of the higher efficiency point of view and of the smaller stator excitation for the
same power output.
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Fig. 1.7. IPMSM operating principle [1];

Fig. 1.8. IPMSM a) d-axis equivalent circuit; a) g-axis equivalent circuit;
Based on the motor equivalent schemes along d, g axes, shown in Fig. 1.8.
a), b) the ,,d” and ,,q” voltage equivalent equations can be written:

d ;
Vd:Rs'Id*'Ld'E'Id_‘U'Lq'qu (1.10)
V=R, +L,- 21 Ij+¥py); 1.11
g=RsIg+lg 1 Ig+o(La-Ia+¥pm); 1.11)

The use of an IPMSM for electric drive applications requires the initial rotor
position information [7-9] and continuous rotor position feedback to power the
motor with sinusoidal voltages and currents from the inverter system. The rotor
position information is generally provided by an encoder, a resolver or a Hall sensor.
Position sensors limit the operation of the motor because they are temperature
sensitive, they are speed limited, they introduce mechanical oscillations and they
need special external circuits to assure the position information accuracy. Some
other drawbacks of the position sensors are the higher cost of the drive, the
machine size is increased (in case of small power drives), while the system
reliability and robustness are also decreased. Due to all these limitations, the trend
is to eliminate position sensors; consequently, motion-sensorless field oriented
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control (FOC) and direct torque and flux control (DTFC) drives are used more and
more [10-15].

1.5. IPMSM Sensorless Control Techniques

Intensive research of advanced sensorless control schemes for AC drives has
been realized during the last few years.

Sensorless control schemes main advantages are the absence of the position
sensor which makes the drive more compact, assures less maintenance, lower cost
of the drive, reduced electrical noise and so on. Moreover, sensorless control
schemes can be used for emergency operations in case of the position sensor
failure, which will keep the drive running until a repair allows an emergency stop
and avoids damages.

The first class of sensorless methods uses the classical dynamic equations of
the AC machine, with a sinusoidal flux density distribution, neglecting the space
harmonics and other secondary effects. The second category exploits the
asymmetries of the machine resulting from either the geometry of the design or
from the saturation of the iron path.

Servo-drives and general drives (speed control range between 10/1 and
1000/1), but with fast full torque response (2-4 milliseconds), motion-sensorless
FOC and DTFC drives have spread in a spectacular way [20-25].

Most flux, position, speed estimators for motion sensorless drives are based
on fundamental methods and a simple solution is the integration of the induced
voltages [10-12]. These strategies are limited to 3-5 rpm minimum speed safe
operation (with some torque perturbation rejection), though occasionally down to
zero speed operation is shown in peculiar conditions [21]. Therefore, at low speeds
we have to correct the integrator for a practical range of operations down to zero
speed.

For non-hesitant starting under load and prolonged 1-5rpm operation,
frequency injection (or special PWM voltage) state estimators are used [22-26]. We
have to take into consideration that using FOC or DTFC control method, some
problems usually arise at startup because of the unknown initial rotor position.

A question arises: is it possible to obtain high dynamic response control in
General AC Drives (speed control range 10/1-30/1) with implicit self-starting
capability by adequately and quickly stabilizing V/f control systems?
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We have to see where we stand with V/f control. Assessing carefully the
progress so far, we notice that, with two exceptions [31], [32], all stabilizing loops
are slow in action.

They provide: slip frequency compensation in IMs for stability and small
steady state error without speed close loop [33]; voltage on stator leakage
reactance boost and slip frequency compensation and a novel nonlinear torque —
speed estimation based slip frequency compensation for IMs [33] and frequency
dynamic correction based on the DC-link power pulsation with stability analysis [34]
for speeds up to 2500 rpm for PMSMs. None of the above V/f control schemes with
stabilizing loop is characterized by quick response in torque or speed.

In contrast, in [32], for a SPMSM, a V/f control strategy with two stabilizing
loops: AV for reference voltage amplitude and Ay for voltage reference angle are
applied: the first one slow, the second one faster, but both based on zeroing the
interior steady state reactive power (ig=0 control): Q;=0.

Starting from this situation, we want to introduce here a general fast
dynamics, V/f control with two stabilizing loops for all AC drives, again one
for voltage amplitude and one for voltage angle. This method represents
our proposed solution and will be better described further on, as it is
supposed to provide fast dynamics speed and torque response, even when
full load torque is applied.

1.6. Flux weakening region for PMSM

The speed and torque of variable speed drive systems which are controlled by PWM
inverters are limited by the inverter current and DC-link voltage rated values and by
the electric machine. These limits have a great impact on the PMSM speed range,
with maximum torque capability, so to extend the IPMSM operation range, the flux
weakening has to be considered.

Improving the control methods, we can extend the synchronous motor flux-
weakening region [1]. Therefore, by a proper flux weakening method, the current
reference can be set to achieve the maximum available torque taking into account
the voltage and current constraints. The speed up to which the motor is controlled
under MTPA mode is called base speed and it is called the constant torque region,
while after the base speed is overcome, we have the described flux weakening
region.
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1.6. Flux weakening region for PMSM 23

To better understand the flux weakening scope in a drive we have to know
the maximum operating speed.

R. Krishnan considers in [4] that the flux weakening control schemes can be
classified in two main cathegories, one based on the machine model and and its
parameters, which can be indirect or direct control scheme and the second one
which do not consider the machine parameters and is classified in two cathegories:
adaptive control scheme and six-step control scheme.

Some of the most used flux weakening methods and both advantages and
drawbacks will be presented further on.

Flux Weakening Control with Feed-Forward compensation is based on the
steady-state voltage equations of the motor. The torque command is limited to the
available maximum value at the operating speed, while the optimal current is
calculated considering the current and voltage constraints (12), (13) from the
steady-state equations (14) and (15).

VZ +VE <Vimax (1.12)
I5+15 < IZmax (1.13)

Where, Vimax is imposed by the DC-link voltage of a PWM inverter and lgmax
can also be imposed by the inverter, as well as by the AC machine. The two values
are considered to be constant on the assumption that the DC voltage is a constant

value [4].

d
Vd:Rs'Id+Ld'E'Id*wr'Lq'Iq (1.14)
Vg, =Rs-Ig+L d I Ly-Ig+V¥ 1.15
g=Rs-ig+ q'&'q+wr'(d'd+ PM) (1.15)

Therefore, the voltage phasor can be written:

Vs = V7 +VE (1.16)

The main drawback of this open loop compensation method is the
parameters variation, which degrades the system performance.

Flux Weakening Control with Feedback Compensation keeps the current
regulator output voltage within the constraint value, by using the difference
between the voltage limit and the current regulator output voltage as feedback to
the flux weakening regulator.
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The output of the flux weakening regulator represents the “d” axis current,
used further on to adapt the machine flux, Fig. 1.9.

This method is characterized by the robustness to the parameters variation
during different operating conditions.

L+ Current .
__9 | regulator 4&,

Fig. 1.9. Flux weakening scheme, with I,” correction.

1.7. Proposed solution: V/f control with two stabilizing loops

Field oriented control (FOC) and Direct Torque and Flux Control
(DTFC) of AC Drives are credited with fast torque response, but in General
purpose sensorless AC Drives, the online software and hardware effort and
their reliability may seem prohibitive for general applications [10-15] or, at
least for synchronous motors, case in which a starting strategy is necessary
[20-25].

Starting from this situation, we introduce here a general fast
dynamics, V/f control with two stabilizing loops for all AC drives, one for
voltage amplitude and one for voltage angle. The stabilizing loops are
based on the “active flux” concept, MTPA operation and flux weakening are
also considered.

The “active flux” concept introduced in [35] is used to develop the
two novel stabilizing loops for V/f control.

The use of the proposed control strategy avoids the usual switching
from signal injection based to model based position estimation in FOC or
DTFC during starting.

By implementing the control described above, we want to prove that
V/f with stabilizing loops control can provide high dynamic performance,
without the wusual speed or current regulators, without coordinate
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transformations and with less computation effort than sensorless vector
control, for general AC Drives.

All on-line calculations are based on the active flux concept in order
to simplify mathematical expressions with securing both flux weakening
and close to maximum efficiency operation in the process.

Both experiments and simulations have been conducted and the
results have been compared to validate the effectiveness of the proposed
V/f control.

1.7.1. Scope and realization

Open loop V/f control is rather simple to implement and use, but it is prone
to instability areas, the drive is vulnerable to fast ramp accelerations or large torque
perturbations [28]. This V/f control strategy can only give results for moderate
performance. Therefore, it needs stabilizing loops to reduce oscillations and improve
drive stability of the drive. For this reason, V/f control can be implemented only with
one current stabilizing loop or a frequency correction loop, though there can also be
a second loop to control the voltage vector amplitude or phase.

IPMSM can be controlled with standard V/f scheme, which represents a good
compromise in applications like fans, pumps, heaters, where the reduced energy
consumption is a demand, but fast speed or torque response is not a requirement.

Hence, to remove the drawbacks of this control method and to gain stability
and fast speed and torque response, we proposed two correction loops, one for the
voltage vector amplitude correction, the other one for the voltage vector phase.
More than that, using the corrected V/f control, firstly, we solve the initial rotor
position problem and secondly, we gain lower computation time, as no Pl regulators
for current or speed are used. To prove the above mentioned claims, four different
V/f control strategies with stabilizing loops have been proposed and analyzed.
Comprehensive digital simulations and experimental results have been developed
for each method. Results for the above described control strategies are illustrated in
the following chapters.

Besides V/f with stabilizing loops, the sensorless field oriented control active
flux based has also been discussed in the thesis and comparisons between the two
control methods were displayed.
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1.8. Conclusion

In this chapter, a state of the art of the permanent magnet synchronous
drives and a review of their control with and without motion sensor have been
presented.

Both advantages and disadvantages of the two main control strategies with
and without position sensors have been highlighted.

The use of the encoder is important for a complete modeling of a machine,
for the calculation of all state variables and not the least, for safety reasons:
emergency stop, controlled stop in case of blackout.

If we consider the industrial motor drives point of view, we can surely say
that the use of synchronous motors has become more and more interesting.

Yet, there is still a hesitant acceptance for the sensorless control schemes
on the manufacturer’s side taking into account the practical requirements which
have to be fulfilled [27].

For the implementation of the sensorless control schemes in commercial
drives the following aspects have to be considered: parameters automatic tuning
and compensation of their variation, a suitable starting procedure, a smooth
switching between the mode with and without sensors.
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Chapter 2
Comprehensive characterization of IPMSM
Drive and Vector Control Test Results,

with Encoder

Because of its numerous advantages, the Interior Permanent Magnet
Synchronous Machines are increasingly used during high performance industrial
drives, especially related to automotive domain [1], [2], [16], [19], [20]. Thus,
precise estimation of the motor parameters [17] is needed, especially if we admit
that motor sensorless functioning [21] is our main concern.

The aim of this chapter is to present a comprehensive experimental and
theoretical characterization and parameter determination of IPMSM, through
experimental analysis. Both standstill and running tests have been performed, using
a lab IPMSM prototype, as case study.

After the motor characterization, the following interest in this chapter is to
digitally and experimentally implement a vector control scheme and to achieve
results for two different IPM synchronous machines. The first motor is an IPMSM
prototype, with fractionary windings which has been built up by “Electromotor”
Enterprise, Timisoara and its capabilities will be determined further on, by
experimental tests, while the second one is a Siemens Machine, with distributed
windings, with given and well established parameters. The specifications for both
IPM motors are given in Chapter 7, Table 7.1 and Table 7.2, respectively.

As there is no standard motor configuration, we have to admit that diligent
work like: analytical optimization, FEM analysis, direct geometrical optimization,
prototype construction and experimental validation is needed in order to obtain
better motor topologies that can achieve the application requirements [2]. We also
have to specify that the rotor saliency [18] was not taken into consideration.

Further on, field oriented control tests at different speeds, for both no-load
and also at load operation have been conducted and results are afterwards shown
and discussed.
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32 Comprehensive characterization of IPMSM & V.C. Results, with Encoder — 2

2.1. IPMSM Structure and Experimental analysis

Experimental analysis has the scope to provide the machine parameters
which are necessary for further system simulations and experimental tests. Accurate
estimation and validation of machine parameters is of a great importance for the
development of high performance drive systems [3].

In order to efficiently analyze performance and design fast and efficient
controllers, accurate knowledge of the machine parameters is needed [4]. There are
three essential parameters that have to be well known and they are: permanent
magnet linkage and d and g axis inductances [22], [23]. Therefore, a
comprehensive measurement procedure will be described during this chapter.

Firstly, the IPM synchronous machine structure and vector diagram are
shown (Fig. 2.1.) and its mathematical model is written afterwards (2.1) — (2.3).

jq
- - A ..
s : - Jla
- Rl AN
| W/ N
| ANPE
jﬁ)Ws AN
' 1 Vem, N d
iT /V '- g
la (LiLe)is
a) b)
Fig. 2.1. Vector diagrams for IPMSM, Ld<Lq: a) IPMSM structure;
b) IPMSM vector diagram, Ig
— - de i _
VS:RS~|S+—/15+J~a>r%5; 2.1
dt
Vs =Vd+j-Vq; is=id+j-iqg; Ps=(Ld - ld+dm)+j Lg-lq; 2.2)
3
Tezg.p-(ﬂpM+(Ld—Lq)'|d)'|q; 2.3)

Where Vs, Isand ¥s are the stator voltage, current and flux vector; Lg, Lq
are the dq axes inductances; /Jpm is the permanent magnet flux linkage; Rs is the
stator resistance; «r is the electrical rotor speed and p is the number of pole pairs.
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IM loading
machine

“-IPMSM Prototype R '

Fig. 2.2. IPMSM-laboratory prototype, with fractionary windings

The experimental motor (Fig. 2.2.), the complete laboratory setup, including
the power electronic and the measurement devices are fully described during
Chapter 7.

There are several methods presented in the literature for the estimation of
electromagnetic excited SM [3], [5]-[10], but most of them cannot be applied to
PMSM, if we take into account that the PM excitation cannot be disabled or require
rather expensive and complicated equipment.

The mathematical machine model embedded in system simulations and
experiments need precise parameters, if accurate results are expected [5]. Further
on, several tests for model parameters estimation will be embedded in a quick,
inexpensive and practical guide for IPMSM drive experimental characterization.

The torque is not directly measured; it is estimated from the measured
currents. The measurement procedure consists of several tests which were chosen
in order to allow the machine parameters estimation in a wide area of variation. It
has to be mentioned that the thermal and acoustic behavior were not considered.

2.2 Standstill measurements

First, we have to measure the phase resistance (Fig.2.3), as it is used
further on for other parameter determination.

There are a few easy ways to estimate the resistance, like: a precision
Ohmmeter a RLC bridge or a multimeter.

BUPT



34 Comprehensive characterization of IPMSM & V.C. Results, with Encoder — 2

Supposing that the motor is symmetrical, we can consider that each phase
has the same impedance. The measurements have been done directly on the motor
terminals. The resistance measurement has been done by supplying the machine
from a dc voltage source (4).

C @\ B Q " QD/

I Y
\AJ

A

Fig. 2.3. The phase resistance measurement scheme

The equivalent motor resistance (Rech) has the formula:

Rech = V% (2.4)

With the above described method, we obtained R=0.138 @, but when
supplied by an inverter, the voltage drops within the latter and along the cables
should be considered, increasing the equivalent resistance to R=0.2 Q.

A static test with locked rotor, in order to prevent any induced voltage
caused by the magnetic field movement was performed to estimate the inductances
along d, g axes (Fig. 2.4).

While supplying the machine from an autotransformer as in Fig. 2.4 the rotor
d axis aligns itself along phase a axis. This way, Ly can be obtained from the
equivalent impedance. The same experiment can be repeated for g axis, but this
time the rotor should be locked.

Lq-estimation
OLe|=0
Lq-estimation
(Xe|=900 S

N

Fig. 2.4. “d, g” inductance estimation scheme
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To simplify the modeling and all the calculations, an average value for both
inductances Ly=1.14e-3H and L,=1.286e-3H was considered, while the permanent
magnet flux linkage was considered constant, A,y=0.02 Wb, even if in reality, it
depends with the temperature.

2.3 Load performance testing

The IPMSM prototype was verified on a laboratory test-rig. It was controlled
using vector control and both speed and current regulators were implemeted
through ,,Matlab/Simulink Package”. Experiments were carried out on the test-bench
using DSpace 1103 and Control Desk interface.

TABLE 0.1
Experimental values for IPMSM, at different speeds and loads.
IPMSM
n [rpm] | Te [Nm] Vs [V] P1 [W] P2 [W] Efficiency 1Pe2< [A]
0.5 6 48.4 31.5 0.65 5.4
1 7.5 111.6 63 0.56 10.8
1.5 8.6 188.6 95 0.5 16.2
600
2 9.6 278 127 0.47 21.6
2.5 10.5 380 160 0.421 27
3 12 496 192.5 0.388 32.4
0.5 10.6 82 63 0.76 5.4
1 13 175.2 126 0.72 10.8
1.5 15 279.5 190 0.68 16.2
1200
2 16.5 392 255 0.65 21.5
2.5 17.5 515 317 0.6155 27
3 18.6 645 382 0.5922 32.5
0.5 16.2 113 94 0.832 5.4
1 19 232 188 0.81 10.8
1800
1.5 21 356.5 285 0.799 16.2
2 23 482 380 0.788 21.5
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To verify that the machine can produce the required torque at a specified
speed, it was run as a generator. An induction motor drive held the speed constant
at an imposed value, while the IPMSM prototype was in torque control.

Using the existing experimental bench (described during Chapter 7),
experiments have been conducted to determine the motor efficiency, the losses and
the peak value for the stator current at different speeds and loads, to show the
motor capabilities. The measurement results are shown below, in Table 2.1.

As results show (Fig. 2.5), the IPMSM has a better efficiency at high speeds,
where n1=83,2%, for 1800 rpm and 0.5 Nm load, than at lower speeds, where
n=38,8% for 600 rpm and 3 Nm.

The rather small specific volume of the machine (as required in automotive

applications) explains the moderate efficiency.

S A S T [ )
0.9 | | | | |
0.8
g 0.7
o )
Q
= 0.6
L
0'5 | | | |
——— 600 [rpm] |
041 ——1200[pm] |~~~ o R R
—rm- 1800 [rpm] i i i i
0.5 1 1.5 2 2.5 3

Torque [Nm]

Fig. 2.5. Efficiency versus torque for different speed values

Further on, vector control general scheme is presented in Fig. 2.6. and
experimental results are displayed next. The encoder is used to give the position
information, information which is then used for both coordinate transformation and

speed measurement.
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2.4 Structure of current controllers

Both speed and current controllers were implemented, as shown in Fig. 2.7.
and their parameters were adjusted in order to obtain fast dynamic responses.

The anti-wind-up speed controller regulates the speed to obtain the
reference 1,  current. Other two identical Pl controllers are used to regulate the
currents in d, q coordinates, to obtain the voltage reference values, V4" and Vq*.
During steady-state, the rotor fixed reference frame currents become constant (dc.)
values [11]. This means that the Pl regulators have to control the currents with no
steady-state error.

Due to the cross-coupling in rotor coordinates, changes in V4~ are reflected
in V4" and afterwards in 1,". This is not a desirable situation, if we think about the
system performance, because the currents should be independently controlled.
Therefore, to avoid sluggish response of the drive and the current regulators
saturation, voltage decoupling [12] was considered.

The torque was estimated, taking into account only its reluctance
component, as iy was prescribed O from the beginning.

Vacomp N § /%

— V | ! -

* AV dci _

: Id * ) k . dq i D, i‘ }7‘
- PI-I4 V, Space Dz1 Voltage

Vector F’Source+ i
V[B Modulation 22 1nverter

I

* A\ i
L.O_. i + : — 9,/ ap ! 3 ‘
'y [ !
—_ - I I
i PI-speed PI-1, + Lo !
! V P! |
)| controler qcomp I } ! !

I
d

| T abc [<—-- i i
| : dg |
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Fig. 2.6. Current Vector control — general scheme (147)
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q

Saturation
Vd .
ly KT J
L L b B
i
b)
W N Saturation
: S g IS S
uq%K”q A
Iq
c)

Fig. 2.7. PI controller structure: a) speed anti-wind-up Pl; b) l4 current PI; c) I current Pl

2.5. IPMSM With Fractionary Winding

2.5.1. Experimental results

First, experimental vector control results for different speeds and loads are
shown, for the IPM synchronous motor prototype, with fractionary winding.

Experiments were carried out for 600 rpm, 1200 rpm and 1800 rpm.

The machine general control scheme was developed in Matlab/Simulink
environment and built automatically using the dSpace system, as in Fig. 2.8.

4" current was prescribed zero, while the speed and current controllers
have been implemented using the above shown schemes (Fig. 2.7.a,b,c), taking into

account the below determined coefficients.

Pl speed controller Kp,=0.1 Ki=2
Pl iq controller Ke=1 Ki=300
Pl iq controller Kp=1.3 Ki=330
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View Simdlation Format Tools Help

== Lo} » Normal B RET®
P speed_pm
d_comp i comp
id
i in Va_comp y_comp
hemf_compensation
bc-ab o -] m
abc-al -
N > P u_d
i_alpha i i_alpha en out P H_l -
labc - 4 Id » Ud_ref L u_algha
g *
i_beta .
OEE ] i_beta Id Contraller —
L
; »- NEZEN S i
» I -
| [theta_enc] theta_el 4 an aut » H—l Uab_ref
+ Ugg_ref
ab-y Pl
Ig Controller
u_beta
P theta_el
Pl
Il Outl . Speed Controller
do--alfa-beta
Spesd_Ref — rep en  lsq—int  Cutt
- w_ert
speed_enc -
1speed_enc] P Tq_LPFI

w_rpm

Fig.2.8. Vector control with encoder feedback in Matlab/Simulink, real-time implementation

Vector control results for 600 rpm (Fig. 2.9b) and a two seconds ramp up to
2 Nm load are shown during figure 2.9.

The shown results were taken when the machine was functioning in steady
state regime, state when the load was also applied.

It can be noticed that the currents are fast increasing to more than 20 A
(Fig. 2.9a) when a ramp load of 2 Nm (Fig. 2.99) is applied at 1s, which results in
dc voltage decrease in Fig. 2.9d. When the machine unloading two seconds slope
occurs, the currents decrease, while the dc voltage rise back to its initial value. It
can be easily observed that during both loading and unloading of the motor, the
speed, which is a bit noisy from the beginning, varies with about + 25 rpm around
the target.

The noise during the measurements is a consequence of the timing belt [15]
presence, which connects the IPM synchronous motor to the IPM synchronous
generator. It introduces noise,
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Fig. 2.9. Vector control experimental results for n=600rpm; T,=2Nm: a) phase currents, b)

speed, c) rotor position, d) estimated torque, e) dc voltage, f) inverter duty cycles, g) d,q
voltage, h) d,q current; i) mechanical and active power;

As we have previously mentioned, these experiments were conducted
considering 14=0, as it can be seen from Fig. 2.9h). The active and mechanical
power (equations 2.6 and 2.7) have been illustrated in Fig. 2.9i, while the efficiency
(2.8) was analytically calculated for each case and it was given in Table 2.1.

3

Pactive = E‘(Ia Uy + g 'Uﬁ) (2.6)
3

Pmec = Pactive *5' |2 ‘Rs (2-7)
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Pmec

Pactive

(2.8)

Further on, vector control results for 1200 rpm (Fig. 2.10 b) and a two

seconds ramp up to 3 Nm load (Fig. 2.10d) are shown in figure 2.10.
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Fig. 2.10. Vector control experimental results for n=1200 rpm; T,=3 Nm: a) phase currents, b)
speed, c) rotor position, d) estimated torque, e) dc voltage, f) inverter duty cycles, g) d,q
voltage, h) d,q current; i) mechanical and active power;

In this case, the currents are growing up to 33 A (Fig. 2.10 a), while the dc.
voltage is decreasing to 40 V (Fig. 2.10 e). After machine stabilization and after 5 s
of steady—state operating mode, a 2s unloading slope is applied, the currents
decrease, while the dc voltage rises back to their initial values.

During Fig. 2.11., the machine is functioning in steady-state at 1800 rpm
(Fig. 2.11.b), a two seconds ramp up to 2 Nm load (Fig. 2.11.d) was applied,
followed by a two seconds slope machine unloading. The speed varies again with
+25 rpm around the target corresponding to the motor loading and the unloading.
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Fig. 2.11. Vector control experimental results for n=1800rpm;T,=2Nm: a) phase
currents, b) speed, c) rotor position, d) estimated torque, e) dc voltage, f) inverter duty
cycles, g) d,q voltage, h) d,q current; i) mechanical and active power;

Further on, motor acceleration from zero speed up to 1800 rpm, followed by
a rather fast 2 Nm step loading and afterwards the unloading, is shown in Fig. 2.12.

The machine accelerates in less than one second, but the speed overshoot is
about 5,5% from the operating speed and the motor stabilizes after 2s (Fig. 2.12b).
After the motor stabilization, a step load of 2Nm is applied at 3.5s, and the
unloading occurs at 10,5s (Fig. 2.12b).

The speed varies in both moments with a 10% overshoot. The dc voltage
varies with the loading and it is fast decreasing when the load is applied (Fig.
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2.12d), but rises up to its initial value when the motor unloading occurs (Fig.
2.12e). Some noise can be observed in torque and current waveforms as the
currents are fast growing (Fig. 2.12a) when the load is applied.
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Fig. 2.12. Vector control — experimental results: 1800 rpm, 2Nm load : a) phase currents, b)
speed, c) rotor position, d) estimated torque, e) dc voltage, f) inverter duty cycles, g) d,q
voltage, h) d,q current

As laboratory experiments have shown the motor performances for different
running conditions, the motor response in digital simulations will be investigated in

what follows.

2.5.2. Simulation results

For a better comparison and validation of the experimental results previously
obtained, digital simulations have been conducted for the above described running
conditions.

First, the machine acceleration up to 600 rpm (Fig. 2.13b) and a proportional
with speed 2 Nm torque (Fig. 2.13d) is prescribed for the motor loading. Afterwards,
a 1.5 s slope was applied for the motor unloading, followed by a 400 ms slope for

the motor braking.
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When the machine loading and unloading occurs, its speed varies with
+100rpm around the target.
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Fig. 2.13. Vector control simulation results for n=600rpm, T;=2Nm: a) three phase currents,
b) speed, c) rotor position, d) estimated torque, e) d,q voltage, f) d,q current; g) a, B current;

The actual torque follows the target very closely, as no important oscillations

are visible. If we compare these results with the experimental ones, we can easily

admit that the machine torque response is a bit faster during simulations than in
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h) a, B voltage; i) mechanical and active power;

experiments.

During experiments, the current, the calculated active and mechanical power
values, are higher than the ones from simulations. Even so, during simulations, the

efficiency is 60%, which is with 13 percent higher than in experiments.
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Further on, simulation results for machine acceleration up to 1200 rpm (Fig.
2.14b) and a proportional with speed, 2 Nm load torque (Fig. 2.14d), are shown
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Fig.2.14. Vector control simulation results for n=1200rpm;T,=2Nm: a) phase currents, b)
speed, c) rotor position, d) estimated torque, e) d,q voltage, f) d,q current; g) a,  current; h)
a, B voltage; i) mechanical and active power;

A 1s slope was applied for the motor unloading, followed by a 400 ms slope
for the motor braking. As previously mentioned, the machine speed varies with +100
rpm around the target when the load is applied and when the unloading occurs.

The actual torque follows the target closely; very small oscillations around
the target are visible.

In this case, the efficiency is 75 % for the simulation obtained results, which
means a value with 10 percent higher than the one obtained from experiments.
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Next, simulation results for machine acceleration up to 1800 rpm (Fig.
2.15b) are shown. A proportional with speed full load torque (2 Nm) was applied
after the motor stabilization and it is represented in Fig. 2.15d.
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Fig.2.15. Vector control simulation results for n=1800rpm;T,=2Nm: a) phase currents, b)
speed, c) rotor position, d) estimated torque, €) d,q voltage, f) d,q current; g) a, B current; h)
a, B voltage; i) mechanical and active power;

A 1s slope was also applied for the motor unloading, followed by a 400 ms

slope for the motor braking.
The difference between the active and mechanical power is very small, but in

this case, the obtained efficiency is 81,9%, with 3,1% higher than during

experiments.
All these results show that experimental results are affected by noise, by the

voltage drop on the cables, by the raising temperature which modifies the motor

parameters. We also have to specify that the IPM synchronous motor was
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synchronized with an induction machine load through a timing belt, which is flexible,
but introduces noise and vibration directly related to the speed, width and pitch of
the timing belt used [13]. We also have to specify that the IM inertia is a few times
higher than of the IPM synchronous motor.

During simulations assumptions have been made, the inverter was
considered ideal, which explains the drive response in the simulation results.

2.6. IPMSM with Distributed Windings

Considering as second prototype a Siemens IPM synchronous machine
(shown in Fig. 2.16.), with well known parameters, as given in Table 7.1, vector
control strategy has been tested and results follow.

IPM Generator

Fig. 2.16. IPMSM with distributed windings

2.6.1. Experimental results

The laboratory setup (Fig.2.16) contained two IPM synchronous motors, one
of them was functioning as a motor, the other one was working as a generator.
First, motor acceleration from zero speed up to 1000rpm, in 200ms is shown in Fig.
2.17b.
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Fig. 2.17. Vector control experimental results for n=1000rpm;T,=12Nm: a) phase currents, b)
speed, c) rotor position, d) estimated torque, €) a, B current, f) d, q voltage, g) d,q current; ,
h) a, B voltage;

A PM generator using a resistive load was needed for the step loading (at 2,4
s) and unloading (at 5,6 s) of the motor at full torque (Fig. 2.17d). A 5% speed
overshoot can be observed in Fig. 2.17b, followed by the position representation in
Fig. 2.17c.

After the 12 Nm step loading and unloading, the motor speed needs 500 ms
to reach again the target and to stabilize. After the unloading, the machine
decelerates back to zero speed and it needs about 400 ms to stabilize, as it can be
noticed in Fig. 2.17 b. Thus, we have to admit that the motor speed response is a
little sluggish.

Motor start-up response from zero speed to -1000 rpm, in about 200 ms is
shown in Fig. 2.18 b). After the step loading (at 1,9 s) and unloading (at 5,1 s) at
full torque (Fig. 2.18 d), the motor speed needs almost 700 ms to recover. A 5%
speed overshoot can be observed in Fig. 2.18 b and some ripples are present in
torque response (Fig. 2.18 d). Rotor position is represented in Fig. 2.18 c.
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The motor speed response is a little sluggish, considering that it needs about
400 ms to go back to zero speed and to stabilize, as it can be noticed in Fig. 2.18 b.
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Fig. 2.18. Vector control experimental results for n=-1000rpm;T,.=12Nm: a) phase currents, b)
speed, c) rotor position, d) estimated torque, e) a, p current , f) d, g voltage, g) d,q current; ,
h) a, B voltage;

2.6.2. Simulation results

Comprehensive simulations have been conducted during the same operating
conditions as the experiments and their results are presented further on.

First, fast acceleration up to 1000 rpm (150 ms), full torque step loading at
2.38 s, and unloading at 5.58 s is presented in Fig. 2.19 b). It can be noticed the
machine rather fast (less than 150 ms) speed response, though it needs about 400
ms to decelerate from 1000 rpm to zero speed. The realized torque follows the
reference one rather closely, but some visible oscillations are present when the
motor starts, when the loading and the unloading occurs and when the braking
process ends (Fig. 2.19 d).

When the machine is loaded at its nominal torque value, the currents are
close to their maximum values.
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Fig.2.19. Vector control simulation results for n=1000rpm;T,=12Nm: a) phase currents, b)

speed, c) rotor position, d) estimated torque, €) a, B current , f) d, q current, g) a, § voltage; ,

The results for machine startup from zero speed to -1000 rpm (Fig. 2.20 a),
followed by a full torque fast ramp loading (at 1.85 s) and unloading (at 5.1 s), are

shown below, in

Machine fast acceleration (150 ms) can be seen in Fig. 2.20a. A slight speed
variation, displayed in the zoomed region can be noticed when the load is applied
and when the unloading occurs. The machine is loaded at the nominal torque value
and it is shown that the machine manages to follow the target with small variations

h) d,q voltage;

Fig. 2.20d.

at start — up and when the decelleration is applied.

10
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Fig. 2.20. Vector control simulation results for n=-1000rpm;T,=12Nm: a) phase currents, b)
speed, c) rotor position, d) estimated torque, e) a, B current, f) d, q current, g) o, B voltage; ,

h) d,q voltage;

If we compare the simulation with the experimental results, we can easily
observe that the motor has pretty much the same behaviour in both inquiries. Even
though, some ripples can be noticed during experimental tests, ripples that are not
visible in simulations, where some approximations have been made: the inverter

was considered ideal, the voltage drop on cables has been neglected.
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2.7. Conclusion

A comprehensive procedure for PMSM characterization has been presented
and a set of measurements was defined for PMSM parameter estimation.

Two different IPM synchronous motors, one with fractionary, the other with
distributed windings have been studied and their capabilities were tested through
experiments and simulations.

Vector control with speed and current regulators has been implemented,
with voltage decoupling consideration for both motor prototypes. Comprehensive
experiments have been conducted to validate the digital simulation results.

First, the IPMSM with fractionary windings has been tested under vector
control and motor acceleration response at different speeds: 600rpm, 1200rpm,
1800rpm have been compared with the simulation results.

Secondly, the IPMSM with distributed windings has been tested at both
acceleration and deceleration from zero speed to 1000 rpm and from zero speed to
-1000 rpm respectively. Afterwards, the experimental results have been compared
with simulation results; both of them have proved similar performances.

Considering the drawbacks related to the presence of a position sensor, a
sensorless control method will be discussed further on.
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Chapter 3
Active Flux Based Vector Control of Sensorless
Distributed Windings IPMSM

During this chapter a rather novel concept “Active Flux” or torque-producing
flux and its application for all AC Drives, with the main focus on Interior Permanent
Magnet Synchronous Motors (IPMSM), is introduced. Only IPMSMs without cage
windings in the rotor were used for control investigations. Therefore, the maximum
torque per ampere (MTPA) condition must be considered.

First experimental, secondly simulation results, are shown and compared to
prove the effectiveness of the proposed sensorless control strategy.

3.1. Active Flux Concept

“Active Flux” or “torque producing flux” is a generalized concept introduced
by Prof. Boldea et al. in [1]. The active flux vector turns all salient pole
machines into non-salient pole ones, thus the rotor position and speed
estimation becomes simpler.

The active flux 3 of any AC machine is defined as:

Fa=We-L, 1, (3.1)
Where Ws is the stator flux vector, isthe stator current vector and Lqis q
axis machine inductance. By this concept all ac machine models “loose” their
magnetic saliency [1].
The active flux, ‘I’g, multiplies the * Iq” current to produce the torque (3.2),
for all AC machines:

3 a )
Te=£~p1-‘1’d~lq, 3.2)

The active flux vector is aligned along the rotor flux vector axis for induction
motors and along the rotor “d” axis for all synchronous machines: it is drawn along
PM axis for PMSM, along excitation axis for dc-excited SM, excitation axis for
RelSyn.
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The active flux definition formulae for different AC machines [1] are written
below (egs. 3.3 — 3.6):

¥ = Wpm + (Ld — Lq)- la for Interior PM Synchronous Motor (Lg < Lg); (3.3)
Y8 =(Ld —Lg)- la for PM-RSM (L4 >> Lq); (3.4)
‘1’3 = Wpy for Surface Permanent Magnet Synchronous Motor (Ly = Ly ); (3.5)
¥3 = (Ls — Lsc)- la for Induction Machine (IM) (Ls >> Lg¢); (3.6)

Where Ly, Lq are the d-g inductances, ¥py, is the PM flux linkage and Lg,
Lsc are the no-load and the short-circuit inductances of the IMs.

The active flux \?g observer (Fig. 3.1) is based on the ,active flux concept”
and its implementation scheme consists of the voltage model of stator flux ‘PS,
which is used to estimate the stator flux components ‘i‘a and ‘Pﬁ (eq. 3.7 and 3.8).
The active flux components %3, and \?gﬁ are obtained after substracting the term
Lg - Is (eqg. 3.9 and 3.10), where Is is measured.

The compensation voltage is also taken into account and it is based on the
error between the voltage model and current model (Fig. 3.2) for active flux
calculation, through a Pl controller. The compensation voltage takes care of the
inverter nonlinearities [2], like: deadtime, integrator offset, stator resistance
variation, which shows a notable influence at low speeds.

_ T -

- : “Rs-lg): 3.7
Yo 17 sT (Va + Veomp — Rs Ia) ; 3.7
Yy = (V5 +Veomp —Rs - 153 3.8

p =g (Vi + Veomp =R -1y (3-8)
Ve, = Yo — Lo la; (3.9)
Va5 =¥s-La-lp; (3.10)

Using the active flux components along “a, B” axes, we can also estimate its
position and speed (3.11-3.13), which is exactly the rotor speed.
_ v
& = atan—22 (3.11)

ga
da
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dé; d 3
ar = -1 = 2| atan—9% (3.12)
dt  dt ga
da
~ pa pa g .pa
o = w(‘i’g) _ Pdafk-11" Fdpk1 ~ T dpk-11" * dafk] (3.13)

2
O a
Ts - ‘I‘d[k]‘

Where ,,Ts” is the sampling period and index (-1) denotes variables delayed with
one sampling period.

Using the active flux components we can also determine the estimated rotor
position (eq. 3.11), which is then used as feedback in the current observer model

(Fig. 3.2).
%7
| \P%a ~ Q@
a . - _ 2 2| Y
Ve Vi Rt Vo T Ph T TR () (FE)T
R 1+sT .
|[§ \/* . T T aﬁ o @g
* . . S| -
Vo, Vol Rs+Veom lL4sT > @y Equation (3.13)(Qr »
: = <
%7 Yis
Fig. 3.1 Active flux amplitude and its speed (rotor speed) observer.
i Y pwm Fou, V,
i T ~ - compo
e g el e [
i = > + gl
P g = ol |
0 iq ) ‘P lI]BI r: Vcom B
e e e —lpre
’A—PL
Yu

Fig. 3.2 Voltage compensation scheme along “a, ” axes, based on active flux — current model

The active flux observer has almost the same structure for all AC Drives and
it can be applied for motion sensorless control in a wide speed range. The
performance of the sensorless control is ensured by the accuracy of the rotor speed
and position estimation.
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3.2. Maximum Torque per Ampere Condition

Interior Permanent Magnet Synchronous Motors are often used in
applications where wide constant — power speed range is required. With maximum
torque per ampere (MTPA) condition, optimized machine control is obtained within
the base speed range [3]-[5].

The difference between the g-axis and d-axis inductance (Lq<Lq) contribute
to the additional torque production, so called the reluctance torque. Even if the
magnitude of the stator current is fixed, the produced torque varies according to the
input current vector.

The MTPA control strategy [20] is a commonly used alternative to deal with
the efficiency optimization below the base speed. By proper selection of amplitude
and phase of the stator current vector, it allows exploiting both the magnet and the
reluctance torque to maximize the torque per ampere ratio [6].

In the IPMSM d-q current plane, there are many current reference pairs (i,
i;) which are able to generate the specific torque, therefore, the current reference
whose magnitude is the minimum at the specific torque should be found in order to
control the drive using the MTPA condition.

During last decades, many researchers have paid attention to the MTPA
condition and thus, different control strategies have been developed and studied
[7]. Some MTPA control methods are based on seeking the minimum stator current
magnitude for a required electromagnetic torque value, current which will be further
on impressed to the machine [8], [9], [19], [21].

Research has been reported to decrease the copper loss in order to obtain
machine maximum efficiency [10]. Most of them have found the MTPA operating
point using the machine parameters [11], [12]. However, these methods depend of
parameter variations regardless of the huge efforts to compensate them by using
on-line estimation techniques [13]-[15] or pre-made look-up tables [16], [17] which
consider parameters variation and are used to correct the MTPA trajectory [18].

All analytical approaches toward MTPA condition use rated motor
parameters, which are considered to be constant in every operating point. This
means that the variation of the motor inductances Ly and L, with the d-gq axes
currents and also the effects of the dependence of the permanent magnet flux
linkage on the temperature are not taken into account. As these values can suffer
important variations, efficient control system must be considered to adapt to them.
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The most followed approach to this problem is to obtain the MTPA trajectory
by differentiating the motor torque equation with respect to the stator current and
equalizing it with zero to obtain the prescribed “d” current, formulae which are
frequently used in simple control systems [21].

Thus, we will use this MTPA control method, so, to avoid rotor position
estimation we need to “fix” the desired longitudinal current lg versus stator current
Is to consider both maximum torque/current below base speed for up to full torque
and at low torque during flux weakening. Maximum torque per flux for limited
voltage (during full available torque requirement with flux weakening) at high
speeds is obtained by adding a correction —Ai; to i; when reference voltage
Vs* >Vsmax (Vsmax - maximum PWM inverter voltage vector).

For the IM and RSM this operation is synthesized in (3.14) and (3.15):

L% .x .-

iy *
iy =g, Iy = TS if AV =V —Vgmax <0 (3.14)
2
e e R 1 )
ig =igi —Alg for AV >0; Aig =k 1+_|T_‘s AV (3.15)
1

kp , T, — Pl regulator proportional and integration time constants;
For the SPMSM, maximum torque/current corresponds to:

iy =0;i;=0,if AV <0 (3.16)
I

i =AY 3 ALY :kp.[uTl_-s].Av ,if AV >0 (3.17)

For PM-RSM and IPMSM, the maximum torque/current conditions are
reflected by equations (3.18 — 3.20) [22]:

3

Te=5~p1-(‘PPM-Iq+(Ld—Lq)~ld-Iq) (3.18)

dT

e=o (3.19)
q

2.2+ laem 2. (3.20)

La-Lq
As Ly-Ly <0 and ij <0, i > ——%, for AV <0 (3.21)

2

The maximum torque/current formula may also be considered:
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2
O YRS 1[‘?] vo (3.22)
4L,-L 2\4 (L
Yo, lsn» Lys Ly - in p.u. values, for AV<O
LK .* R K 1 . . \PPM
ig =ig —Algj ; Algi =Kp-|1+—=-s|-AV ; for AV >0, ig<- L (3.23)
i

with iy given in ¥ formulae (3.3-3.6), the corresponding i; current is
straightforward i;:\/ﬁ, with |5 (stator phase current amplitude), as measured.

Considering the above mentioned MTPA condition, the active flux concept,
and keeping the ,d” axis current at zero, a sensorless control strategy was
developed for IPMSM. Both experimental and simulation results are shown and

discussed further on.

3.3. Experimental results

Vs=Vs*'Vsmax; IPMSM
- Is"*=eq 3.22 for AVs<0 T
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Fig. 3.3 Sensorless control scheme

Results were obtained for the machine acceleration from zero speed up to
1500 rpm. The machine started using the encoder feedback position (Fig. 3.4a). It
can be noticed that the machine needs almost one second to accelerate and about
two seconds to stabilize. After its stabilization toward the prescribed speed, the
switch from the actual to the estimated position was imposed (at 3,8s), followed by
the switch from the real to the estimated speed (at 5 s), Fig. 3.4b.
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Next, when the sensorless machine operation became stable, an 1,5 Nm load
(Fig. 3.4c) was applied at 8,5s, followed by the machine unloading at 16s. The

machine speed recovers after two seconds
As it is shown in Fig. 3.4b, there is a slight difference of 0.07 rad, which

means four electrical degrees, between the estimated and actual rotor position
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Fig. 3.4. Experimental sensorless vector control results for 1500 rpm at 1,5 Nm load: a)
speed; b) rotor position; c) torque; d) «, S currents; e) «, S voltages; f) d, q currents; g) d, q
voltages; h) «a, g fluxes; i) battery voltage;

In Fig. 3.4f, we can easily notice that the d axis current is maintained at
zero, as initially required, while Iy current is proportional with the IPMSM torque.
The «, g currents and voltages are represented in Fig. 3.4d and 3.4e, respectively.
Fig. 3.4g shows the d, q voltages, while the active flux components along «, S axes
are displayed in Fig. 3.4h.
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The inverter dc—link voltage is influenced by the applied load, so, as shown
in Fig. 3.4, it falls from 47V to 42 V and when the unloading occurs, it rises back up
to almost 46V.

The same operating conditions, as described above were used to drive the
motor into the low speed region, so, a +5 rpm speed profile was prescribed for the
IPM synchronous motor. Experimental results and their discussion are presented
below. The experimental steady—state results at 5 rpm, followed by the speed
reversal at -5 rpm and then back to 5 rpm (after self — acceleration (not shown)), at
no load is presented in Fig. 3.5a. The motor estimated speed follows the reference
one with increased noise. In Fig. 3.5b, the estimated angle follows very close the
actual one, with a difference of about 0,2 rad, which means approximately 11,5
electrical degrees, during the most critical instants of time.

The torque, shown in Fig. 3.5c is close to zero, as there is no load applied.
Both the current waveforms, in Fig. 3.5d and Fig. 3.5f and the voltages, in Fig. 3.5b
are pretty noisy. Even if it is almost constant, some ripples can also be noticed in

the inverter dc - link voltage, Fig. 3.5g.
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Fig. 3.5. Experimental sensorless vector control results for +5 rpm steady — state speed, at no
load: a) speed; b) rotor position; c) torque; d) «, g currents; e) «, g voltages; f) d, g currents;

g) battery voltage;

3.4. Simulation results

For better comparisons, the above presented sensorless control scheme (Fig.
3.3), was also modeled in Matlab/Simulink package and results have been obtained

under the same operating conditions, as previously considered, during experiments.

The IPM synchronous motor simulation scheme is presented in Fig. 3.6. We have to

specify that during simulations, some asumptions have been made: the inverter was
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considered ideal, the viscous friction coefficient has been neglected and the IPMSM

parameters have been considered as being constant.
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Firstly, the machine acceleration from zero speed up to 1500 rpm (Fig.
3.7a), followed by a 1,5 Nm loading and afterwards the motor unloading (Fig. 3.7c),
is illustrated in Fig. 3.7. The estimated speed follows the reference one, though
some oscillations of £150 rpm are also present due to the machine loading and
unloading.

During Fig. 3.7b, a 0.02 rad (1,15 electrical degree) difference between the
encoder and the estimated rotor position can be seen.

The d axis current is kept to zero, while the g axis current is proportional
with the machine torque, as seen in Fig. 3.7d. The d,q voltages are represented in
Fig. 3.7e., while the «, g currents and voltages are shown in Fig. 3.7f. and Fig.
3.79g., respectively. Figure 3.7h shows the active flux (a versus g active flux
components) hodograph.

The sensorless vector control scheme was also applied for the machine
functioning into the low speed region. Further on, simulation results for a 5 rpm
steady state speed profile are presented.
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Fig. 3.8 Simulation results for sensorless vector control for +5 rpm at no load: a) speed; b)
rotor position; c) torque; d) d, q currents; e) d, q voltages; f) a, B currents; g) a, B voltages;
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First, the machine works at 5 rpm speed, at 5s the speed reversal at -5 rpm
is applied and at 10s the reversal back to 5 rpm at no load is presented in Fig. 3.8a.
The motor estimated speed follows the reference one with small noise.

As it can be seen from Fig. 3.8b, the estimated rotor position is overlapped
on the encoder one. The d,q currents and voltages are represented in Fig. 3.8d. and
3.8e., whereas the «, g currents and voltages are shown in Fig. 3.8f. and Fig. 3.8g.

During Fig. 3.8h the active flux (a versus g active flux components)
hodograph is represented. Now, if we consider both the experimental and the
simulation results, an extensive comparison can be achieved.

Simulation results prove that the machine can reach the target ten times
faster than in real experiments. During experiments, the machine speed stabilizes
within approximately 4s, while in simulations it stabilizes in about fifty milliseconds.

If we discuss the case when the machine accelerates up to 1500 rpm, for
both the motor loading and the unloading, the speed varies with + 150rpm and it
stabilizes in about two seconds, in experimental tests. For the same operating
conditions, simulation results show that the speed varies only with + 20rpm and it
stabilizes in about 200 ms, which is ten times faster than during experiments. More
than this, the difference between the encoder and the estimated rotor position is
more than two times lower in simulations than in experiments. Moreover, as the
simulations use a simplified drive model and most of the losses are neglected, both
the curents and the voltages are lower than in real experiments.

On the other hand, if we take into account the results obtained for motor
functioning at 5 rpm, we will previously notice the increased noise of the
experimental results. Besides this, in what concerns the simulations, there is no
difference between the encoder and the estimated rotor position, while a higher
than 11 degrees difference between the two signals is registered in experiments.

3.5. Conclusion

This chapter focuses on both experimental and simulation performance of
the sensorless control of IPMSM, through active flux concept and maximum torque
per ampere condition. The proposed control scheme is shown and both the active
flux observer and the compensation methods were afterwards discussed.

The proposed sensorless control strategy was applied for an IPMSM
prototype in a speed range down to 5 rpm and up to 1500 rpm.
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We claim that the proposed observer for speed and position estimation can
be implemented in sensorless control schemes for all ac drives.

During simulations a couple of assumptions have been made, the inverter
was considered ideal, what determines the implicit simulations better response if
compared to the experimental ones.

Moreover, during experiments, the achieved signals are affected by
increased noise and vibrations, which is not the case for simulations, where the
parameters were considered constants.
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Chapter 4
V/f with Stabilizing Loops Control of
Distributed Windings IPMSM: Principles

and Digital Simulation Results

During this chapter a rather novel fast dynamics V/f with two correction
loops control is introduced [18]. Theoretical background and digital simulation
results are presented and the results are discussed.

The active flux concept (previously described in Chapter 3) is introduced in
reference [6] and it is used to develop the two novel stabilizing loops for V/f control.
The use of the proposed control strategy avoids the usual switching from signal
injection based to model-based position estimation in FOC [1] and DTFC [2-5]
during starting and it was implemented in order to improve standard V/f control [7],
[8].

All on-line calculations are based on the active flux concept in order to
simplify mathematical expressions with securing both maximum torque per ampere
condition [9], [10] up to base speed and (or) close to maximum efficiency operation
in the process.

4.1. Standard V/f Control

Standard V/f control (Fig. 4.1.) can be successfully implemented for
permanent magnet synchronous machines equipped with squirrel cage (damper
winding), as it is able to resynchronize the PM machine, if needed. This open loop
control approach, used for PMSMs with damper winding is similar to the one used for
induction machines and it is suitable for applications which do not require fast speed
and torque response, like pumps and fans. More than that, the open loop scalar
drives are vulnerable to fast ramp accelerations and large torque perturbation. This
type of drive has as main convenience the fact that slip compensation is not
required, as it is required for IM Drives [11].
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Things are different for the PMSM without damper winding, for which neither
the rotor synchronization with the excitation frequency, nor the stable operation is
assured. In this case, the control has to be designed to function in closed loop
fashion [12], [13]. One of the main advantages of using this control method is that
the machine can start from any rotor position, thus we no longer need to use a
separate starting strategy [14-17].

The voltage amplitude is determined from (4.1), where V, is the voltage
boost and it is necessary for the drive functioning in the low speeds region.

VaV,+kf” (4.1)

4>—> o
*
L, f* 2*pi o*
*k+VO0

Fig. 4.1. Standard V/f scheme, with reference speed, position and voltage calculation.

V*

Firstly, digital simulations have been conducted to prove the theoretical
approach for open loop V/f control, so speed and torque response results for motor
acceleration from zero speed up to 1500 rpm, at no load are shown in Fig. 4.2.

1500 = i —— i
E 1000} --f----3------ ; fsfliiﬂixﬂlf 77777777 - -
soo| /1500
B
o ! ! w enc w ref
a) 0 1 2 3 4 5
! ; ;
Tos /L e .
E B
o} 3 4 5
b) time[s]

Fig. 4.2. Standard V/f control-Simulation results for motor acceleration from zero speed up to

1500 rpm at no load: a) speed response, b) torque response;

BUPT



4.1. Standard V/f Control 87

Machine acceleration from zero speed up to 1500 rpm, at no load is
represented in Fig. 4.2a, while torque response is shown in Fig. 4.2b. The machine
accelerates in about 500 ms, so it does not fulfill the fast dynamic response
requirement.

During Fig. 4.3, the machine speed and torque response for a 5 Nm ramp
load torque is illustrated. The ramp reference torque was applied at 0,65 s, after the
machine speed stabilization (Fig. 4.3b), but the collapse of the drive under 800 ms
ramp of 5 Nm torque perturbation is evident, which indicates the open loop V/f
control poor performances.

1500
51000 : SO T N Ot ST -
=1 Z Z Z Z : : :
¥ 500 : : : T e Miiiiiiiieieeiiiiiiis g
a / : : : :|——reference speed
70 | —measured speed
|
a) 1.2 1.4 1.5
realized torque
’E reference torque
= 1f - -
S
g “Ir
S gl
-5
0 .
b) time[s]

Fig. 4.3. Standard V/f control-Simulation results for motor acceleration from zero speed up to
1500 rpm at 5 Nm ramp load: a) speed response; b) torque response.

Considering the fact that there was a delay in time between simulations and
experiments, we have to mention that the latter were realized for a different IPM
synchronous machine, with different parameters than the ones used for simulations.
The specifications for the IPMSM used in simulations can be found in Table 4.1,
while the IPMSM parameters used for experiments are shown in Table 7.1.

Therefore, experiments have been performed in similar conditions as
during simulations and the results for both no load and load operation are shown in
Fig. 4.4 and Fig. 4.5., respectively.

Initially, the results for motor acceleration from zero up to 1500 rpm at no
load will be discussed.
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As shown in Fig. 4.4b, the motor accelerates in 500 ms and the speed
oscillates continuously with £10 rpm around the target. Maintained oscillations are
also present in currents (Fig. 4.4a,d,e) and voltages (Fig. 4.4f) waveforms.

The difference between the reference and the actual rotor position can be

seen in Fig. 4.4c.
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Fig. 4.4. Experimental results for standard V/f control from zero up to 1500 rpm at no load: a)
I.bc currents; b) speed; c) rotor position; d) dq currents; e) of currents; f) of voltages.

Further on, experimental results and the machine response at load are
presented in Fig. 4.5.

Simultaneously with the motor acceleration up to 1500 rpm (Fig. 4.5b), a
proportional with speed up to 2 Nm load torque was applied (Fig. 4.5d). The
maintained oscillations are present in both speed and torque responses, but are also
visible in currents and voltages waveforms (Fig. 4.5 a,e,f,g).

These oscillations are slowly decreasing under 10 rpm and their influence
can be traced more than 2s, as highlighted in the figure zoomed region.

In Fig. 4.5¢, the reference and actual rotor position are shown.

As we could observe from simulation results in Fig. 4.3, the motor speed
collapse was imminent, even though a smooth ramp load torque was prescribed.
During experiments, as Fig. 4.5b shows, the motor speed did not fall when the load
was applied, but we have to say that the applied load torque represents only 15% of
its nominal value; furthermore, the motor managed to realize it with the price of
high current values, almost equal with the motor maximum values.

Thus, both simulation and experimental results have shown, as it is well
known, that open loop V/f control is characterized by instability, low dynamics and
maintained oscillations. Similar speed and torque response were achieved in both
experiments and simulations.
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Fig. 4.5. Experimental results for V/f open loop control for fastest frequency acceleration
available up to 1500rpm and 500 ms, proportional with speed, 2 Nm load torque response: a)
I.oc currents; b) speed; c) rotor position; d) torque response; e) dq currents; f) af currents; g)

ap voltages.

During experiments, a proportional with speed, 2 Nm load torque was
applied, so if we compare the no-load with the load results, we can easily see that in
the latter case, the voltages have higher values, the currents are three times higher
and the oscillations are slowly decreasing. We also have to mention that the no load
V/f control is characterized by maintained oscillations, whereas at load the
oscillations slowly decrease and after a while it become barely visible.

During both no load and load operations, there is a visible difference of
about 1 rad between the reference and the encoder position.

All these results have shown that open loop V/f control is characterized by
reduced performances and it can be easily applied for applications which do not
require fast response or high efficiency. Therefore, to obtain drive high dynamic
response, some corrections for the standard V/f control have to be implemented and
analyzed.

Further on, two correction loops will be added to the standard V/f control
scheme, both of them based on the active flux concept and having included the
maximum torque per ampere condition.
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4.2. V/f with Stabilizing Loops Control

4.2.1. The Proposed Active Flux Error-Based Voltage Amplitude
Stabilizing Loop

In order to eliminate or at least reduce the open loop V/f control drawbacks,
with the main purpose to obtain comparable results with the ones achieved with
sensorless field oriented control, but with less computation effort, a novel V/f with
two correction loops has beed proposed. The afore mentioned corrections are
calculated through PI controllers. So, it is important to specify that the controllers
do not influence directly the measures, they only correct them.

The core of the proposal consists in driving to zero, through a closed loop,
the active flux error, between its reference ¥ and its estimated value ¥3. The
active flux ¥3 of any AC machine has been previously defined in Chapter 3, as the
flux which multiplies the 1, current to produce the machine estimated torque.

In order to obtain the estimated active flux, the stator flux correct estimation
is mandatory, thus the stator flux components along ¥, and LTJ/, have to be initially
determined (4.2). Above 2-3 Hz, only the voltage model may be used:

T
@ 14sT

T

V' -Ri ); ¥, =——
Ve Rio) i A 14sT

(V;—Rgiig) ; (4.2)
Where T is in the order of one second.

Knowing the stator flux components along o and B axes, we can easily obtain the

active flux components in stator coordinates from (4.3) and afterwards, the active

flux amplitude (4.4).

e, =Y, L, ¥3,=Y L, (4.3)
REENE I S (4.4)
To determine the active flux reference value (4.6), the reference current

along d axis (4.5) has to be achieved from MTPA condition (explained in detail in
Chapter 3).

1w 11 wem ¥

oo 1 wew 1 { Gl J 202 (4.5)
4 la-lg 2 \4 (la-Lg

l{)s* = lPPM +(Ld — Lq)lg (4.6)
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Knowing the active flux reference and its estimated value, we can write the
active flux error:

A= _p? (4.7)

Next, equation (4.8) reflects a hybrid PI plus a simplified sliding mode (SM)
closed loop that will correct the voltage amplitude of the V/f system.

* a k v H a
AV =—AP2( 1+T‘f 5)-Kou'sign(A¥g) (4.8)

4.2.2. The Proposed Speed Error-Based Voltage Phase Angle
Stabilizing Loop

A novel stabilizing loop for voltage phase angle correction Ay in the V/f

control is proposed here. It is based on the speed error, Awy", where a is the rotor
estimated speed, also known as the active flux speed:

o pa
\Pdﬁ[k—l] ’ \Pda[k—l]

(4.9)
T .(@g[k])z

_ (\?a) _ @Za[k—ﬂ ' qj:p’[k—l] B

Where, T is the sampling time. Some filtering is required, so a low pass
filter will be implemented, although it introduces signal delay.

Alternatively, a PLL observer may be used for the speed or angle estimation.

Correction for dc offset of the integral, of inverter nonlinearities and of stator
resistance for low speed estimation of ¥,, ¥, are feasible but they complicate the
drive.

The angle correction loop equation is based on speed error and its equation
is written below:

k
f=—Aw, (+—E—)—Kg,-Sign(Am,) (4.10)

A
4 14T,s

4.2.3. The Proposed Control System

The generic control system with the two above mentioned stabilizing loops is
illustrated in Fig. 4.6. and it is based on the active flux observer, previously
described during Chapter 3.
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Summarizing on the stabilizing loops we may infer that they may be
equivalent to two model reference adaptive systems.

The proposed control (Fig. 4.6) characterization follows:

e It contains a V*/f" control to provide self-starting and satisfactory no load
operation at all speeds of interest;

e It adds to it two stabilizing loops to correct voltage vector amplitude by AV*
and phase by Ay", via two PI plus sliding mode regulators;

e It provides default maximum torque/current operation;
The two stabilizing loops embody PI plus SM regulators on the active flux

amplitude error A¥3=¥3-%3 and on the speed error, Aw, =0 - respectively, to

wa s
produce AV* (amplitude) and Ay" (angle) corrections to the V/1:I standard control
tailored after no load.

The active flux ¥3 observer is based here on the voltage model of stator flux
¥, (Fig. 3.1) after substracting Lq*is, with i, measured; such an observer is to be
used above a certain minimum frequency f.,, (reference speed) of a few Hz. Pure
V/f control is used for f*<fmin.

The reference rather than measured voltages V), V;
adequate corrections for inverter nonlinearities [19], [20]. Inverter maximum

are used, with

voltage vector is estimated by measuring only the dc voltage.

The reference active flux amplitude w3 (i) is not constant, but depends on
the measured i, such that to provide maximum torque/current conditions by using
equations to settle i;(i;) and then w().

Magnetic cross-coupling saturation [21] is known to produce errors in stator
flux or rotor position estimation [16]; in our case, the active flux observer is
"touched” by cross-coupling saturation only by its influence on L. According to the
unigue d and g magnetic curves model for cross-coupling saturation, Lg is
approximately a sole function of is, which is measured.

The proposed control system avoids the speed and current regulators (and
the coordinate transformations), but still uses two stabilizing loops (for voltage
amplitude and angle).

However, it provides self-starting and wide speed control with implicit
maximum torque/current operation and up to maximum torque/flux operation.
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Y

Fig. 4.6 V/f control with two active flux stabilizing loops: AV and Ay (for AV<0, max
torque/current operation); for AV>0, towards max torque/flux operation is provided for max
torque /speed envelope (flux weakening)

The above attributes and the fact that the proposed control can be applied
for all ac motor drives, with small particularization changes for various motor types,
should suggest its full potential.

The IPMSM under digital simulation investigation with the specifications
given in Table 4.1 shows a rated saliency Lq/Lqs = 4/1 so most torque is reluctance
torque while the PM flux is rather small: wide torque-speed range is thus secured
with reasonable max-speed emf (<150%).

The MATLAB implementation of the two correction loops described during
Fig. 4.6. is shown in detail in Fig. 4.7a,b.

The control system parameters in Fig. 4.7 with PI plus sliding mode (SM)
controller type, refer to the active flux error controller: kp qu=51, ki qw=13.6,
ksm aw=0.1, while for the speed error controller, k, 4,=0.0007, ki ¢4,=1.01,
Ksm_dw=0.0001. All these parameters have been introduced by the trial and error
method. The V/f parameter, k, which represents the proportionality between the
voltage and the frequency is k=0.105, while the initial (boost) voltage of about 0.1
V, characterize the standard V/f scheme.

First, a d-g current vector control system was programmed and run in
Matlab to check the performance of the speed estimator (active flux speed o, ) and
the active flux estimated value (¥3).
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Fig. 4.7. Correction loops: a) Voltage amplitude correction loop; b) Voltage phase correction
loop;
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Fig. 4.8. Vector control results for motor fast acceleration up to 1500 rpm: a) Estimated
speed, torque response and both stator flux and active flux variation during acceleration at no
load; b) Estimated speed, torque response and both stator flux and active flux variation at
5Nm load, after a speed transient between 0,2 and 0,3 s

Figure 4.8 shows the results during rather fast speed transients. Quick
acceleration by vector control to 1500 rpm at no load, is shown in Fig. 4.8a.

The persistent oscillations in the speed @, and active flux ‘i’z estimators,
mainly due to a compromise between response quickness and stability during fast
speed and torque perturbations, need further treatment, but for the time being,
they are considered acceptable to prove the concept.

Then, a step speed reduction from 1500 rpm to 1400 rpm at 0.2s, followed
by a step speed recovery back to 1500 rpm at 0.3 s and then a step 5 Nm torque at
0.4s perturbation is presented in Fig. 4.8b.

The speed response is fast but some speed oscillations around the target
persist. They are believed to be caused by the not so good quality of the active flux
observer (Fig. 3.2).

A comparison between the stator and active flux is also shown, both at load
and at no load (Fig. 4.8.). We can observe that the active flux increases and then it
decreases, when the machine accelerates and then increases slightly when the 5Nm
load occurs.

An 800 ms ramp 5Nm torque perturbation was applied at t=0.2s (Fig.4.9b).
The machine response is still stable but some small speed oscillations still persist as
under no load. A step 5Nm load, as in vector control (Fig. 4.8b), was tried, but the
proposed drive did not survive this severe transient test.
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Fig. 4.9. Speed and torque response and flux variation at no load a) and at a ramp 5Nm load
b) when the proposed V/f control with two stabilizing loops is considered

TABLE 4.1

IPMSM SPECIFICATIONS

Rated power 2.35 kw
Rated speed 1500 rpm
Rated frequency 50 Hz

Rated torque 5 Nm

Rated phase to phase voltage 22V (rms)
Rated phase current 67 A (rms)
Rated battery voltage (Vbatt) 48 V

Number of pole pairs (p;) 2

Stator resistance per phase (Rs) 0.050

d-axis inductance (Lq) 0.45 mH
g-axis inductance (Lq) 1.8 mH
Permanent magnet flux (Wpp ) 0.0136 Wb
Total inertia (J) 1.6e-3 kg*m?
Viscous friction coefficient (B) le-4 Nm s/rad

For active flux estimation (4.3), stator flux estimation is crucial. A combined
voltage/current model observer is used here for the scope based on [24].

To avoid rotor position estimation we need to “fix” the desired longitudinal
current iy" versus stator current i such that to consider both maximum
torque/current below base speed for up to full torque and at low torque during flux
weakening.

Maximum torque per flux for limited voltage (during full available torque
requirement with flux weakening) at high speeds is obtained by adding a correction
-Aig" to iy when reference voltage V"> Vemax (Vsmax - Maximum PWM inverter
voltage vector).
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4.3. Conclusion

This chapter proposes two stabilizing loops in addition to the standard V/f
control, which are based on the active flux concept, amenable to all ac machine
drives.

The two stabilizing loops that ,correct” both the voltage vector amplitude AV”
and its angle Ay", are based on active flux AW and speed A, error, respectively.

The method also provides default max torque/current operation unless the
voltage ceiling of the PWM is surpassed, when the d axis reference current iy" is
corrected toward max torque/flux conditions. Consequently, wide torque-speed
operation is implicit, with close to optimum efficiency. The speed and current control
loops are eliminated, while current sensors are not.

As the built-in V/f control provides for light load starting (typical to pumps,
blowers, centrifugal air compressors), the proposed method avoids a dedicated
starting strategy (for synchronous machines).

First, simulation tests have been conducted to show the open loop V/f
control capabilities, after that, the correction loops were added to prove their
effectiveness. Secondly, experimental results have been achieved to strengthen the
digital simulations results.

Due to the time delay between the simulations and the experiments, results
have been achieved for two different IPM synchronous machines, with different
specifications.
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Chapter 5

V/T with Stabilizing Loops and Sensorless
Vector Control of IPMSM — Experimental
Characterization

The PMSM utilization for electric drive applications requires the initial rotor
position information [1-4], which is usually given by an encoder or a resolver, that
is characterized by high cost of the drive, increased machine size, low reliability.
Thus, fundamental control schemes [5-7] are used for motion sensorless control of
the drive [9-13].

This chapter introduces both V/f [14] with stabilizing loops control and
sensorless vector control results. The operating motor conditions were considered
similar and their comparison is performed. A novel V/f control for surface PM
synchronous motor with two stabilizing loops, both of them based on the reactive

power, is described in reference [17].

5.1. V/f with Stabilizing Loops Control

The angle stabilizing loop, based on Awf = a)’: — @ is:

Ay = -Awy .(kp +Ki 5 5.1

The reference speed, angle and voltage are calculated with the reference
frequency ramp, where: ¢=2.7|f dt and V" =f"-k+V, , with V, ~ Rg=ly; k=const.

The proposed V/f with the stabilizing loops control scheme is illustrated in
Fig. 5.1. and it is characterized by a V'/f -control [8] to provide self-starting and
satisfactory no load operation at all speeds of interest and by two stabilizing loops to
correct the voltage vector amplitude by AV™ and phase by 4.

The two stabilizing loops (See Fig. 5.2.) embody PI regulators on the active
flux [15], [16] amplitude error a3 - v3" -2 and, respectively, on the speed error
Awy =" —a,, tO produce AV-(amplitude) and 4y (angle) corrections to the V/f

¥
d
standard control, tailored after no load.
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Fig. 5.2 Correction loops for stabilizing a) Voltage amplitude, 4V"; b) Voltage phase, 4.

For fair comparisons, a sensorless vector control of the IPMSM used as case
study was implemented and the block diagram is shown in Fig. 5.3. Experiments
have been conducted both at no load and at load, for a speed range between 0.3 —
100 % of nominal speed. This control method uses the same active flux state
observer, for speed and position calculation as in the proposed controllers.

The reference speed is calculated from the frequency ramp, and the speed
and current regulators are used for the voltage calculation, which is then used in the
space vector modulation block (SVM) to create the modulation method signals for
the inverter. The active flux observer has the same structure as the one presented
in Chapter 3.
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Fig. 5.3. Sensorless vector control used for bench-marking study.

5.2. Simulation Results

For sensorless vector control, simulations have been done and the controller
parameters obtained are:

Table 5.1
Parameters of the controllers used in sensorless vector control simulations

Pl speed controller Kp,=0.4 Ki=2.5
Pl iy controller Kp,=30 Ki=2000
Pl iy controller Kp=30 Ki=3000

We have to mention that during both digital simulations and experiments,
the MTPA conditions have been used in (5).

Comprehensive simulations have been performed for both the proposed V/f
control and the sensorless vector control. For theoretical validation of the
performance and response accuracy of the active flux observer, a sensorless vector
control scheme for IPMSM has been implemented in the Matlab/Simulink package.

During the simulations some approximations have been made:

- the inverter was considered as ideal;

- for stator flux calculation, a pure integrator was used;

The simulation results are shown in Fig. 5.4., where fast speed response
(100ms) and rather fast speed recovery (120ms) after load step of 50% rated
torque has been applied and the results can be seen for the sensorless vector
control. Fig. 5.5. shows the proposed V/f control corresponding to the simulation
results. Table 5.2 specifies the data used.
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Fig. 5.4. Simulated IPMSM start-up response and sudden 50% rated torque for sensorless

vector control at 0.5s.

The machine starts under the load of 50 % rated torque at target speed

(load torque is proportional to speed), which explains the 50 ms delay during start-

up. The 50 ms delay during the torque response can also be noticed.

As the simulation results show, the machine has almost the same behavior

during the two control methods.
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Fig. 5.5. Simulation of IPMSM start-up under 50% rated torque for V/f with stabilizing loops
control.

Table 5.2
Parameters of the stabilization loops controllers in simulation
Active flux basedPIl controller Kp=150 Ki=10
Speed error Pl controller K,=0.0068 Ki=0.1
They have been obtained by trial and error.
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To filter the estimated speed, a low pass filter with k,:=1 and T;=0.0033s,
has been implemented.The simulation constraints were investigated by the
presented laboratory experiments.

5.3. Experimental Results

Using the active flux observer and the V/f with voltage magnitude and phase
correction, experimental tests have been performed.

The experimental platform contains of a 2.2 kW IPMSM as the main
component, a three-phase Danfoss Inverter-FC302 type, dSpace 1103 system and a
2.2 KW IPMSM , as load.

During experiments, the magnetic saturation was considered constant, as
the IPMSM under investigation has the data given in Appendix A, that show a low
rated saliency Lg/Lg= 1.1.

The experimental results for the proposed V/f with correction loops control,
where the parameters are specified in Table 5.3, with self-starting from zero
position angle and a PM generator using a resistive load (6 Nm at 1400 rpm) up to
1400 rpm are shown in Fig. 5.6. An acceptable 10 % speed overshoot can be
observed in Fig. 5.6.b, followed by the position representation in Fig. 5.6.c, where a
slight difference of less than 0.5 rad between the reference, estimated and the
encoder values can be seen in the zoomed region. A 6 Nm load is also visible in Fig.
5.6.d.

Fig. 5.7. shows the experimental steady-state results at 5 rpm (after self-
acceleration (not shown) by V/f control with stabilizing loops) at no load. Small
oscillations of 3 rpm can be distinguished in Fig. 5.7.b. A less than 2 electrical
degrees difference between the estimated and the encoder position can also be seen
in Fig. 5.7.c. The last two graphs, Fig. 5.7.e and Fig. 5.7.f show the outputs of the
two correction loops.

Table 5.3

Parameters of the stabilization loops controllers

Active flux based PI controller Kp=3 Ki=700
Speed error Pl controller Kp=0.001 Ki=0.15
Voltage compensation Kp=15 Ki=15
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A faster stabilization for angle correction loop can be noticed, in comparison
with the voltage loop.

The controllers parameters were determined by trial and error.

Experimental results for sensorless vector control are further presented in
Fig. 5.8. and in Fig. 5.9. As it can be noticed, some additional ripple is present in the
vector control at high speed. The acceleration time of 150 ms, from zero to 1400
rpm (See Fig. 5.8.), is equal with the one for V/f control with stabilizing loops. This
is believed to be a confirmation of the main goal: fast torque (speed) response
for a wide speed range. Vector control with encoder feedback was used first for
motor start-up, then, switched to sensorless control at 1.7 s and 50 % of rated
torque is applied afterwards, at 3.6 s.

About ten times higher values for the currents can be seen at load,
compared to no-load operation, shown in Fig. 5.8.a. When the load is applied, the
speed decreases with about 50 rpm and in 35 ms it reaches the target again, see
Fig. 5.8.b. The estimated position follows rather closely the encoder for the entire
working period. The measured mechanical position has also been represented in Fig.
5.8.c. The value for the applied load can be seen in Fig. 5.8.d, while Iy, currents are
shown in Fig. 5.8.e and Fig. 5.8.f shows the error between the estimated and real
speed.

Fig. 5.9. shows the results for sensorless vector control at 5 rpm in steady-
state at no load, where the parameters used are given in Table 5.4. The motor
start-up has been done using encoder feedback, then, during steady state, the
switching to sensorless operation has been applied. It can be noticed that the speed
oscillates around the reference with about 5 rpm, though a few spikes around 8 rpm
are also present. This makes the sensorless speed response for low speed values
apparently worse than for the proposed V/f control.
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BUPT



5.3. Experimental Results 113

o4 a) \ \ \ \ \ \ \ \
_0.2p ! o PP \LH‘HH‘TL i wwm‘% “”‘h A
= ¢ LA i
o 0]
§ iy O p o
-0.2 iy~ - -+ +- Jm“w“b = E “”‘ﬁwm v j‘d -
| | [ \hw\ !
_0.4 I I I I I I I I I
o 1 2 3 4 5 6 7 8 9 10
15 (b)) _ _ ‘r o ‘T o w encoder w estimated w reference
= m I west| w ref % | | | w °n¢ \ |
s 10} - Y TRV e Ny -
= | | I ! I
T ol Coi it A I m L UM L
& ¥ "'w”“'W‘MW v 'M“' d VIR Nw AT B nw' TN G e
op-—---p--"--"¥-"-=9=-"=-"-+ | I R S —— | —— S S S ——
o 1 2 3 4 5 6 7 8 9 10
L(c) _ _ I I ‘ th reference th estimated th mechanical

N b

theta [rad]
o

|

-4
10
sL__

= i

g O i i —

=

2 -5

=

“‘I\I il i \||N W W il m m‘l w}%\ i“

m!l \I\I‘II.H ‘m

‘MM II Im

Fig. 5.9. Sensorless vector control at 5 rpm during steady-state.

Table 5.4
Parameters Values for the Sensorless Vector Control controllers

PI speed controller Kp=0.1 Ki=0.2
Pl iy controller Kp,=50 Ki=5000
Pl iy controller K,=30 Ki=3000
Voltage compensation Kp=1 Ki=1

The controllers parameters were determined by trial and error.
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Fig. 5.10. Speed response comparison between the simulation and experimental results.
During Fig. 5.10, a comparison between the experimental and simulation
results is illustrated and the results show that the machine accelerates faster during
simulations (100ms) than in experiments (250 ms). In simulations the machine
50ms hesitation at start — up can be noticed. The speed waveforms marked by ,1”,
represent the reference and the estimated speed obtained from simulation results,
whereas, the waveforms marked by ,,2”, show the experimental results.

5.4. Conclusion

The chapter presents a novel V/f control method with two stabilizing loops -
one based on active flux balance for the voltage amplitude correction, the other one
based on the speed error for the voltage phase correction. Both simulation and
experimental results are shown during the same working conditions. The
experimental results show that the machine starting response time to 1400 rpm
(150 ms) is the same in both simulation and experiments.

To prove the main claim of the novel control — fast speed (torque) dynamic
response — sensorless vector control [18] was also implemented and tested, again
during both simulation and experiments. Even more, V/f control, with correction
loops, for low speed (5 rpm) - steady state operation, seems to follow the target
better than sensorless vector control, as indicated by the V/f control, where the
speed oscillations are less than for sensorless vector control.
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Chapter 6
Alternative, New, Stabilizing Loops Control of
Tooth Wound IPMSM: Principles and Digital

Simulations

Due to its simplicity, AC permanent magnet machine is considered the most
attractive from all the PMs machines [1], thus during the last two decades, it has
been increasingly used in many industrial drives [2], as high performance variable
speed motor. Because of the low torque pulsations, the PM machine are also
characterized by low vibration and noise [3].

This chapter presents three different V/f with stabilizing loops control
methods for IPMSM. Just two of the proposed control methods use the “active flux”
concept [4], while all of them are based on maximum torque per current (MTPA)
condition [5-7]. The proposed V/f control methods are studied in order to obtain an
optimal sensorless control for IPMSM [8-10], with the elimination of the initial
position information [11]. The most important target of the corrected V/f control
methods is to obtain fast dynamic speed and torque response, without using the
standard speed and current regulators, which can be mostly found in vector control
schemes. Other objectives of these control methods are the computation effort
decrease and the elimination of coordinate transformation.

The first control method uses two correction loops: one based on magnetic
energy balance for voltage amplitude correction, the other one based on torque
error for voltage phase correction. The second control strategy uses the reactive
power error through a Pl controller, to correct the voltage amplitude, while the
voltage phase correction is again obtained using the torque error. These two
methods use the “active flux” concept. The third control method main aim is to
cancel the speed and torque oscillations by using the active power and a high pass
filter [12], [13], and to correct the voltage amplitude based on the power factor
angle error.
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6.1. V/f with Magnetic Energy & Torque Based
Correction Loops

The core of this first proposal consists in “driving to zero” to a close loop the
AW,, magnetic energy difference (6.5) between its expressions in «, f (stator
coordinates—(6.1)) and in d, q (rotor coordinates—(6.4)), without any rotor position
(or speed) estimation, to obtain the voltage amplitude correction, AV”™ (6.6).
Equation (6.6) includes the PI plus sliding mode formulae.

The magnetic energy in dq coordinates is based on the prescribed “d”
current, i;, determined from MTPA condition. The ac machine magnetic energy in
afp coordinates W__ is written in (6.1).

maf

3, .
W, = EJ.(VﬁI“ - Vi )dt (6.1)
with V", V,; as the reference voltages and i,,i, calculated from the measured

currents i, i, .

In steady state, dq coordinates, the same magnetic energy may be
expressed in quite a unique form by using the active flux (@Z) concept by which all
ac machine models “loose” their magnetic saliency [1].

PE=W, -1, (6.2)

Where I = fi;? +i,? is the stator current and Ws is the stator flux vector.
The active flux expression for IPMSM in rotor flux coordinates is expressed in (6.3).

*

Wa =Wy + (L —L)-i (6.3)

Where, L,, L, are the d, g synchronous inductances, andY¥,, is the permanent
magnets flux linkage, all were considered constant.
The dg formula for the steady state stored magnetic energy is written in (6.4).

3 wan

W, iq = E*(Lyd iy + L2 ; (6.4)

AWm = Wrnaﬁ _Wmdq (65)

AV = —AW *(L+ ke, * sign(AW. )) (6.6)
™ OM4T *s oM "
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6.1. V/f with Magnetic Energy & Torque Based Correction Loops119

To avoid the rotor position estimation we need to “fix” the desired
longitudinal current i), (6.8), such that to consider the maximum torque per
current, condition (6.7), below base speed for up to full torque.

2-ig? + (ig - om) /(g — L) = is” ; (6.7)
po L Jew 1 1.[ e J+2..3 ©.8)
4 L-L 2\a4 (L-L

A similar stabilizing loop for voltage phase angle correction, Ay, in the V/f
control is proposed around the « f and dq torque formula, which are basically the
same in active flux coordinates, for all ac machines:

3 - . ~ .
Teop = E* P(Y, i, =Y, ) (6.9)

The torque expression in dq coordinates is also depending on the active flux:

Ty = 3% P Mg =1 (6.10)

To estimate the «,f flux components, @a and ‘Pﬂ , the voltage model will be used:

T

— T *_
“ 14sT

*x
1+sT \Z

*(V, -Rs*i,); ¥, = Rs*i,); (6.11)
Wwith i; and W¥a reference values, as described above, the torque stabilizing
loop is simply described by (6.12) and (6.13):

AT, =T —Teyq (6.12)

k..
Ay" = —AT, * (—2— + K, * SigN(AT, 6.13
y G g Kow T SIONEAT.)) (6.13)
The general control scheme is drawn below (Fig. 6.1.) and digital simulation
results for the imposed requirements will be presented afterwards. The Pl regulators
structure is shown in Fig. 6.2. and their corresponding coefficients are displayed

during Table 6.1.
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Fig. 6.1. V/f with stabilizing loops control — general scheme
Depending on the ramp prescribed frequency, the reference values for voltage
amplitude (6.14), speed (6.15) and angle (6.16) were previously calculated:

V=V,+k-f; V, =R - I (6.14)
w =27 (6.15)
g :J‘afdt (6.16)

e,

Saturatio

Fig. 6.2. PI regulator structure
Simulations have been conducted when the machine accelerates from O up
to 1500 rpm and a proportional with speed, 2Nm load torque is applied. The
machine unloading is applied at 2s, when a slight speed increase occurs. The results

are presented further on in Fig. 6.3.

1500
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Fig. 6.3. Digital simulation results for V/f with magnetic energy and torque stabilizing loops: a)
speed; b) torque; c) Iy reference current; d) o, p current; e) d, q voltage; f) d, q current; g)
voltage vector amplitude; h) voltage vector phase angle

A rather fast acceleration of the machine from zero speed up to 1500 rpm, in
170 ms and a slight difference between the reference and the actual motor speed is
visible in Fig. 6.3a. The real speed oscillates around the target with about 5 rpm,
during transients; when the unloading 150 ms slope occurs, the speed increases
with 15 rpm and afterwards it stabilizes in about 220 ms.

The realized torque oscillates with less than +0.1 Nm around the reference
(Fig. 6.3b.) and the current decrease from 21 A to 19 A when the unloading is
applied (Fig. 6.3d.). It should be noted that the machine does not realize (Fig. 6.3f.)
the negative imposed i, (Fig. 6.3c.), yet. The corrected voltage vector amplitude
and its reference value is shown in Fig. 6.3g., while the 0.1 rad (5.73 electrical
degrees) difference between the reference and estimated phase angle is drawn in
Fig. 3h.
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6.2. V/f with Reactive Power and Torque Based
Correction Loops

The basis of the second proposal consists in driving to zero through a close
loop the reactive power difference between its expressions in a, g and d, g
coordinates, without using any rotor position (or speed) estimation, to obtain the
voltage amplitude correction, AV". The MTPA condition, is again considered to
impose i, current (6.8) for d, g reactive power calculation. The ac machine reactive
power in «, f coordinates, Qg is given in (6.17).

3, . .
Qus :E(Vﬁla —V,iy) (6.17)

with V), V, as the reference voltages and i, i, calculated from the

B s
measured currents. In steady state, d, g coordinates, the same reactive power may

a?

be expressed in quite a unique form by using the active flux concept Yo (6.3) [1].
For active flux estimation, stator flux estimation is crucial, thus a combined
voltage/current model observer is used [1]. The dq formula for the steady state
reactive power, Qqq, is written in (6.18).
Qu = g*w: * (PR + Lqisz); (6.18)
The torque stabilizing loop has the same structure as exposed during the
previous section, thus the torque error (6.12) and the voltage phase correction
(6.13) are easily calculated. The corresponding control scheme has the same
structure with the one in Fig. 6.1., though the magnetic energy is replaced by the
reactive power correction loop (Fig. 6.4).

v
f > = |
FLew o, |
0" S
i N P R VAR VA Vdcl Vdc
I -+ —
Eq.6.17 2 > AQ :dv -+ R Sune 1
Eq.6.18] s e SVM INV IPMSM
S
S T

o

Fig. 6.4. V/f with stabilizing loops control — general scheme
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6.2. V/f with Reactive Power and Torque Based Correction Loops125

The Pl controllers used in Fig. 6.4, for voltage amplitude and phase
correction have the same structure as previously shown in Fig. 6.2 and the voltage,
speed and angle reference values have the formulae written in (6.14) — (6.16).

As in previous section, tests have been conducted when the machine
accelerates from zero speed up to 1500 rpm and a proportional with speed, 2Nm
load torque was applied; the machine unloading is also applied at 2s and the
simulation results are shown in Fig. 6.5.
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Fig. 6.5. Digital simulation results for V/f with reactive power and torque stabilizing
loops: a) speed; b) torque; c) 14" reference current; d) o, B current; ) d, g voltage; f) d, q
current; g) voltage vector amplitude; h) voltage vector phase angle

As it can be seen from Fig. 6.5a, the machine accelerates from zero speed
up to the prescribed value in about 170ms; the actual speed oscillates around the
reference one with +5rpm and when the machine unloading occurs, the speed
increases with 20 rpm.

A 2Nm ramp torque, proportional to speed is prescribed for the motor
loading; an 150 ms slope was applied for the machine unloading, at 2s (Fig. 6.5b).
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The realized torque oscillates during transients with less than +0.1Nm around the
prescribed waveform. The currents value decrease from 19A to 17A when the load is
cancelled, which can be easily seen in (Fig. 6.5d). Again, the prescribed negative i
(Fig. 6.5¢) is not realized, yet (Fig. 6.5f).

The corrected voltage vector amplitude and its reference value is shown in
Fig. 6.5g, while the 0.5 rad (28.66 electrical degrees) difference between the
reference and estimated angle waveforms is drawn in Fig. 6.5h.

Both V/f with correction loops control methods described and analized above
were tested during the same operating conditions (O up to 1500 rpm machine
acceleration, with a proportional with speed 2 Nm load torque), thus similarities and
differences can be discussed further on. As mentioned before, the machine speed
and torque response is the same for both cases. One major difference between the
two control methods can be noticed between Fig. 6.3h and Fig. 6.5h; the difference
between the reference and the actual rotor position is five times bigger in the
second control strategy (0.5 rad) than during the first one (0.1 rad). A slight
difference between the current and voltage values, which are higher for the first
control method can also be observed.

6.3. V/T control with voltage phase angle correction and

active power calculation

The V/f control strategy proposed during this section is slightly different from
the above described control methods, especially because it does not use the active
flux concept.

First of all, we will use the MTPA condition to prescribe the stator voltage and
the current vector angles (6.19), (6.20). The difference between the two angles is
" (6.22) and it will be used, further on, for voltage amplitude correction. To obtain
the estimated value of the angle, ¢, we need to know the active and the reactive
power (6.25), (6.26). The error between the calculated angle using MTPA (6.22) and
the estimated one will represent the input of a Pl controller which will be used
further on to correct the voltage vector amplitude (6.24). The general scheme used

for voltage vector amplitude correction is drawn below, in Fig. 6.6.

-APM+\/,1§M +8-(Lg-Ly) - 12

3T, (6.19)

v = V/MTPA(Is) = asin
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(6.20)

5=asin{xq Fcos(¥)+R >, sm(%}

V(%)

s

Where, v, (V) = \/[Eo—xd*Is*sin(‘i’)+RS*IS*cos(‘P))T +[w*Lq*IS*cos(‘P)+RS*IS*sin(‘P)]2 (6.21)

P = Pua=0-" (6.22)
_ P
¢= atan[PrJ (6.23)
AV = Ap™* (K, - (1+K; - s)) (6.24)
Pa:%-(ua-lwuﬁ-lﬁ) (6.25)
3 :%.(ug.la—ua~|ﬁ) (6.26)
Q)
—>
Is 5MTPA S
[7 Y rea _|(ec.6.20)
(ec.6.19) \%
A
i ”(ec.6.25) P
. a P
V[}* & pr atan[P“
i, >|(ec.6.26) ’

Fig. 6.6 Voltage vector amplitude correction scheme
The second correction purpose is to cancel the speed and torque oscillations
and it consists of the active power (6.25) as the input of a high pass filter (HPF) [2-
3]. The HPF (6.27) main role is to cut out the continuous component of the input
signal. Afterwards, the output of the HPF is added to the reference speed and the
result is then integrated to obtain the estimated voltage vector position used for
voltage coordinate transformations (Fig. 6.7).

_ s . a
Hupr =1 3 Hher =1-Hipr (6.27)
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Digital simulation tests, again at 1500 rpm speed and a proportional with

speed, 2 Nm load torque were implemented and their results are shown in Fig. 6.8.
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Fig. 6.8 Digital simulation results for V/f with magnetic energy and torque stabilizing loops: a)
speed; b) torque; c) o, B current; d) d, q voltage; e) d, g current; f) voltage vector amplitude
g) estimated voltage vector angle

The machine accelerates from zero speed up to 1500 rpm in about 160 ms
(Fig. 6.8a), though some oscillations of +36 rpm around the reference speed, are
present during transients. A proportional with speed, 2 Nm load torque was applied
(Fig. 6.8b) and an 150 ms slope was also used for the machine unloading, at 2 s.

The real torque oscillates with less than +0.1 Nm around the reference
waveform. This time the negative Iy was realized (Fig. 6.8e), though it was not
prescribed for this control method. Even if the control main goal was to elliminate
the speed and torque oscillations, some pulsations still persist during transients. As
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Fig. 6.8c) shows, after the machine unloading, the currents become three times
smaller, as they decrease from 18A to 6A. During Fig. 6.8f), the reference and the
corrected voltage vector amplitude is represented. The reference and the corrected
phase angle are both plotted in Fig. 6.8g9), and a 0.4 rad (almost 23 degrees)
difference between them is shown during the graph zoomed part.

For a better comparison of the obtained results, the speed and torque
waveforms corresponding to all three above described control methods are plotted
in Fig. 6.9. and Fig. 6.10. respectively.

All three control methods are characterized by both advantages and
drawbacks. The most important similarity between all three of them is our main
claim: fast speed and torque response (150-170 ms). The first two control methods
use the active flux concept current, the MTPA condition and need a negative
prescribed ,d” current, which neither of them manage to realize. The third V/f
control method uses only the MTPA condition and the negative ,d” current is
realized, though it is not imposed. Some fairly small speed and torque oscillations
around the target signals are visible for the first two control strategies, but the third
control method shows three times higher pulsations in speed response and two
times hugher pulsations in torque response, as it can be traced below, in Fig. 6.9.
and in Fig. 6.10., respectively.
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speed[rpm]
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time[s]

Fig. 6.9. Speed waveforms corresponding to all three proposed control methods

First, the reference value can be seen (with red), then the results for the
proposed methods are shown, considering the order in which the three control
methods were described.

Thus, wl represents the estimated speed obtained for the V/f control with
magnetic energy and torque error based stabilizing loops, w2 represents the
estimated speed obtained for the V/f control with reactive power and torque error
based stabilizing loops, while w3 represents the estimated speed obtained for the

V/f control with voltage phase angle correction and active power calculation.
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time[s]

Fig. 6.10. Torque waveforms corresponding to all three proposed control methods

Figure 6.10 shows the torque response for the three proposed V/f with
stabilizing loops control method, considering the reference with blue. We can easily
see that the oscillations are higher in the beginning, when the machine loading
occurs and are smaller when the machine unloading is applied.

After the unloading occurs, the currents value becomes lower with a few
amperes for the first two control methods, but they decrease three times for the last
proposed V/f with stabilizing loops control method. While the first V/f with stabilizing
loops control strategy shows a slight difference of less than six electrical degrees
between the reference and real rotor position, the next two methods show
approximately four or five times bigger values.
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6.4. Conclusion

This chapter aims to find a sensorless control method for an IPMSM, which
can provide the imposed requirements: fast speed and torque response, without the
utilization of the standard current and speed regulators, without coordinate
transformations and with less computation effort. Therefore, three different control
strategies were investigated and their results were analyzed and discussed.

We have to admit that the analyzed V/f control methods still use PI
controllers, with the statement that their presence affects only the variables
correction, so their output is not the variable itself.

The speed (1500 rpm) and torque (2 Nm) requirements were the same for
each control strategy. During each of the proposed V/f control strategies, the
machine accelerates rather fast, in about 160 — 170 ms, though some oscillations
are visible along the transients. Both actual speed and torque waveforms follow
closely the reference ones. When the machine unloading occurs, lower current
values are registered.
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Chapter 7

Experimental Platforms

This chapter presents an extended description of the laboratory setups used
for experiments shown in previous chapters.

One of the two platforms was realized in the Dspace Lab, Institute of Energy
Technology, Aalborg, Denmark. The other one was realized in the PEMC Lab, Faculty
of Electrical Engineering, Timisoara, Romania.

Their intended purpose was to prove and gain novel information about the
sensorless vector control and of the proposed V/f with correction loops control of the
interior permanent magnet synchronous machine.

During this chapter both platforms will be presented.

Each experimental setup mainly consists of the test machine and the load
drive. Besides them, there are also the measuring circuits (of the phase currents, of
the dc voltage link and of the machine speed and rotor position) and the control
system software.

This chapter discusses the experimental setups as well as the
implementation of various experimental tests, which were performed in order to
validate the proposed sensorless control schemes under various conditions.

7.1. The First Experimental Setup

First of all the experimental setup realized in the Dspace Lab, Institute of
Energy Technology, Aalborg, Denmark will be presented. Making use of it, the
results for sensorless vector control — active flux based have been achieved in the
first place, followed by the validation of the proposed V/f with correction loops
control.

A short presentation of this experimental setup (Fig. 7.1.) follows. As it can
be seen a three-phase 2.2 KW IPMSM is directly coupled to the load machine, the
latter being also an interior PM synchronous motor, with similar specifications, as
those of the motor.
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Fig. 7.1. Aalborg laboratory experimental setup.

A three-phase IGBT inverter, supplied at a dc-link voltage of 540V was used
to feed the IPMSM. The sampling frequency and PWM frequency were set to 5 kHz.
Phase currents were measured using magnetic current transducers. The actual rotor
position and speed were provided by an incremental encoder with 2048 pulses per
revolution, only for comparison.

It can be said that the whole experimental setup is divided in few
subsystems:

*  The test machine

* A three phase inverter

*  The load control system

*  Current sensors

* dc voltage link measurement

*  rotor speed measurements

* encoder for rotor position measurement
*  The dSpace 1103 platform
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Fig. 7.2. Control software in Matlab/Simulink: encoder, current acquisitions, current protection,
V/f control block,

The measure and protection are the main parts of the developed software
(Figure 7.2.) and can be divided into three main parts: signal acquisition and digital
filtering of the acquired signals; encoder interface; system protections.

The A/D channels are set to acquire two phase currents (the third current is
calculated from the measured ones as seen from Fig. 7.3) and the dc — link voltage.

The acquisition process is triggered with the help of the slave — DSP timer
interrupt with the same frequency as the switching (10 kHz).

As it is shown in Fig. 7.3, the measured values are scaled, considering the
scaling factors of the sensors.

In order to prove the sensorless position estimation techniques, the IPMSM
motor has been equipped with an incremental encoder, as witness.

in the encoder interface, displayed in Fig. 7.4., the electrical rotor position of
the rotor and its speed are computed knowing the encoder resolution (number of
pulses per one revolution) and the system sampling time.

The protections block, Fig. 7.5 contains the protection for over — current and
over — speed, which must be well implemented in order to allow a proper command

of the inverter.
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7.1.1. Test machine (IPMSM)

The main component in the setup is the interior permanent magnet
synchronous motor (IPMSM), manufactured by Yaskawa (see Fig. 7.1.).

TABLE 7.1.

IPMSM SPECIFIATIONS
Rated power 2.2 kW
Rated speed 1750 rpm
Rated frequency 87.5 Hz
Rated torque 12 Nm
Rated phase to phase voltage 380 V (rms)
Rated phase current 4.1 A (rms)
Number of pole pairs (p;) 3
Stator resistance per phase (Ry) 3.30Q
d-axis inductance (Ly) 41.6 mH
g-axis inductance (Lg,) 57.1 mH
Permanent magnet flux (Apy) 0.483 Wb
Total inertia (J) 10.1x10°% kgm?
Viscous friction coefficient (B) 20x10* Nm s/rad
Windings connection star connection

BUPT



142 Chapter 7 Experimental Platforms

7.1.2. Three phase inverter

The three phase inverter used for this experimental setup is a Danfoss FC
302 type (displayed in Fig. 7.1.).

A frequency converter rectifies AC voltage from mains into DC voltage, after
which this DC voltage is converted into an AC current with a variable amplitude and
frequency.

The motor is thus supplied with variable voltage and frequency, which
enables variable speed control.

7.2. The Second Experimental Setup

This experimental setup was realized in the PEMC Lab, in Faculty of Electrical
Engineering, “Politehnica” University of Timisoara and it is presented in Fig. 7.6. a,b.

As it can be seen in Fig. 7.6.b, the three phase 2 kW IPMSM is coupled via a
transmission belt with a three phase 5.5kW induction machine (IM), which is DTC
sensorless driven by an ABB ACS600 bidirectional converter. The IMPSM is feed
from a three — phase MOSFET inverter, which is supplied at a 48 V dc - link voltage.

The setup main component is the interior PM synchronous motor prototype,
manufactured at Electromotor SA Timisoara, which has the specifications given in
Table 7.2.

BUPT



7.2. The Second Experimental Setup 143
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Fig. 7.6. Experimental setup: a) the acquisition platform; b) IPMSM-laboratory prototype and
the loading IM Drive

TABLE 7.2.

IPMSM SPECIFICATIONS

Rated power 2 kW

Rated speed 6000 rpm
Rated frequency 400 Hz

Rated torque 2 Nm

Rated phase to phase voltage 31V (rms)
Rated phase current 40 A (rms)
Number of pole pairs (p1) 4

Stator resistance per phase (R,) 0.138 Q

d-axis inductance (L) 1.14 mH

g-axis inductance (Lg,) 1.286 mH
Permanent magnet flux (Apy) 0.02 Wb

Total inertia (J) 40x10°° kg*m?
Viscous friction coefficient (B) 1x10°® Nm s/rad
Windings connection Star connection

During both experimental platforms, we used dSpace DS1103 platform,
especially designed for the control of electric drives. It features high computational
capability and 1/0 periphery, built for real-time control system. It is fully
programmable from Simulink block diagram environment, so it represent a quick
and easy way to implement control functions and reduces the implementation time
to minimum.
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Fig. 7.7. DSpace Control Desk environment
The Control Desk experimenting software allows real-time management of the
running process by providing a virtual control panel with instruments and scopes.
After the soft is ready and it has no errors, it can be compiled using the
command ,build” and afterwards the soft is loaded in the Dspace Control Desk
interface (Fig. 7.7.). After this step, the interface contains all system parameters
and allows their visualization, acquisition and changing.

7.3. Conclusion

The experimental test platform used during the tests of state observers and
sensorless controls of an interior permanent magnet synchronous machine system
was presented in this chapter.

All the hardware components of the system were presented, discussed and
analyzed. The software used for acquisition, inverter protection were also explained.

The way the software developed in Matlab Simulink and the interface Control
Desk Developer from the dSpace platform interact was presented.
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Chapter 8
Conclusion and Contributions

8.1. Conclusion

Nowadays, one main concern in electric drives is to reduce the drive cost as
much as possible, thus, there is a constant need for position sensor elimination,
which means that a sensorless control is needed.

Motion-sensorless FOC and DTFC have spread in a spectacular way to all
servo-drives, but high dynamics response in general AC drives is still a problem
we have to deal with.

Consequently, the present thesis proposes a novel sensorless contro
strategy for general ac drives that can be successfully implemented for all ac
motors, but interior permanent magnet motor was used as a case study, considering
its well known advantages.

Further on, the sensorless control method is described and the main
conclusions are summarized.

The proposed sensorless control method uses the open loop V/f control, to
which correction loops were added. The added stabilizing loops were used to correct
the voltage vector amplitude and phase.

This control method is based on the active flux concept and it also uses the
maximum torque per ampere condition.

The main claims for this control method are:

< fast speed and torque response without using the well known

speed or current PI controllers,

% no coordinate transformation,

< reduced computation time,

< the capability of self — starting
< maximum efficiency for a wide speed range.
Note: We have to admit that the proposed control method uses PI regulators to
correct the voltage amplitude and phase, but they influence only the variable
corrections, not the variable itself.
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The active flux concept was previously described in Chapter 3, as the torque-
producing flux, which renders all salient-pole traveling-field (induction and
synchronous) machines into nonsalient-pole machines. The estimation of rotor
position and speed based on the active-flux observer proved to be simpler than the
existing solutions.

First of all, for a better comparison, sensorless vector control, based on the
active flux observer and considering the MTPA condition, has been developed and
both simulation and experimental tests have been performed. In order to know the
control capabilities, tests were conducted in a speed range down to 5 rpm and up to
1500 rpm both low and high speeds and for different load torque values.

8.2. Original contributions

The main contributions in the thesis, from the author point of view, are
summarized below:
% Four novel V/f control methods with stabilizing loops have been
designed, implemented and tested;
< One of the four methods has been tested through both simulations and
experiments. The first of its stabilizing loops was used to correct the voltage
amplitude and it is based on the active flux error, while the other one was
used to correct the voltage phase and it is based on speed error. The control
method was tested in a large speed range, from 5 rpm (0,25 Hz), up to
1400 rpm (70 Hz), at 50% rated torque.

*  The related results proved to be similar to the ones obtained with
sensorless vector control;

*  Fast speed and torque response was achieved;

* Even more, V/f control with correction loops, for low speed (5
rpm) - steady state operation, at no load - seems to follow the
target with less oscillations than with sensorless vector control.

< The second proposed control method uses the magnetic energy balance
to correct the voltage amplitude and the torque error to correct the voltage
phase, while the third method uses the reactive power error to correct the
voltage amplitude and again the torque error is used to correct the voltage
phase. These two V/f control methods use both the active flux concept and
the maximum torque per ampere condition to prescribe the d axis current.
The last V/f control method uses only the maximum torque per ampere
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condition to prescribe the stator current phase. The angle between the
stator current vector and stator voltage vector is prescribed and estimated
and its error is used to correct the voltage amplitude. To eliminate the
speed oscillations a high pass filter is applied on the active power.
= All the last three V/f control methods were implemented and tested
through Matlab / Simulink digital simulations and all of them proved
fast dynamic speed and torque response, though only the last
method manages to make the d current negative.

®
o

To prove once more the effectiveness of the correction loops, both
simulations and experiments were conducted under standard V/f control,
which proved to be characterized by slow dynamics, higher currents, the
speed and torque oscillate around their target, while the encoder position is
completely different to the reference one.

8.3. Future work

e Improvements are still needed for V/f with stabilizing loops control,
e.g. full load step, has yet to be tested.

e The motor capability of functioning above base speed has yet to be
verified.

e The system stability has to be analyzed.

e The operation above base speed has to be investigated.

e Experimental tests have to be achieved for the three proposed V/f
solutions.
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Summary in Romanian

Sumar

Teza de fata are ca principal scop analiza performantelor controlului V/f cu
bucle de corectii pentru actionari cu masini sincrone cu magneti permanenti
interiori. Lucrarea prezinta si investigheaza atat prin simulari digitale cat si
experimental cateva solutii noi de control V/f cu corectii pentru amplitudinea si
respectiv faza vectorului tensiunii.

Acest control se doreste a fi o alternativa buna, cu performante comparative
cu cele ale controlului vectorial fara senzor de pozitie, cu raspuns rapid in cuplu si
viteza, dar fara utilizarea regulatoarelor de viteza si curent, fara transformari de
coordonate si cu efort de calcul mai redus. Mai mult, aceasta strategie de control,
rezolva pornirea masinii sincrone cu magneti permanenti, nefiind astfel necesara
dezvoltarea unei strategii distincte pentru determinarea pozitiei initiale a rotorului.

Metoda de control propusa initial utilizeaza conceptul de flux activ pentru
estimarea vitezei si pozitiei rotorului. In plus, schema cuprinde conditia de cuplu
maxim pe curent in regiunea de cuplu constant. Utilizarea strategiei de control
propusa a dus la obtinerea unui raspuns dinamic, rapid in viteza si cuplu, fara
eroare de regim stationar, metoda ce poate fi aplicata cu succes pentru toate
masinile de curent alternativ.

Simularile corespunzatoare controlului propus au fost realizate cu ajutorul
pachetului soft Matlab/Simulink, in timp ce sistemul dSpace a fost utilizat pentru
achizitia rezultatelor experimentale.

Au fost investigate in prima instanta raspunsul si performantele masinii,
controlata vectorial, cu si fara senzor de pozitie. Testele au fost realizate atat cu
masina la functionarea in gol cat si la incarcare, in unele cazuri pana la cuplu
nominal. Comparatiile intre controlul vectorial fara senzor de pozitie si controlul V/f
corectat au fost realizate in vederea validarii performantelor acestuia din urma, atat
la functionarea in gol, cat si in sarcina.

Pentru a demonstra eficienta corectiilor pentru amplitudinea si faza tensiunii,
adaugate controlului V/f standard, acesta din urma a fost de asemenea implementat
si testat in bucla deschisa. Rezultatele au dovedit necesitatea si performantele
corectiilor utilizate. Daca in cazul controlului V/f in bucla deschisa, masina este
caracterizata de instabilitate in functionare, iar viteza oscileaza in jurul tintei, in
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cazul controlului V/f cu corectii, oscilatiile sunt eliminate, iar masina poate fi
incarcata pana la cuplu nominal.

Au fost dezvoltate patru strategii diferite de control V/f cu corectii, dintre
care doua au dovedit rezultate bune, comparative cu cele obtinute cu control
vectorial.

Organizarea tezei

Lucrarea se intinde de-a lungul a opt capitole dupa cum urmeaza:

Primul capitol trateaza masinile de curent alternativ in general, in special pe
cele sincrone cu magneti permanenti si metodele de control aferente acestora.

Capitolul al doilea propune controlul vectorial cu utilizarea encoderului
pentru feedback-ul pozitiei rotorului. Raspunsul masinii in viteza si cuplu este
analizat atat la mersul in gol cat si la incarcare.

In capitolul al treilea se prezinta conceptul de flux activ si este descrisa
conditia de cuplu maxim pe curent. De asemenea este evidentiata aplicarea acestor
conditii pentru diminuarea pierderilor si eficientizarea raspunsului in viteza si cuplu,
atat in rezultate de simulare, cat si experimental, pentru diferite conditii de
functionare ale masinii sincrone cu magneti permanenti interiori.

Capitolul al patrulea descrie in prima parte controlul V/f standard, cu
prezentarea si interpretarea rezultatelor obtinute atat in simulari cat si
experimental. In cea de-a doua parte a capitolului se descriu buclele de corectie
care se adauga controlului V/f standard.

Prima corectie se refera la amplitudinea vectorului de tensiune, corectie
obtinuta prin intermediul unui regulator de tip proportional-integrator, care are ca
intrare eroarea amplitudinii fluxului activ. Se prescrie curentul iy din conditia de
cuplu maxim pe curent, cu ajutorul caruia se calculeaza apoi fluxul activ. Pornind de
la integrala tensiunii, se estimeaza fluxul statoric din care se extrage termenul L
obtinand astfel componentele estimate, dupa axele a si B, ale fluxului activ. Din
componentele fluxului se obtine amplitudinea acestuia, ca valoare estimata.
Diferenta dintre marimea prescrisa si cea estimata reprezinta intrarea regulatorului
de corectie a amplitudinii vectorului tensiunii.

Cea de-a doua corectie, a fazei unghiului vectorului de tensiune, se bazeaza
pe eroarea dintre viteza de referinta si viteza estimata (viteza fluxului activ), eroare
considerata ca fiind intrarea celui de-al doilea regulator de tip proportional-
integrator.
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In acest capitol sunt prezentate rezultate de simulare corespunzatoare, in
timp ce rezultate experimentale sunt discutate in al cincilea capitol. Tot in cadrul
celui de-al cincilea capitol este realizata compararea rezultatelor obtinute pe de-o
parte cu metoda vectoriala fara senzor de pozitie, cu rezultatele obtinute cu metoda
de control propusa. Discutiile comparative intre rezultatele obtinute prin cele doua
metode de control fara senzor de pozitie sunt realizate atat la viteze mari, apropiate
de viteza nominala a masinii, cat si la viteze mici (0.25 Hz) ale masinii.

Capitolul al saselea descrie trei metode diferite de control V/f cu bucle de
corectii. Rezultatul simularilor efectuate arata faptul ca dintre cele trei metode, doar
una singua realizeaza curentul iy negativ, motiv pentru care este propusa
implementarea experimentala a acesteia. Toate cele trei metode de control V/f cu
corectii utilizeaza conditia de cuplu maxim pe curent, in timp ce doar doua dintre
acestea se bazeaza pe conceptul de flux activ.

In capitolul al saptelea se descriu platformele experimentale utilizate. Una
dintre cele doua platforme a fost realizata la Univ. din Aalborg, Danemarca, standul
al doilea apartinand Laboratorului PEMC, din cadrul Departamentului de Inginerie
Electrica, Timisoara.

Capitolului opt este rezervat pentru concluziile finale si contributiile tezei.

Contributiile tezei

Utilizarea senzorului de pozitie in actionari electrice inseamna un avantaj in
ceea ce priveste pornirea si raspunsul in cuplu si viteza, deoarece encoderul
furnizeaza exact viteza si pozitia rotorului, insa dezavantajele introduse de acesta se
refera la fiabilitatea scazuta, cost ridicat al actionarii, precum si volumul mai mare al
intregului ansamblu.

Pentru a cunoaste performantele actionarii studiate a fost implementat
initial, controlul vectorial cu si fara senzor de pozitie.

In continuare, a fost dezvoltat controlul de tip V/f cu bucle de corectii pentru
amplitudinea si respectiv faza tensiunii.

Principalele obiective ale metodei de control propuse sunt in primul rand
raspunsul rapid in cuplu si viteza, fara utilizarea regulatoarelor conventionale de
viteza si curent, fara transformari de coordinate si cu efort de calcul redus; se
remarca de asemenea capabilitatea actionarii de a porni fara utilizarea unei strategii
suplimentare, precum si eficienta ridicata pentru un domeniu larg de viteze.
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Rezultatele obtinute cu ajutorul metodei de control propuse sunt similare
celor obtinute cu control vectorial. In plus, se remarca rezultatele la viteze mici
(0,25 Hz), unde raspunsul in viteza si cuplu realizat cu metoda de control propusa
pare sa urmareasca referinta cu oscilatii mai mici decat cele obtinute cu control
vectorial fara senzor de pozitie.

Atat rezultatele de simulare cat si cele experimentale arata, asa cum este
bine cunoscut, faptul ca actionarea cu reglaj de tip V/f standard este caracterizata
de o dinamica lenta, cu valori mari ale curentilor. De asemenea, raspunsul in viteza
si cuplu este oscilant, intregul sistem fiind astfel caracterizat de instabilitate in
functionare. Se evidentiaza astfel necesitatea si eficienta utilizarii buclelor de
corectii.

Au fost astfel implementate si testate prin intermediul simularilor digitale
alte trei metode distincte de control V/f cu corectii pentru amplitudinea si faza
unghiului vectorului de tensiune, doar una dintre acestea dovedind performante
dinamice ridicate, cu rezultate experimentale promitatoare.
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APPENDIX

The Space Vector Modulation (SVM) program (S-function implemented) used
in experiments and which was created by Lect. Dr. Cristian LASCU
/*****************************************************************\
* Space Vector Modulation S-Function Template
* Proiect: PMSM Sensorless DTC drive
* Autor: Cristian Lascu, 2004
* Continut: Space Vector Modulation S-Function template for Simulink
* Input: Us.alfa, Us.beta, Vdc
* Qutput: Da, Db, Dc

\****************************************************************/

#define S_FUNCTION_NAME svmtmpl
#define S_FUNCTION_LEVEL 2

#include "simstruc.h"
#include "svm.c"

static void mdlInitializeSizes(SimStruct *S)
{
ssSetNumSFcnParams(S, 1); /* Number of expected parameters */
if (ssGetNumSFcnParams(S) != ssGetSFcnParamsCount(S)) {
/* Return if number of expected != number of actual parameters */
return;

b

ssSetNumContStates(S, 0);
ssSetNumbDiscStates(S, 0);

if (IssSetNumInputPorts(S, 2)) return;
ssSetlnputPortwWidth(S, 0, 3);
ssSetlnputPortDirectFeedThrough(S, 0, 1);
ssSetlnputPortWidth(s, 1, 3);
ssSetlnputPortDirectFeedThrough(s, 1, 1);

if (IssSetNumOutputPorts(S, 2)) return;
ssSetOutputPortWidth(S, 0, 3);
ssSetOutputPortWidth(S, 1, 2);

ssSetNumSampleTimes(S, 1);

/* Take care when specifying exception free code - see sfuntmpl.doc */
ssSetOptions(S, SS_OPTION_EXCEPTION_FREE_CODE);

//  ssSetOptions(S, 0);

b
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static void mdlInitializeSampleTimes(SimStruct *S)

{

// ssSetSampleTime(S, 0, CONTINUOUS_SAMPLE_TIME);
ssSetSampleTime(S, 0, INHERITED_SAMPLE_TIME);
ssSetOffsetTime(S, 0, 0.0);

>

static void mdlOutputs(SimStruct *S, int_T tid)

{
InputRealPtrsType uPtr = ssGetlnputPortRealSignalPtrs(S,0);
InputRealPtrsType iPtr = ssGetlnputPortRealSignalPtrs(S,1);

real_T *d = ssGetOutputPortRealSignal(S,0);
real_T *y = ssGetOutputPortRealSignal(S,1);
real_T *Kk = mxGetPr(ssGetSFcnParam(S,0));

real_T u[3],i[3];
u[0]=*uPtr[0];
u[1]=*uPtr[1];
u[2]=*uPtr[2];
i[0]=*iPtr[0];
i[1]=*iPtr[1];
i[2]=*iPtr[2];
SVM(u,i,d,y,K);

b

static void mdITerminate(SimStruct *S)

{

b

#ifdef MATLAB_MEX_FILE /* Is this file being compiled as a MEX-file? */
#include "simulink.c" /* MEX-file interface mechanism */

#else

#include "cg_sfun.h" /* Code generation registration function */

#endif

“ svm.c file”

* Space Vector Modulation *

* Proiect: PMSM Sensorless DTC drive * Autor: Cristian
Lascu, 2004 * *
* Continut: Space Vector Modulation * Input: Us.alfa,
Us.beta, Vdc *

* Qutput: Da, Db, Dc

#include <math.h>
#include "vector.h"
#define R3 1.732051
#define Dmax 0.98
#define Dmin 0.02
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// Space Vector Modulation

void SVM(real_T *u, real_T *i, real_T *d, real_T *y, real_T *k)
{

struct Vector{float alfa,beta;} Us;

float K=(*k)*tdead/h;

float Umax=R3/u[0];

float Da,Db,Dc;

float T1,T2;

int sector;

Us.alfa = R3*Umax*u[1]; //normalizare - Holtz
Us.beta = Umax*u[2];

// Sectorul tensiunii si timpii de modulare
if (Us.beta>0)
if (Us.alfa>Us.beta)
{
sector=0;
T1=0.5*%(Us.alfa-Us.beta);
T2=Us.beta;
b
else if (-Us.alfa<Us.beta)
{
sector=1;
T1=0.5*(Us.alfa+Us.beta);
T2=0.5*(Us.beta-Us.alfa);

else

sector=2;
T1=Us.beta;
T2=-0.5*(Us.alfa+Us.beta);

else if (Us.alfa<Us.beta)

{
sector=3;
T1=0.5*(Us.beta-Us.alfa);
T2=-Us.beta;

else if (-Us.alfa>Us.beta)

{
sector=4;
T1=-0.5*(Us.alfa+Us.beta);
T2=0.5*(Us.alfa-Us.beta);
else

sector=5;
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T1=-Us.beta;
T2=0.5*(Us.alfa+Us.beta);

b

// Supramodularea Holtz
if (T1>1.0) T1=1.0,T2=0.0; //bang-bang
else if (T2>1.0) T2=1.0,T1=0.0; //bang-bang
else if (T1+72>1.0) if (T1>T2) T2=1.0-T1; else T1=1.0-T2;//0VM

// Factorii de umplere - SVM

switch (sector) {

case 0: Da=0.5*(1.0+T1+T2);
Db=0.5%(1.0-T14+T2);
Dc=0.5%(1.0-T1-T2);
break;

case 1: Da=0.5*(1.0+T1-T2);
Db=0.5*%(1.0+T1+T2);
Dc=0.5%(1.0-T1-T2);
break;

case 2: Da=0.5*(1.0-T1-T2);
Db=0.5*%(1.0+T1+T2);
Dc=0.5%(1.0-T1+T2);
break;

case 3: Da=0.5*(1.0-T1-T2);
Db=0.5%(1.0+T1-T2);
Dc=0.5%(1.0+T1+T2);
break;

case 4: Da=0.5*(1.0-T1+T2);
Db=0.5*%(1.0-T1-T2);
Dc=0.5%(1.04+T1+T2);
break;

case 5: Da=0.5*(1.0+T1+T2);
Db=0.5*(1.0-T1-T2);
Dc=0.5%(1.04T1-T2);
break;

default:
Da=0.0;Db=0.0;Dc=0.0;

¥

// Stator voltage
y[0] = u[0]*(2.0*Da-Db-Dc)/3.0;
y[1] = u[0]*(Db-Dc)/R3;

// Dead-time compensation
Da = Da + K*sat(i[0],zone);
Db = Db + K*sat(i[1],zone);
Dc = Dc + K*sat(i[2],zone);

// Pulse drop

if (Da>Dmax) Da=1.0; else if (Da<Dmin) Da=0.0;
if (Db>Dmax) Db=1.0; else if (Db<Dmin) Db=0.0;
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if (Dc>Dmax) Dc=1.0; else if (Dc<Dmin) Dc=0.0;

// Duty cycles

d[0] = Da;
d[1] = Db;
d[2] = Dgc;

“vector.h” file

* Proiect: PMSM Sensorless DTC drive
* Autor: Cristian Lascu, 2004
Variables and Constant Definitions

#ifndef VECTOR
#define VECTOR

// Sampling time
const float h=0.0001; // [s]

// SVM parameters
const float tdead = 2e-6; // dead time [s]
const float zone = 1.0; // linear zone [A]

// Constante matematice
const float pi=3.1415926;

// Saturation function
float sat(real_T x, real_T z)
{
if (x>z) return 1.0;
else if (x<-z) return -1.0;
else return x/z;

b

#endif

* Continut: Global
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