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Abstract

Electric motors can experience voltage stress over the motor terminals due to the short
rise time of the voltage pulse at the inverter output and the impedance mismatch be-
tween the lead cables and the motor. This overvoltage degrades the motor insulation,
thus reducing the motor lifespan. The problems can be avoided by using a sinusoidal
LC filter in the inverter output, limiting the overvoltage and dampening high-order
harmonics. However, the existing control methods for LC-filtered synchronous motors
are infeasible for plug-and-play drives, in which the motor data or user input are
not required. This is because the methods either contain several cascaded control
loops, require cumbersome parameter tuning, are sensitive to parameter errors, or
the range of operating speeds is limited. Nevertheless, recently developed observer-
based volts-per-hertz control shows advantages through relatively low sensitivity to
parameter errors, simplicity and generality of the control algorithm, and reliance on
common control gains for all synchronous motor types. These attributes indicate
that the observer-based volts-per-hertz control can be used for medium-performance
drives ensuring robust and stable operation at a wide range of speeds. This thesis
develops observer-based volts-per-hertz control for synchronous motor drives with
an LC filter. The two designed methods are based on two different observer types
(reduced-order and full-order) with two state feedback control laws. The methods
are further linearized by means of small-signal linearization, the control strategies
are simulated in Simulink, and experimental measurements validate the simulations.
The measurement results show a satisfactory performance of the permanent magnet
synchronous motor with both methods. However, the control performance of the
synchronous reluctance motor is poor when the full-order observer is used. The thesis
subsequently provides several suggestions for future work improvements.

Keywords LC filter, observer, sensorless, state feedback, synchronous motor, V/Hz
control
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1 Introduction

1.1 Background and motivation

Over the last two decades, electric drives have become increasingly popular due to the
growth in electrical energy consumption, leading to a significant rise in electric drive
applications. A recent survey by the International Energy Agency (IEA 2017) shows
that electric motor-driven systems consume more than half of the total produced
electrical energy and more than 70% of the electrical energy in the industry [1].
Hence, the system efficiency is vital in reducing total costs and carbon emissions.

Most electric motors used for general purposes and in industrial processes consist
of alternating current (AC) motors. AC motors can be divided into two types:
induction motors (IMs) and synchronous motors (SMs). The IM is the most common
motor type in the industry. In contrast, certain SM types have become the main
competitors of IMs due to their high efficiency, such as permanent magnet synchronous
motors (PMSMs), synchronous reluctance motors (SyRMs), and permanent-magnet
synchronous reluctance motors (PM-SyRMs). IMs are superior to PMSMs in terms
of their robust construction, price and simplicity of self-starting in direct connection
with the mains. Nevertheless, the absence of rotor winding in SMs offers higher
efficiency and energy savings [2], as well as a higher torque-per-ampere ratio and
power density than IMs of the same size [3]. SMs are utilized in a whole range of
power for applications, such as robot actuators, electric and hybrid vehicles, avionics,
navy as well as industrial pumps, fans and paper mills.

The speed of a motor is typically controlled using frequency converters. Frequency
converters convert supply voltage and frequency into a variable output voltage and
frequency. One essential component in frequency converters is a power transistor,
which is used as a switching device to convert DC (direct current) to AC. Most
frequency converters are still equipped with conventional silicon switches due to their
reliability and costs. Nevertheless, with the development of semiconductor technology,
wide-bandgap converters with silicon carbide (SiC) or gallium nitride (GaN) switches
outperform standard converters with silicon switches in many aspects, including
higher switching frequency ratings, lower switching losses, higher efficiency, lower
weight, improved quality of the current, and smaller carbon footprint [4]. Additionally,
higher switching frequencies improve the quality of the converter output current,
thereby reducing the noise and vibrations of the machine. On the other hand, the
fast switching action that enables higher switching frequencies also introduces high
du/dt differential-mode and common-mode voltage pulses.

The operation of the converter-fed electric motor can be impeded when using long
lead cables between the converter and the motor. Long lead cables are typically used
in industrial applications, such as air ventilation fans in the mining industry and
submersible pumps in well applications at lengths up to 3 km [5]. Long leads therefore
introduce an additional impedance to the system. When a high du/d¢ voltage pulse
travels through a long cable for a time longer than the half rise time of the pulse, the
reflected pulse combines with the incident pulse. As a result, motor terminals can
experience voltage reflection and high-frequency ringing, thus amplifying the voltage
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by 200-300% in the worst case [5]. Voltage stress strains the motor insulation, thus
degrading the insulation properties and shortening the operating life. Moreover, the
common-mode voltage pulses between the rotor shaft and the motor enclosure can
yield to bearing currents, thus reducing the lifespan of the bearings.

One potential solution for mitigating the effects of voltage reflections and high-
frequency ringing is to use an LC filter in the inverter output ("L" represents an
inductor and "C" a capacitor). LC filters can be classified based on the resonance
frequency of the filter into sinusoidal and du/dt LC filters. Although a du/d¢ filter
can effectively suppress the short rise time of the voltage pulses, it can only be used
for short cable lengths and cannot sufficiently filter the high-order harmonics. For
example, du/dt filter in [6] uses switching frequencies lower than 4 kHz and cable
lengths up to 300 m. High-order harmonics can be reduced using a sine wave LC
filter, thus supplying the load with a sinusoidal voltage with a small residual ripple.
This type of LC filter is also capable of suppressing the high du/dt of the voltage
pulses. Additionally, a proper LC filter design can increase the motor efficiency and
lifespan [7].

Various methods have been developed for controlling SMs, including vector control
and volts-per-hertz (V/Hz) control. The vector control method is based on controlling
the current space vector in an orthogonal frame that rotates synchronously with
the rotor. V/Hz control maintains the flux linkage (and hence the ratio voltage per
frequency) constant in a motor operation below and at rated speeds.

High-performance vector control can require speed or position sensors to make the
control more robust against parameter errors but also mechanically more fragile than
its sensorless modification. On the contrary, sensorless vector control is less susceptible
to electromagnetic noise, more reliable, less complex, and less expensive than its
sensored version [8]. However, the cascaded control loops and cumbersome controller
parameters tuning for vector control demands a large computational complexity.

On the contrary, scalar control does not require complicated parameter settings
and is handled by simpler control algorithms, which obviate the need for cascaded
control loops. V/Hz control also allows multiple parallel-connected motors to be
simultaneously controlled with a single converter [9]. On the other hand, fast
acceleration action can cause the machine to pull out of synchronism because of an
abrupt change in the load torque. In the case of vector control, the acceleration
is limited by the torque limits. In other words, no rate limiters are needed for the
speed reference in vector control, and the speed can be changed step-wise. V/Hz
control is therefore suitable for moderate dynamic performance applications, such as
pumps and fan drives.

Despite the advantages of V/Hz control, little work has focused on applying
V/Hz control to SMs with LC filters. Sensorless control of SMs with LC filters
becomes complicated due to the resonance frequency of the filter and the voltage
drop over the filter inductor. Additionally, the control can be problematic if only
either filter input or output current is measured due to the inaccurate estimation of
the filter parameters. Recently, two methods have been applied for sensorless control
with LC filters: vector control structures with speed estimation [10,11] and A/Hz
(amps-per-hertz) control [12,13]. Existing A/Hz control structures using an LC
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filter have only been implemented for startup procedures in specific applications, for
example, PMSM drive for downhole electric drilling [13]. In addition, these control
strategies have a limited operating range and require cumbersome parameter tuning,
thus making them unsuitable for plug-and-play industrial applications, where the
motor nameplate data or the user input are not required.

Recently, an observer-based V/Hz control method [14] has been proposed for
SMs. Such an observer-based V/Hz control achieves a completely stable and passive
system and could be utilized for any SM type. Furthermore, there is no need for a
speed controller or additional field-weakening method; full available DC bus voltage
can be utilized, and the parameter error sensitivity is reduced in comparison with
sensorless vector control [14]. Hence, one of the key features of this control method
is its plug-and-play ability. However, no work has yet attempted to integrate LC
filters into this method.

1.2 Objectives

This thesis aims to develop observer-based V/Hz control strategies by adding LC
filter dynamics to the observer-based V/Hz control method employed in [14]. The
scope of the thesis is limited to PMSMs and SyRMs. Nevertheless, the augmented
control strategies can apply to other SM types. To accomplish this task, the existing
state-of-the-art control methods are first reviewed together with the other relevant
literature. The observer-based V/Hz methods are then linearized by means of
small-signal linearization to illustrate the root loci of dominating system poles. The
linearization in the continuous-time domain is followed by developing the simulation
model with a discrete-time controller. The purpose of the simulations is to unveil
possible problems before executing the experiments. Finally, the measurements are
taken from a prototype electric drive setup to validate the developed control methods.

1.3 Thesis structure

The thesis comprises six chapters. Chapter 2 describes the system model used in this
thesis, the modeling approach, and basic theory concepts to analyze a three-phase
SM drive with an LC filter. Chapter 3 reviews control methods for SMs with the LC
filter, with an emphasis on sensorless control strategies. The chapter also develops
the observer-based V/Hz control strategies with the LC filter. Chapter 4 presents
small-signal linearized models of the developed control methods. Chapter 5 discusses
the results obtained from the small-signal linearization, simulations, and experimental
measurements. Finally, Chapter 6 concludes the thesis by discussing motor control
performance and suggesting directions for future work.
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2 System model

A basic structure of an electric drive system with an additional sinusoidal LC filter
can be found in Figure 1. The electric drive system includes the frequency converter,
the electric motor, and the mechanical load. However, the electric drive is defined as
a system for electro-mechanical energy conversion, which incorporates transferring,
processing, and generating control signals. Therefore, the electric drive consists of
the frequency converter and the motor, and in some cases, it includes a filter and
other auxiliary electrical equipment. The following sections describe the main parts

of an SM drive with an LC filter.

Electric Drive

Frequency converter
Rectifier DC bus + braking Inverter

——T— 1 |
i +| -
—()—:— T — l
1 S
\ |
3ph f—O—— | T :——-:_ I? v
: N . B : P Load
AC vol ! T
voltage \ Uupc y !'Braking ! PWM e 1!
source X 1 1 :| 1 1!
| pea— O 1 ¥
! . > c I__I 11
! Control unit o ___._ a1
\ <« e e e e e - == = 4
|

Figure 1: A structure of the electric drive system with an LC filter.

2.1 Synchronous motors

The objective of this chapter is to describe a continuous-time (CT) dynamic model
of the SM. First, SMs are classified based on their construction. Secondly, the basic
concepts of space vectors and coordinate transformations are presented to build the
SM model. Finally, the dynamic model of the SM is expressed in rotor and control
coordinates at the end of this chapter.

2.1.1 Classification and basic construction

The construction of the SM is comprised of a static part (stator) and a rotating part
(rotor) separated by an air gap. A phase winding is inserted into the slots located in
the inner periphery of the stator to create sinusoidal distribution of magnetic flux in
space.

SM variants can be classified according to different rotor structures. Depending
on the presence of an excitation winding in the rotor, SMs can be broadly divided
into excited and non-excited motors. The excited rotor of the motor requires external
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DC (direct current) supply to create magnetic flux linkage in the rotor. Non-excited
rotor of the SM relies on permanent magnet flux linkage or on the saliency of poles.

Non-salient synchronous machines have a constant mutual inductance between
the stator and the rotor along the whole rotor periphery [15]. The ratio between
stator inductance components in rotor coordinates (L, and Lq) is therefore close to
one. Conversely, the inductance components (L, and Lq) vary from each other in
salient synchronous motors.

O O—&

¢) L > Lq d) Lq < Lg

Figure 2: Cross-section selection of synchronous machine types: (a) 2-pole SPM, (b)
2-pole salient IPM, (c) 4-pole SyRM, (d) 4-pole PM-SyRM. Each phase of stator
winding is marked with different color. The orientation of the PM flux is marked
with the violet arrow. The orientation of the current marked with the ”cross” or
"dot” means that the current flows inside or outside the screen, respectively. One
end of the winding is connected to the voltage source, the other end is connected to
the other phases ends, thus creating a neutral point.

Based on the shape and location of PMs, PMSMs can be divided into surface-
mounted permanent magnet motors (SPMs - Figure 2(a)), interior permanent magnet
motors (IPMs: non-salient pole and salient pole Figure 2(b)). The rotor of the IPM
is from the mechanical design point of view similar to the SPM with the difference
of permanent magnets buried inside the rotor. Another SM type is the SyRM
(Figure 2(c)), which does not have PMs nor excitation winding. A PM-assisted
SyRM (PMSM-SyRM) is shown in the Figure 2(d).
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2.1.2 Space vectors

Real space vectors are used throughout the thesis. The vectors are denoted with
lowercase boldface letters and matrices with uppercase boldface letters. Furthermore,
it is worth defining some of the common matrices when calculating with real space
vectors, such as the identity matrix I = [} 9], the orthogonal rotation matrix
J =% '] and the zero matrix 0 = [§ 9].

A space vector describes the instantaneous magnitude and angle of the sinusoidal
distribution in the space. Space vector representation is commonly used in analysis,
modelling and control of three-phase systems.

Three-phase winding of the stator can be linked with an orthogonal axis o plane
and the three-phase stator currents can be transformed into the real space vector.
The main benefit of this transformation is to simplify the three-phase system by a
two-element space vector. The transformation of phase quantities to the space vector
is called o transformation, which is defined as

. L] 2n —17 |
s |lel 2= 2 1
t=[a] =3 4 ol 8

e

|
‘awh—\
w

where superscript s denotes the stator coordinates, the subscript s refers to the stator
quantities, subscripts a, b and ¢ mark the phases, and subscripts « and S mark the
real-valued vector components in stator coordinates. Other space vector quantities,
such as stator voltage and flux linkage, are defined in similar manner.

The stator winding is in a delta connection or in a star connection without a
neutral conductor. Therefore, the zero-sequence stator current cannot flow. Hence,
the sum of the three phase currents at each time instant is zero. Consequently,
one phase current can be expressed by the other two phases without any loss of
information.

The inverse a3 transformation is used in order to obtain phase quantities from a
magnitude and phase. It is defined as

ia r 0 .
. Toy
| = _% ? [Z ] <2)
i _1 _v3| '8
2 2

2.1.3 Direct-quadrature transformation

Direct-quadrature (dq) transformation transforms a rotating space vector in a sta-
tionary coordinate system to a stationary space vector with a rotating orthogonal
plane. Therefore, harmonically varying quantities in stator coordinates become DC
quantities in rotor coordinates. Direct-quadrature real-valued space vector is defined

as
. la|  —gw,es | cosUy  sindy | |l
L L’q] =° b= [— sind, cos ﬁm] Lﬁ] (3)

where missing superscript denotes the vector in dq coordinates and v, is the electrical
angle of the rotor, equivalently interpreted as the angle of the rotating dq frame. The
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components of space vector in dq coordinates are constant in the steady-state. The
electrical angle of the rotor 9, can be obtained as

O = / Wy, dt (4)

where wy, is an angular speed of the rotating dgq frame (electromagnetic speed of
the rotor). The d-axis of the coordinate system can be aligned with the direction of
the rotor magnetic field. Examples of the orthogonal axis alignment and coordinate
transformations are shown at two pole surface-mounted PMSM in the Figure 3.

Stator coordinates (af3) Rotor coordinates (dq)

Figure 3: Coordinate transformations.

2.1.4 Dynamic model in rotor coordinates

Block diagram in Figure 5 illustrates the SM model in rotor coordinates together
with a mechanical subsystem. The stator voltage ug of the synchronous motor in
rotor coordinates is

_ |ua| . d'l/)s
w = |10] = Rt W e, )

where Ry denotes the stator resistance and ), is the stator flux linkage in rotor
coordinates. Furthermore, a magnetic model can be derived from the stator flux
linkage 1), which is expressed as

A%l . Y| _ [La O |ia (05
17/)5 - |ﬂﬂq - LSZS + O - O Lq ,l'q + O (6)
where Lg is the stator inductance matrix in rotor coordinates. The PM flux linkage
¢ is constant for PMSMs. Conversely, SyRMs do not include permanent magnets,
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neither excitation winding, which leads to a zero PM flux linkage (¢y = 0). The
parallel branch of the current source in Figure 4 can be therefore omitted for SyRM.

Based on the above-mentioned expressions, an equivalent electrical circuit is
constructed (Figure 4). The figure shows a decomposition of the voltage model (5)
in dq components, which supports a visual understanding on how the stator voltage
components depend on other quantities.

. R. wqu . R Wm¢d
AN s
U/ in
Ug dval 31,

dt

Figure 4: Equivalent electrical circuits of the SM in rotor coordinates. The PM flux
linkage is ¥ = Lqip.

An electromagnetic torque 7, of a rotating AC machine can be expressed as
3p .
T = ST, (7)

where p denotes the number of pole pairs. Mechanical dynamics of the motor are
governed by
Jm dwy,
p dt
where w,, = pwy. Mechanical angular speed is denoted as wy; and number of pole
pairs is p. Furthermore, J,, is a total moment of inertia and 7y, is a load torque. For
simplicity, the viscous damping is neglected.

= Tm — TL (8)

Model in rotor coordinates

Ry

1 | ¥s [Magnetic i

- model >

S (eq.6)

3 Torque | ™ [Mechanics| ¥m
(eq.7) (eq.8)

i

Figure 5: The SM model in rotor coordinates with a mechanical subsystem.
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2.1.5 Dynamic model in control coordinates

For the purpose of defining control coordinates system, let us use the electrical angle
of the rotor ¥, and the angle of the coordinate system 9., which are fixed with
respect to stator coordinates. The angle difference § = . — ¥, represents the angle
of the control coordinate system with respect to the d-axis of the rotor [14]. The
angle 6 can be named as a load angle, if the coordinate system were fixed to the
stator flux [14]. However, in the case of using the LC filter, the coordinate system is
fixed to the converter flux linkage ..

The control coordinates are used throughout the thesis. For simplicity, the
notation for space vectors in control coordinates remains the same as for space
vectors in rotor coordinates. The following equations in control coordinates (zy)
are obtained by coordinate transformation from the equations (5) and (6) in rotor
coordinates. Therefore, SM state equations are

d;’is = us — Rty — wJp, (9a)
dd
i We — Wiy (9b)

where w, is a synchronous speed of the rotating coordinate system, s = [ugy, Usy] "

and ¥, = [ths, sy]". Furthermore, the stator inductance Lg(d) and PM flux linkage
1p(0) in control coordinates are

—s3|La O 53 (W
_ 0J d 0J _ 8J f
Finally, stator current #5 in control coordinates can be expressed as

is = L. (0) [t — 9p(9)] (11)

Figure 6 shows vector diagrams of the PMSM and SyRM with LC filters for
two different operating conditions. Control coordinates are used, as well as rotor
coordinates to show the relation between xy and dq orthogonal axes. The motor and
filter parameters are taken from Appendix A.
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Figure 6: Vector diagrams of SMs with LC filters: (a) PMSM (w. =1 p.u., 7, = 0),
(b) SyRM (w. =1 p.u., 7, =0), (¢) PMSM (w, = 0.5 p.u., 7, = 1 p.u.), (d) SyRM
(we =0.5 p.u, 7, = 1 pw).
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2.2 Inverter and Pulse Width Modulation
2.2.1 Basic structure of the VSI

The electrical energy is converted by the frequency converter stepwise: A rectifier
converts an input AC voltage to a DC voltage and an inverter converts the DC
voltage to a variable output voltage and frequency (Figure 1). The most common
type of the inverter used in the electric drives is a voltage source inverter (VSI). The
VSI is a power electronic device which is supplied by a stiff DC bus voltage. The
constant voltage is realized by using a capacitor bank in the DC bus. The output
current of the VSI depends on the impedance of the load.

Figure 7 shows a basic structure of a three-phase VSI. The VSI consists of
three legs, which are divided into upper and lower branches. Each branch includes a
power switch and a freewheeling diode in anti-parallel connection. Depending on the
application, IGBTs or MOSFETs are used as power switches. The purpose of the
freewheeling diode is to provide a current path when the switch is turned off and
when the current needs to flow in the opposite direction.

Only one transistor in each leg is turned on and the other one is turned off.
Simultaneous "ON” action causes a short circuit of the DC bus, which can damage
the inverter. Real switches have non-zero turn on and turn off times. A dead-time is
therefore implemented to prevent a short circuit caused by transient states of the
real switch.

The output line voltages of the VSI contain bidirectional voltage pulses with the
same magnitude but variable pulse widths. The connected AC motor then utilizes the
fundamental harmonic of the incoming voltage signal to create a rotating magnetic
field. The rest of the n'-order harmonics are undesirable for the motor, causing
noise, heat, and overvoltages on the motor terminals.

Leg a Leg b Leg ¢

4+ ©

- - -
Upc

—| —| —|

\ A
— ©
ad b Co

Figure 7: A basic concept of a three-phase two-level VSI circuit.
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2.2.2 Switching state space vectors

Similarly as ¢; in Section 2.1.2, converter output voltage vector uf in stator coordinates
is defined as

91 -1 _17 |UYN 2 1 -1 _17]|%
U, = 3 [0 i?? _\%1 UpN | = gUDC [0 iy? _fg] db (12)
2 2 UeN 2 2 Qe
——
9abc

where subscript N refers to negative DC bus reference. Alternatively, neutral point
of star-connected stator winding can be chosen. Furthermore, upc refers to DC bus
voltage and switching state vector is denoted as g,;,.. An averaged inverter output
voltage over the switching period can be then expressed by substituting g, in (12)
for duty ratios vector da.,., whose values vary between 0...1.

Switching space vector elements ¢,, g, and g. can be either logical ”1” or 70"
Logical 717 is used to turn on the upper transistor in the inverter leg and logical ”0”
turns on the lower transistor of the given leg. Therefore, eight possible combinations
exist, which can be substituted to (12).

Based on the switching state combination logic, eight switching state vectors in
the complex plane can be found for the three-phase two-level VSI: six active and two
zero switching state vectors (Figure 8). The voltage vector has a zero magnitude
when all upper or all lower switches are closed. Zero state vectors are used when
designing pulse width modulated (PWM) control strategies [16].

g
[0,1,0] [1,1,0]
7 1 \\
/3 UDC
| | a
[0,0,1]\{ 0,0] i/ 11,0,0]
[1,1\] /
[0,1,1] [1,0,1]

Figure 8: Voltage hexagon of two-level three-phase VSI in stator coordinates.
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2.2.3 Pulse width modulator

The transistors in the VSI are controlled by voltage pulses obtained from a pulse
width modulator, which is a part of the control unit (Figure 1). Figure 9 shows
a model of the pulse width modulator. A modulating signal (voltage reference) is
compared with the high-frequency (HF) carrier from the counter of a digital signal
processor to obtain PWM output signals. A comparator output provides logical ”1”
if the modulating signal is higher than the carrier, otherwise the output is logical ”0”.

Modulating signal

7

+ PWM output

A

AAAANA -
VVVY Comparator

Carrier

Figure 9: A basic model of the pulse width modulator.

A basic sinusoidal PWM utilizes roughly 87% of the maximum available voltage,
which is %uDC. This area in Figure 8 is limited with the dashed circle which
represents the boundary of the linear modulation. Conversely, a space vector PWM
is typically used in industrial drives to utilize full available voltage (3upc) and hence
the whole hexagon area. The modulation signal is not pure sinusoidal, but it follows
a pattern similar to Figure 10.

A single-update space vector PWM is depicted in Figure 10. Duty ratios d,, dy,
and d. are updated once per the sampling period at the instant when the counter
reaches the maximum. Therefore, the switching frequency is equal to the sampling
frequency. The information about the phase currents are similarly taken at the same
instant. Because of the synchronous sampling, no switching ripple is present in the
phase currents measurements. An isosceles triangular carrier places the PWM pulses
symmetrically between two consecutive PWM updates in the case of the single-update
PWM. The advantage of using the isosceles triangular carrier in comparison with
a saw-tooth carrier consists in eliminating even carrier harmonics as well as even
side-band harmonics [17].
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Figure 10: A carrier comparison with the single-update PWM. The sampling period
T; is equal to the switching period T,

2.2.4 DT control system and DT delays

Figure 11 shows a basic structure of a digital control system. A DT controller
receives input signals, processes the received data and sends output control signal
to the inverter. The input signals can be references given by a user or plant model
output feedback, which are predominantly continuous in nature. Therefore, the
signals need to be sampled (typically voltage) and converted to a digital number via
analog-to-digital converter (ADC).

The role of the inverter model is to convert digital signal to analog signal, which
is sent to the plant model (SM with LC filter). The conversion from a digital number
back to the analog voltage is performed by a digital-to-analog converter (DAC) and
zero-order-hold (ZOH). ZOH keeps the same voltage during the whole 7.
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Figure 11: A simplified block diagram of a digital control system.

DT delays are always present when digital signal processors are used. The
delay is caused by a controller computational time delay (% block in Figure 11)
and PWM delay [15]. The controller delay originates from the sampling circuitry,
because the processor cannot manipulate with immediate sampled information, but
only with previously sampled information. The PWM delay of 0.57; is obtained by
reconstruction of the DT signal from the ZOH into the CT signal [18]. The minimal
total time delay in the single-update PWM is therefore 1.57 [19]. Figure 12 visually
demonstrates aforementioned digital delays.

1 T T T T
CT input
DT input (sampled)|

CT input (delayed)

0
-0.5}
_1 | | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (s)
0.6 T T T T T
CT input
0.4+ DT input (sampled) _
CT input (delayed)

0.2

0 0.1 0.2 0.3 0.4 0.5 0.6

Figure 12: DT delays: the CT input signal (red line) is delayed by 1.57; (blue line)
because of DT delays.
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2.3 LC filter

Sine-wave LC filters are used throughout the thesis, therefore the terminology "LC
filter” is strictly related to this type of the filter. Figure 13 shows a circuit diagram
of an LC filter. The LC filter consists of passive components, such as inductors,
capacitors and resistors. The role of clamping resistors (connected in parallel with
capacitors) is to reduce the du/dt without using the du/dt filter.

The resonance frequency of the sine-wave LC filter is below the switching frequency
to supply the motor with nearly sinusoidal voltage. The filtered line-to-line voltages
are shown in Figure 14 for the selected PMSM and SyRM at nominal speed. The
resonance frequency of the filter f, is defined as

1 1
e (13

where L; is a filter inductance and C is a filter capacitance.

Converter Motor
L Ry
Ul o A VA o U2
Lf Rf
V1 o ~r VWA ° V2
L Ry
W1 o ~ VAA—¢ o W2

Al

& %T
PE 1 lPE

Figure 13: Circuit diagram of selected LC filters.

A frequency response for selected LC filters is illustrated in Figure 15 to examine
the behaviour of an LC-filter over a wide range of frequencies. Hence, an open-circuit
voltage transfer function of LC filter is expressed as

us($) 1

G(S> - ’U,C(S) - $2LiCy + sReCy + 1 <14>

where u, is converter voltage space vector.
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Figure 14: Measurement of the filtered line-to-line voltage (urr,).

It is worth noticing that the filter resistance Ry does not influence the output volt-
age magnitude neither phase, only in the resonance frequency point. The resistance
R can be therefore neglected for simplicity by assuming the worst-case scenario
in the control model. However, it is later shown that this simplification cannot be
performed in the measurements.

10° ————
——— 2.2 kW PMSM (with Rf)| |
6.7 KW SyRM (with Rf)
b 2.2 kW PMSM (Rf = 0)
§ —6.7kW SyRM (Rf = 0)
c
o
©
=
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(0]
)
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©
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O 135+ .
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Frequency (kHz)

Figure 15: Frequency response of G(s) for LC filters in Appendix A.
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LC filter dynamic model

LC filter dynamic model consists of the states for stator voltage dynamics us and
converter current ¢, dynamics

dz.

L¢ = U — Ug — We LIt (15a)
duy, . .,
Ct ;:; = 1. — 15 — w.CrJusg (15b)

Considering filter dynamics in SM drives, converter flux linkage 1), can be defined
as

wc = Lfic + ’(ps (16)

Therefore, existing state equation for stator flux dynamics of the SM model (9) can
be replaced by the state equation for converter flux linkage dynamics

dp,
dt

Ue — Rydy — wJp, (17)
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3 Control model

This chapter is organized as follows. Section 3.1 introduces the recent develop-
ment state in controlling SMs. Proposed observer-based V/Hz control methods are
described in 3.2.

3.1 State-of-the-art of sensorless SM control
3.1.1 Sensorless vector control

Although sensorless vector control is not developed in this thesis, the control has
been researched in the context of the observers because the observers can also be
adapted to the V/Hz control. The following section provides background information
about different sensorless vector control methods to show the observer benefits and
vector control shortages in relation to medium-performance plug-and-play drives.

Rotor-position estimation

Sensorless vector control is based on the estimation of the rotor position. Rotor-
position estimation methods can be divided into two groups [20]: fundamental-
excitation-based and high-frequency signal injection methods. The excitation-based
method is based on the back-electromotive force (EMF) technique, which originates
from the voltage model of the SM (5). The operation at low speeds is unstable with
the fundamental excitation-based methods [21] because of low back-EMF and mea-~
surement noises. Consequently, the excitation-based methods are further augmented
with an HF signal-injection loop to provide a stable operation at low speeds [22].
However, the HF signal injection causes additional losses and noise, as well as poor
dynamic performance [20].

Subsequently, a sensorless control strategy for PMSM with LC filter was introduced
based on rotor position and velocity estimation [10]. Stator currents and voltages
are measured to estimate the states. A low-pass filter was used in addition to the
line filter to eliminate HF harmonics from the stator voltage measurement. The
experimental results in [10] indicate that the drive is robust against load disturbances
and uncertain motor parameters. Although the rotor angle estimation is accurate,
the magnitude of the average error can increase proportionally to the rotor speed
because of the low-pass filter delay. Additionally, the operation at low speeds is not
recommended due to occasional velocity polarity errors. The absence of the speed
sensor causes a challenge in speed tracking; therefore, the velocity controller should
be improved.

Speed-adaptive full-order observer

The state estimation in modern drives is performed by a state observer. A speed-
adaptive observer performs simultaneous estimation of the state variables (1)), and
the unknown parameter (&) [23]. Speed-adaptive observer improves the motor

performance by augmenting the state equation of voltage motor model (5) with
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compensation of the stator current error [20]. The selection of observer gains allows
placing the poles in desired locations, thus having more stable and less sensitive
control. PI controller minimizes the stator current error, which is used for speed
estimation. However, the interaction between the observer and the speed estimation
may lead to unstable regions [24]. Therefore, the selection of the observer gains,
which allows decoupling and enables pole placement, should be carefully chosen.

A full-order speed-adaptive observer for the PMSM drive with the LC filter is
described in [11], which is augmented from a method without the filter [25]. Figure 16
shows a block diagram of sensorless vector control based on the speed-adaptive full-
order observer for SMs with LC filters. The control is extended with an HF signal
injection method (marked with red color). It can be noticed that the converter voltage
vector is obtained from the output of the current controller, meaning that only the
converter currents are measured. The integration of LC filters in electric drives
without external current sensors is desired for medium-performance motor control.
The adaptive observer in [11] includes a flux model (6) giving the reference model and
a voltage model (5) as the adaptive model. According to [26], a linear mathematical
derivation of the machine and the LC filter is used in [11] with nearly constant
inductances. However, the inductances in other SMs can be non-linear. For example,
the non-linear inductances are obtained from lookup tables [26]. Nevertheless, the
method in [11] is claimed to have a satisfactory stability, solid robustness, and a good
dynamic response. Additionally, a field weakening method enables maximum-torque
operation. Furthermore, the maximum torque can be even higher with the LC
filter than without it. The main issue of this method is a relatively small controller
bandwidth of the stator current controller [11].

Literature source [27] names the speed-adaptive full-order observer as a dual
observer, which estimates the filter output current (current observer) and output
voltage (voltage observer). The dual observer is more robust against parameter
errors than a conventional model-based estimation method because it neglects LC
filter cross-coupling effects [27]. Furthermore, a capacitor parameter error does not
significantly impact the observer estimation. However, the filter inductance error at
high speeds affects the capacitor current estimation, causing a noticeable phase and
magnitude difference between the stator and converter current [27].

Sliding-mode control with PI observer

Sliding-mode control based on PI (proportional-integral) observer in af frame is
described in [28] for the SPM with the LC filter. The sliding-mode observer observes
back electromotive force, and the rotor angle is obtained by a phase-locked loop
(PLL). However, the PLL can cause speed reversal issues, instability, and speed
estimation errors [29]. Moreover, an additional PI controller needs to be employed to
eliminate the estimation error [30]. The estimation error at lower speeds is affected
by inverter non-linearities and back EMF harmonics [31]. Nevertheless, this control
method is suitable for operation at medium and high speeds. It benefits from its
simplicity, good dynamic performance, robustness against parameter errors, and
ease of implementation according to [28]. Furthermore, the method is claimed to be
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suitable for operation at medium and high speeds. However, overall, there are no
convincing results for good parameter sensitivity in this type of control.

W ref . HF voltage
_>d) Speed1 tsref] Stator |, fSt—tL excitation
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'm_lcontro 1 currentl — Vol%a(ga cref| Inverter . U reof
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Figure 16: Block diagram of vector control with the speed-adaptive full-order observer
and HF signal injection. Adapted from [11].

3.1.2 V/Hz and A /Hz control with stabilizing loop(s)

Open-loop V/Hz control is inherently unstable unless the SM is equipped with a
damper winding [32], resulting from a weak coupling between the electrical and
mechanical modes of the machine. In other words, slow rotor poles move from the
stator poles after exceeding a certain angular speed. Therefore, slow rotor poles
appear in the instability region, having small positive real parts. However, V/Hz
control can be stabilized by implementing a frequency stabilization loop to locate
the rotor poles in the stable region.

A stabilizing loop strategy is applied in the V/Hz control, in which the stabilizing
frequency modulation signal is proportional to the input active power perturba-
tions [32]. The active power perturbations are obtained from estimated active power
by high-pass filtering. Despite the control being suitable at medium and high speeds
for low-performance applications, this control method does not assure high power
factor and operation at low speeds.

Consequently, two stabilizing correction loops are presented in [33]: A frequency
stability loop, which uses active power variation; and a power factor regulation loop,
also named an energy saving loop, is used in a voltage amplitude correction. The
control performs well in steady and transient states and at low speeds with a nominal
load. Furthermore, this control method has a high disturbance-rejection capability of
the rotor speed during loading and unloading [33] (tested at rated speed with rated
load). Similarly oriented research paper [34] benefits with having zero reactive power
losses and non-oscillatory and robust behavior (tested at rated speed with half of the
rated load). However, the control of PMSM drives in [33,34] becomes challenging
when operating at light loads [35]. Moreover, the maximum torque-per-ampere
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(MTPA) operation is not assured, which can be optimized by integrating MTPA into
the two-loop correction control structures by using two PI controllers [36].

The stability control structures [33,34] are augmented with the LC filter dynamics
for industrial applications (mining industry) using the PMSM with the filter, a step-up
transformer, and long leads [12,13]. Both methods are based on the amps-per-hertz
(A/Hz) control startup procedure. The stability control principle is implemented with
a current-regulated A /Hz control in an electric submersible pump application [12].
A similar control strategy is featured in the PMSM drive for a downhole electric
drilling [13]. V/Hz control is unsuitable for applications with step-up transformers
because the uncontrolled current can vary with the same voltage reference. Moreover,
overcurrents may cause the transformer to saturate; hence, the required power is not
delivered to the motor [13].

The startup process in [12,13] provides sufficient torque, and the transformer
saturation is mitigated. Additionally, both strategies utilize only filter parameters,
thus increasing the robustness against parameter errors. However, the performance
of the motor drive is limited. The methods are used only in the startup period, and
the acceleration of the motor is usually ramped to avoid overcurrent when using
A /Hz control methods. After the startup, the A/Hz control is switched to sensorless
vector control because of higher efficiency [37]. Based on the review, no convincing
results show a scalar control for SMs with LC filters, which is feasible in the whole
operating range under loaded conditions.

Control system

A generalized block diagram of the scalar control with stabilizing frequency correction
is illustrated in Figure 17. A stabilizing frequency correction loop contains a propor-
tional gain, a high-pass filter (HPF), and a frequency modulator. The proportional
gain is used to scale the frequency correction signal. The proportional gain is constant
in [13], but it can also be frequency dependent in [12]. The HPF ensures that the
frequency correction signal is only effective in the transient state [12]. The algorithm
for calculating the perturbation signal for the input of the HPF can vary based on
the selected control strategy. The frequency compensation signal is calculated using
three-phase currents and voltages (voltage command or voltage feedback) in the
stator or rotor coordinates.

The voltage reference ug,.¢ for V/Hz control is obtained from the angular speed
of the reference frame wy based on the relation given by

U ref = Ry + WSJ’(/)s,reﬁ (18>

where us ot is the stator voltage reference, and 1, ., is the stator flux linkage reference
given by the user.
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Figure 17: Generalized block diagram of V/Hz and A/Hz control with frequency
correction stabilizing loop

3.1.3 Observer-based V/Hz control

A recently developed observer-based V/Hz control method [14] eliminates some of
the drawbacks of previously described vector control [11,27,28] and V/Hz meth-
ods [12,13,32-34,36]. Sensorless vector control methods are infeasible for medium-
performance plug-and-play drives because of cascaded control loops and parameter
tuning complexity, in some cases relatively high parameter sensitivity, and the need
of a separate field-weakening algorithm. However, the observers enable arbitrary
pole placement settings, which can be beneficial for stabilizing V/Hz control for SM
drives with LC filters.

For the reason of desired pole placement, the heuristic compensators in standard
V/Hz control are replaced by a state feedback control law and a flux observer [14].
Additionally, the parameter tuning is simplified by using physically meaningful design
parameters according to design guidelines in [24], which originates from the design of
observers for sensorless vector control. Furthermore, various SM types can directly
apply the same control method because of their general control structure. Based
on the system analysis, the entire system is stable and passive in the whole feasible
operating range [14]. The observer-based V/Hz control also inherits low parameter
sensitivity from the standard V/Hz control structure and automatic field weakening
capability (no need to implement a separate field-weakening algorithm).

Control system

State feedback control stabilizes the SM dynamics by a feedback controller, which
regulates the system output by tracking a reference input [38]. State feedback
calculates the control action for specified system dynamics using a state vector [39].
The state vector consists of state variables, either measured (i5) or estimated (v,
estimated states are marked with the hat). The main benefit of the state feedback
control is that the system poles can be arbitrarily placed based on the selected state

feedback gain.
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A state feedback control law derived in [14] for computing a stator voltage reference
Us rof for PWM inverter is

Us ret = Rsis + WSJ"vbs,ref + Kc(¢s,ref - {bs) (19)

where K is the state feedback control gain and {bs is the estimated stator flux.
Reduced-order observer model in control coordinates rotating at ws is defined
s [14]

dd .

zs = Ug rof — Rets —wJYP, + Koe (20a)
dé
— —kF 20b
0 kle (20)

where 1}3 and & are the estimated states of the stator flux and the load angle, K,
is the observer gain matrix, k:OT is the observer gain vector, and e is the correction
vector.

S
State Us ref U ret
feedback €

T :
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;ref 't/‘\ Ws |—L. 1 —0193

Figure 18: Block diagram of the observer-based V/Hz control system [14]. The
state-feedback control law is defined in (19), the HPF transfer function F'(s) in (29),
and the observer in (20).

3.2 Proposed observer-based V/Hz control for SM drives
with LC filter

Figure 19 and Figure 20 show simplified block diagrams of SM drives with the L.C
filters. The grey areas mark the proposed observer-based V/Hz control methods.
Figure 19 shows an observer-based V/Hz control with a reduced-order observer,
in which both 2. and %, are measured. This control method is analogous to the
observer-based V/Hz control without the filter (Figure 18), meaning that the observer
and state-feedback have similar equations, obtained by a substitution: 1,b — ’L/J
and Usgyef — Ucref. The estimated states from the reduced observer are 1,b and 0.

Figure 20 shows an observer-based V/Hz control with a full-order observer, in
which only 24 is measured, and i. is estimated. Additionally, stator voltage and
converter current are estimated (i and 2.).
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3.2.1 State feedback

The voltage reference for the PWM inverter, also known as converter voltage reference
U ref, 1S calculated based on the state feedback control law

Ue ref = RSiS + wCJ¢c,ref + KC(¢c,ref - {bc) (21&)

where 1, is the converter flux reference given by the user. The quantities with
the hat denote estimated quantities. A simple controller gain matrix K. = a.l
is considered throughout the thesis. The selected K. together with the controller
bandwidth a. > 0 guarantees stable flux dynamics in [14].

Subsequently, the second control method with the full-order observer uses state
feedback control law

U ref = Rsis + WCJ¢c,ref + Kc(wc,ref - ibc) - g(us,ref - ﬁ’s) (21b)

which contains two error correction gains to minimize the converter flux linkage and
the stator voltage errors separately: Positive gain «,. is the gain of a closed-loop
system, and the control gain g affects damping of the LC filter, and it is used to
damp 2.. The stator voltage reference us . is substituted to (21b), which is defined
as

Us ref = Rsis + wCJ(’ljbc - Lf;:c) (210)

It can be noticed that in special case in (21b) is identical with (21a). This special
case appears in the condition when g = 0 and K. = a.I. Therefore, the control law
in (21b) can be interpreted as a generalized formulation and used in both control
strategies.

3.2.2 State observer

For compactness, let us define the states of the full-order observer. The following
expressions are given in estimated synchronous coordinates rotating at w

di. 1

- = ff(uc,ref — by — weLeJio + Kpe) (22a)
da 1 .
S — (G — iy — w.Cp T 22b
T Cf( is — w CrJ ) (22b)
da/ .
;ic = Ucrer — Ryts — we P, + Koe (22¢)
dd
— =k 22d
3~ kee (22d)

Reduced-order observer is composed of the states v:bc and & from (22). The correction
vector e is expressed as

e = L,(8)is + ¥ (5) — 1, (23)
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The vector e differs from the stator flux estimation error (¢, — 17JS) in transient states,
because of estimated rotor position; and it is equal to stator current error (25 — %S),
scaled by the inductance matrix Lg(d) [24].

Depending on the control method, ’12)8 can be either expressed as a function of

the measured current or observed converter current as
{bs = ijc - LfiC (248’)
P, = . — Lt (24b)

Furthermore, observer gain matrices for the flux observer K, [14], converter current
observer K1, and observer gain vector of the load angle k. [14] are defined as

(25a)

(25b)

kl = —a,—% (25¢)

where superscript T denotes the matrix transpose, o, is the desired decay rate of
the flux estimation error, ag, is the converter current estimation bandwidth, and
Q, is the load-angle estimation bandwidth. The gains selection intents to decouple
estimation-error dynamics of the converter current, converter flux, and the load angle.

To decouple these mechanical and electrical estimation-error dynamics, the auxiliary
flux linkage ¥, = J(0e/d0) [24] is defined as

iz)a = (':bs + JLS(S)J'I’S (26)

The observer could be further extended with the PM flux adaptation [40]. This ad-
ditional algorithm is out of the scope of the thesis, and therefore it is not implemented.
Furthermore, o, can be selected as [14]

R.(1 1
o = Gool|We — | 7 7 2
o C|w|+4<Ld+Lq> (27)

where (., is the selected damping ratio at high speeds. If the operating point angular
speed is wep = 0 Hz, poles should located at s = 0 and s = —Rs(Lq+Lq)/(2LaLg) [14].
Therefore, the motor should be magnetized and started in a stable manner. At higher
speeds, poles are located at s = —((so£jy/1 — (%)||weol| [14]. For example, if (,, = 0.7

were chosen, observer poles would have 45° angle with the real axis.

3.2.3 HPF

The HPF output provides a negative feedback to increase the damping of the
mechanical system [14]. The synchronous angular speed of zy coordinate system w,
can be selected as

We = Wmref — g’r(%m - Tref) (28&)
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where wp, ref is the rate-limited rotor speed reference given by a user, and g, is the
damping gain. The estimated electromagnetic torque 7, has equivalent definition as
the electromagnetic torque in (7). The only difference is that the estimated stator

flux 2, is used from (24) instead of ¢,. Furthermore, a low-pass-filtered (LPF)
torque estimate T, dynamics are defined as
dTye .

2L — (P — Tor) (28D)

where «f is the low-pass filter bandwidth.
By isolating of 7 for (28b) and further substitution in (28a), the synchronous
angular speed w. can be equivalently expressed as

grs .
#
S+ o
——
F(s)

(29)

We = Wmref —

where s = d/dt is the Laplace operator. The HPF transfer function F'(s) minimizes
the angular speed error caused by the DC offset of the estimated load angle.
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4 Linearized continuous-time model

4.1 Steady-state operating point

The steady-state operating point can be initially obtained by substituting d/d¢t = 0
into state equations for the SM and LC filter models (eq. (11), (9), and (15)). Hence,
the steady-state operating point quantities can be expressed as

10 = Ls_Ol (Y0 — 10 (30a)
ico = ’I:So + wCQCfJuSO (30b)
uso = Rytgo + weod g (30c)
Uen = Ugy + Weo L tco (30d)

where subscript 0 refers to operating point quantities, such as the operating point
stator inductance Lyy = Lg(d9) and operating point PM flux 1y = ¥(dy). Stator
current operating point equation (30a) cannot be directly used because operating
point stator flux 1, is not directly defined in the model. However, it can be derived
from the converter flux linkage operating point ¥, = 1 + L¢ico, which further
requires a substitution of other operating point quantities from (30b) and (30c).
Therefore, the resulting alternative expression for the operating point stator current
g0 1S

s = Ls_yls {wco -(1- W?o/“?)‘/’fo} (31a)
L = (1 — w%/w?) Ly + Ll + Ryweo/w?J (31b)

where L, denotes the equivalent system inductance, and w;, is the resonance fre-
quency of the filter (13).

Furthermore, the operating point of the converter current #.y is also obtained
from the alternative expression

1
icO = f(¢c0 - ¢SO) (31C)

f

where 5 = Loty + Y-
As a result, the remaining operating point quantities ugy and u.y can be obtained
simply from (30c) and (30d), since i.y and iy are already known.
The auxiliary flux operating point 1, is obtained by substituting operating point
quantities into (26)
I/)aO = 17050 + JLgoJ 50 (32)

where the transpose of the auxiliary flux linkage is d)go = 1,b§) + ii).] LyJ.

4.2 Linearized model
4.2.1 Preliminaries

The SM with the LC filter is a non-linear system that consists of non-linear differential
equations. However, the system analysis and control design are less difficult for
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linear systems. Therefore, the non-linear system is reduced to a linear one using a
small-signal linearization.

A small-signal linearization is a practical approach for analyzing the system
stability. The main idea is based on the stability of the linearized system near a
small vicinity of the operating point. The non-linear system is stable in a region
with an equilibrium if the small-signal linearized model is stable and valid near the
equilibrium [41]. The equilibrium for the stator flux is obtained by subtracting the
stator flux from its operating point, denoted by A, = ¢, — ¢ ,. Other quantities,
such as currents and voltages used in the small-signal linearized model, are similarly
presented (marked with A).

Let us linearize some of the important quantities used in this chapter. First,
linearization of stator flux, which is obtained by isolating 1 in (11), gives us:

AP, = LAty — JP, A (33)
Consequently, a linearized stator current A, is expressed as
Niy = LG (A, + J9p,4A0) (34)
A linearized stator flux linkage A can be alternatively expressed as
Apg = Adp. — LiAi, (35)
Furthermore, the electromagnetic torque expression used in (7) is also linearized
ATy, = ?g’(i;gJAws + Al Jep) = ?g’(i;gJAzps — L JAL) (36)

The operating point stator flux transpose 1#?2) can be replaced by defined auxiliary flux
transpose ., in (32) to simplify the linearized torque expression. Furthermore, the
expression could be alternatively expressed as a function of the linearized converter
flux linkage, converter current, and angle by substitution of Az, in (34) and Aqp,
obtained from (35)

Ary = 32p PRILG LeNic — WRILG Ap, + T, (i — TLG p,0) A6 | (37)

c

Another preliminary concept used in this chapter is an estimated quantity. Esti-
mated quantities are obtained from a state observer, which includes an estimation
error with respect to the actual quantity. In other words, the estimation error is a
difference between the actual and estimated quantity. For example, the estimation
error of the converter flux linkage is

he=1p.— P, (38a)
Hence, its linearized form is

Alternatively, other quantities such as a converter current estimation error A, a
stator voltage estimation error A, and a load angle estimation error A are derived
similarly.
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4.2.2 Linearized system model

The linearized system model state equations, which are obtained from (9), (15)
and (17), are presented as

dAi. Auy,  Au,

dt = —WCOJA'I:C — Tf + Lf — JiCOAwC (39&)
dAus A'I,C A"'s

a = Of — (,UC()JA’U,S — Cf - J’U,S()ch (39b)
dA

dzpc = Au. — weoJAY, — RyAdg — Jp yAw, (39¢)

dAd

where the inputs of the system are the converter voltage Awu., the angular speed Aw,
of the control coordinates frame, and the angular rotor speed Aw,,. The linearized
stator current Az, (34) can be immediately substituted to the linearized state space
model.

4.2.3 LPF dynamics

The HPF presented in Section 3.2.3 is linear. Nevertheless, small-signal notation is
used for clear interpretation. LPF dynamics in (28b) are therefore expressed as

dATref
dt

= Oéf(Af'm — ATref> (40)

where the linearized electromagnetic torque estimate A7, can be further developed
in similar manner as A, in (37), which leads to

3
A#p, :§[¢TOJL;(}LfAiC — YRILG A, + T, (10 — TL Tpg) A6

+ 48 I LAt — 1N TAP (41)

Please notice that the above expression considers the converter current estimation
error A%C. However, in the case when the converter current 2. is measured, A'zc =0
and therefore the term i;FOJ L¢Ai, disappears. Another important assumption in the
model is the equality of the control model and plant model parameters. Therefore,
parameter error quantities are neglected.

4.2.4 Linearized mechanical dynamics

Mechanical subsystem used in (8) is linearized and A, further substituted from (37),
which leads to
dAwy, p 3p

_ . - p
dt - E?(@bTOJLSOlLfAZC - ¢§0JL801A¢C + CA&) - TmATL <42)
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4.2.5 Linearized state feedback control laws

The control law, for which both currents are measured (21a), is further linearized
Aug = RN, + (waod + Ko) A, o + T g Awe — KA, (43a)

Subsequently, second control method, where only stator current is measured (21b),
is also linearized

~

Au, = gweod LiAte + gAt, + (1 — g)R At — (el + gweod) A,
+ J<¢CO - g¢sO)AwC + (aCI + wCOJ)A¢C,ref (43b)

where the linearized internal stator frequency of the control coordinate system Aw,
from (28a) is expressed as

ch = Awm,ref - gT(A%m - ATref) <44)

4.2.6 Linearized estimation-error dynamics of the state observer

Derivatives of estimation-error quantities with respect to time are obtained by
subtraction of observer state equations (22) from large-signal system model state
equations ((9),(17) and (15)) followed by the small-signal linearization. Consequently,
a small-signal linearized model of observer estimation-error dynamics is

dA%C A’&'s KL

= —(weod — K1) At — o LT(AwC + Jap,, AD) (45a)
dAw, A
G Al 4
& cr weoJ Al (45D)
dﬁf‘f = LiK At — (weod + Ko ) A, — K Jap,,Ad (45c¢)
dAS TAZ T A7 T fs
= Lk Ad, — kT A, — kX Iap, o Ad + Awe — Awn, (45d)

As a result of using design guidelines in [24], terms K1J,, = 021 and K,Jv,, = 02
allow decoupling of the load angle from converter current estimation dynamics and
converter flux linkage estimation dynamics, respectively. This gain choice aims to
possibly passivate the system.
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4.2.7 Closed-loop system
State feedback control

The state space representation of the linearized system model in (39):

—weod —Li'1 0 051
dAz |G (T+ LiLy') —wed —Cy 'Ly —Ci 'L Japyg | o
dt RL: L' 0 —(weod + RLy') —RL I,
01,2 01,2 01,2 0
A
Li'T —Jic 02
0 —Juc 02,1
+ I Au, + “Jey, Aw, + 0s.1 Awp, (46a)
01,2 1 -1
N—— — N——
B b, bm

where Ax = [AiCT, Aul, quCT, A6]T, is the state vector and the proposed gain design

is used. The output equation for the electromagnetic torque originates from (37)
and can be written as

3
ATy = ?p (WRILG L 01n —¢hILY o A (46b)
r
and the output equation for the converter flux linkage is
Apo=[0 0 I 0y]Ax (46¢)
c
The linearized state feedback control law from (43a) is
Aue = [~R.Ly'Le, 0, RLgy — Ko, RLy'Jip,| Aw+
K
+ [ Ko, 001] A% + Jtpg Awe + (K + weod) At ¢ (47a)
T [
K

Ky

where AZ = [A{bg, AS]T, is the reduced-order observer error vector. The linearized
control law used in (43b) is

Au, = [ngOJLf — g RLY'Le, g1, gRLy — ald— gwel, g/RSL;fJ%O} Az +

K
+ [~gweodLe, —gL, ald + gued, 051] Az +

K
+ J(’l/)CO - g,l/)sl)) ch + (aCI + wCOJ) A'l#c,ref
\ﬁ,_/ N

(47D)

Ky
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where ¢ =1 — g and Az = [A%;F, Aal, A{/)CT, AS]T, is the full-order observer error
vector. The general form of the closed-loop system is

dA -
2% _ (A+ BK) Az + BK A%+ (Bk + by,) Aw. + b Awn + BK A, (48)
dt ~———— S——— ’
A be

Reduced-order observer estimation-error dynamics

Linearized reduced-order observer estimates are Adj, and Ad. Therefore, the
estimation-error dynamics from (45) can be presented in the state space form as

dAz . —(wcoJ -+ KO) 0271 ~ 02,1 02,1
TR kT KTy, Az + 1 Aw, + 1 Awp, (49a)
Ao bo bmo

Full-order observer estimation-error dynamics

Alternatively, estimation-error dynamics of the full-order observer (45) are presented
in the state space form as

dAZ . CFlI _WCOJ 0 02’1 A&
dt N LfKo 0 _(WCOJ + Ko) 02,1
Lk, 015 —k! —k.) J,,
Ao
02,1 02,1
+ Oa1 Aw, + 021 Aw,, (49D)
021 021
1 -1
N—— S~——
bo bmo

Overall system

A simplified general form of state space representation of the overall system containing
state vectors Ax and Az is

dAx I
A. BK| |Ax b b
dat_ | — c c m
ldA:c] [Omi A, ] [A{B] i [bol At lbm(’] B
_— N N——

dt

Ag Az bsw,ref bsw
BK
+ lo ;] Avwbc,ref <50)
%’
By

where the number of rows m of zero matrices depends on the observer type. In the
case of the reduced-order observer m = 3 and for the full-order observer m = 7.
The HPF is not included in the previous state space representations. Additionally,
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the mechanical subsystem is also not present there. Hence, the final state space
representation of the overall system with mechanical dynamics and LPF dynamics is

dﬁfs AS 0(m+7),1 bsw Aws bsw,ref
% = | ofag —o 0 ATt | + 0 Aw, +
dAdc;:Jm pngaw 0 0 Awm 0
Ay Az by
Bw 0(m+7),1
+ 0172 A¢C,ref + 0 ATL (51)
012 —pJ 1
By br

where Axp = [Adl, Aul, Al AS, A{bCT, AS, ATier, Awn]T is the state vector of the
overall system with the reduced-order observer when considering LPF and mechanical
dynamics. Vector as = 22[cT, —iJ, 0] is used in the LPF dynamics expression (40)
and vector a,, = %p[cf, 04 2, 0] is used in the mechanical dynamics expression (46b).
It is worth noticing that the output equation for electromagnetic torque in (37) is
implemented in the last row of the system matrix Ay;.

Alternatively, the full-order observer has the state vector
Axy = [Ail, Aul, Al A, A'ZCT, Aal, A{bi AS, ATyer, Awy]T, vectors
as = 3Ep[cf,isTOJLf,OLg,—i;FOJ,O] and a, = 2[cl,0,2,0;2,01,0]. The difference
between the reduced-order and full-order observer vectors is that corresponding zero
sub-vectors 0, o disappear from the vectors as and a,,, because the states A;ZC and
Aug are absent in the reduced-order observer. Additionally, as in the full-order
observer includes iJ Li A, which results from (41).

Furthermore, linearized synchronous angular speed from (44) is expressed as

ch = AWm,ref + {_g'ra'é gr O} A.’BT (52>

kg

which can be further substituted to (51). Therefore, the final closed-loop system can
be expressed as

dAa:T
dt

= (A + bykl) Ay + by Awp rer + ByAt, ¢ + b ATy, (53)
N———

AT

where At is a system matrix of the resulting overall system. Eigenvalues of At
symbolize poles of the system.

The system stability can be checked by illustrating the root loci of dominating
poles. The system is stable if all the poles are located in the left-half plane, meaning
that imaginary parts of poles are negative. The system can be marginally stable if
any of poles are located on the imaginary axis. The system is unstable if the poles
are on the right-half plane.
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5 Results

5.1 Small-signal linearization
5.1.1 Root loci of dominating poles

Let us first consider state space representation derived in (51) without substitution
of the input Aw, in (52). Therefore, the eigenvalues of Ay represent the poles of the
overall system. Figure 21 shows the root loci for V/Hz control with the reduced-order
observer. In this example, operating point load torque is set to zero, and w is
changed (0 - 2 p.u.). Default parameter and control gain settings are considered
(Appendix A). Root loci of dominating poles for the control with full-order observer
are found in Figure 22.

20 " : - 14
W = 2 p.u. oy = 2 p.
T 118 5 - T ‘ 112 £
~ ~
=0p.u F(I'T r_(l';
“m b E wy =0 p-u. Hé_/
l 116 — 10 —
“n = 2 pu. Wy = 2 p.u.
: : : 14 : : : 8
-2 -1.5 -1 -0.5 0 -2 -1.5 -1 -0.5 0
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' — 2 ' ' © N 2
Wiy = 2 pul ¢ Wn=2pu s
IR R
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— —
& €
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Figure 21: Root loci of dominating poles for the SM control with the reduced-order
observer: (a) High-frequency poles of the PMSM with the LC filter; (b) Low-frequency
poles of the PMSM with the LC filter; (¢) High-frequency poles of the SyRM with
the LC filter; (d) Low-frequency poles of the SyRM with the LC filter.
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Figure 22: Root loci of dominating poles for the SM control with the full-order
observer: (a) High-frequency poles of the PMSM with the LC filter; (b) Low-
frequency poles of the PMSM with the LC filter; (c¢) High-frequency poles of the
SyRM with the LC filter; (d) Low-frequency poles of the SyRM with the LC filter.

It can be shown that high-frequency poles originate from the LC filter dynamics,
and they are not present in SM drives without the LC filter [14]. Furthermore, low-
frequency control poles originating from the state feedback controller are parallel with
the imaginary axis. With the higher controller gain a., the further away poles move
from the y-axis. However, in the full-order observer case (Figure 22), the increase
of a. has an adverse effect on the stability. Conversely, control poles are closer to
the y-axis with lower a.. Therefore, the gain a. = 2710 rad/s from Appendix A is
feasible from the stability perspective according to root loci in Figure 22.

Additionally, the damping ratio (,, = 0.7 locates the observer poles with 45°
angle as expected in [14]. However, the system analysis based on the small-signal
linearized model in CT is not further discussed in this thesis due to existing problems
described in the next section.
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5.1.2 Shortages of the developed linearized model

The system stability was initially studied by plotting eigenvalues of the overall system
matrix At derived in (53) instead of Ay. However, the eigenvalues of At showed
that the system was unstable for both motor types with any of the selected control
methods (Figures 19 and 20), thus leading to incorrect assumptions that the overall
system is unstable in the following development stages (simulations and experiments).

Furthermore, it was originally expected that the CT model would predict the
behavior of the DT model. However, it was later shown that the linearized CT
model is inaccurate due to the DT delays as discussed in Section 2.2.3. Because of
this inaccuracy, the root loci of the CT model does not match with the DT model
loci. Therefore, the presented root loci of dominating poles for Ay only serve as an
illustration showing existence of high-frequency poles as well as the low-frequency
poles originating from the observer and the state feedback. Moreover, the overall
system stability cannot be discussed based on the obtained root loci. Additionally, it
is tedious to compare pole locations numerically with the resulting transfer function
of the system because its denominator includes high-order terms due to inclusion of
the LC filter in the system.

To demonstrate the instability of the linearized CT model, the sampling period
T was reduced to simulate the control in CT. Figure 23 shows the effect of reduced
T on 1. The flux oscillates around the reference point with a slow increase in its
amplitude. As a result, this leads to the unstable operation of the SyRM. The flux
was constant when the same simulation test was repeated for the PMSM, meaning
the stability was satisfied.
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Figure 23: Effect of the sampling period on {pc (SyRM, full-order observer).

5.2 Simulations
5.2.1 Proposed control methods

Simulation models are developed in MATLAB /Simulink for controlling 2.2 kW PMSM
and 6.7 kW SyRM, which are also used for the experiments. However, if the motor
and filter parameters are known, the simulation models are universal for any SM
with an LC filter. The motor and LC filter specifications and the control parameters
are found in Appendix A. The control and plant model parameters used in the
simulations are constant and equal.
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The thesis does not discuss reference speeds above the rated speed, i.e., operation
in the field-weakening region. The speed reference is ramped from 0 to 1 p.u. with a
specific rate, which depends on the motor type. The SyRM needs longer acceleration
and deceleration times because the load angle can reach its threshold limit due to
the high saliency of the machine.

Simulation results for the PMSM with the LC filter (Figure 24 and 25) are almost
identical for both control methods. The only major difference is in the higher converter
current ripple when using the reduced-order observer (Figure 24) in comparison with
the (Figure 25). Based on the simulations, both control methods can be used in
medium-performance PMSM drives with LC filters loaded by passive and active
loads.

Simulation results for the SyRM with the LC filter are shown in Figure 26 for the
full-order observer. This control method is suitable for medium-performance drives
based on the simulation results. However, the simulation for the SyRM with the
reduced-order observer showed that the system was unstable. The currents ¢, and
1 start oscillating at steady-state to immeasurably high values. Nevertheless, the
control was stable when the same control model was used for the PMSM (Figure 24).
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Figure 24: Simulation results of the observer-based V/Hz control (reduced-order
observer) for the PMSM with the LC filter. The speed reference is ramped: 0 — 1
p.u. in t = 0.75 s. The load sequences are (a) quadratic load from zero to its rated
value and (b) load step starts at ¢ = 0.75 s and stops at t = 5.25 s.
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Figure 25: Simulation results of the observer-based V/Hz control (full-order observer)
for the PMSM with the LC filter. The speed reference is ramped: 0 — 1 p.u. in
t = 0.75 s. The load sequences are (a) quadratic load from zero to its rated value
and (b) load step starts at ¢t = 0.75 s and stops at t = 5.25 s.
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Figure 26: Simulation results of the observer-based V/Hz control (full-order observer)

for the SYyRM with the LC filter. The speed reference is ramped: 0 — 1 p.u.

in

t = 1.5 s. The load sequences are (a) quadratic load from zero to its rated value and

(b) load step starts at ¢ = 0.75 s and stops at t = 8.25 s.
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5.2.2 Parameter sensitivity

Simulation results in Section 5.2 show an ideal case in which the motor parameters
are constant and equal for the plant model as well as for the control model. However,
in a real scenario, the motor characteristics are non-linear. Therefore, a difference
exists between the constant control and the motor parameters, degrading the machine
dynamic performance. For this reason, parameter sensitivity can be examined before
the measurements to unveil possible problems in the lab and to tune the control
parameters accordingly.

Stator d-axis inductance L4

In practice, the inductance Lq can be lower than its datasheet value due to the
magnetic saturation. Additionally, manufacturing defects cause a deviation of Lq.
The datasheet Lq value typically refers to the rated operating current condition.
With a higher operating current, the inductance Lq heavily drops after reaching the
flux linkage saturation point. As a result, the mismatch between L4 and Lq causes
additional torque oscillations at zero speeds and in steady-state.

Damping constant ¢, should be carefully chosen. A too low value of g, results in
insufficient damping of electromagnetic torque oscillations. The torque oscillations
are eliminated in the simulated scenario (Figure 27), in which g, = 3 N"'m~'rad-s™*.
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Figure 27: Lq sensitivity for the SyRM with the LC filter at no load: a d-inductances
ratio Lq/Lq = 0.8 and the HPF damping constant g, = 3 N"'m~'rad-s~1.
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Stator resistance R,

The filter resistance Ry is neglected, and Ry is assumed to be constant in the simulation
model. However, real resistances are temperature-dependent and therefore non-linear.
For this reason, the resulting R, is a sum of the temperature-dependent Ry and Ry.

Figure 28 shows an effect of Ry sensitivity on 1p.. Control stator resistance R,
was increased by 15%.

= = = *Wmref
14 S~ '
— // \ — ws
=) /S Wm
=) / \
= 0l s \ N / ]
2 N\
2 1 \\\ //
- T ! T \ |
L
14 ™
= —
205 | W '
Q
=
=
g 0 -
T \ |
1.5 - gc
A,
£0.5
=
0 T T T T T \ T \ |
0 1 2 3 4 5 6 7 8 9
Time (sec)

Figure 28: Ry sensitivity for the SyRM with the LC filter at no load: a stator

resistance ratio Ry/Ry = 1.15 with HPF damping constant ¢, = 3 N-'m~'rads™".

It can be noticed that % is high at zero speeds. At zero speed in steady-state
(simulation time 8.25-9 sec.), ¥, will increase with a lower rate. If the simulation
continues, 1. keeps increasing until the simulation breaks. A non-zero e at zero

at
speed can be explained by inserting a control law with Ry (Section 3.2.1) to (16).

Additionally, equation (31a) shows that 45 depends on Ly and Ly at zero speed.

In reality, however, magnetic flux is non-linear and saturates after reaching a
certain point. As mentioned earlier, the non-linear behavior of 1, causes a higher
current to be needed after crossing the saturation point. Therefore, the operation is
interrupted by over-current protection in the physical SM drive.
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Filter capacitance C; and inductance L

The physical filter capacitance Ct and inductance L; deviate due to manufacturing
defects. Moreover, the capacitor degrades its capacitance by aging, and L¢ is not
constant due to the non-linear behavior of the magnetic flux. Therefore, it is needed
to check capacitance and inductance sensitivities by varying control filter parameters.
The parameter sensitivity of the filter is done separately for each parameter (éf or
Ly).

Based on the simulations, the ratios C'f/Cf = 0.92 and f/f/Lf = (.87 for the
PMSM, as well as C’f/Cf = 0.94 and zf/Lf = 0.85 for the SyRM cause unstable
operation when only %, is measured with the gain settings in Appendix A and the
load step. It is worth mentioning that the simulated results are not affected before
reaching the threshold ratios (Cy/Ct and L¢/L¢). However, the sensitivity of the
filter capacitance and inductance can be significantly improved by increasing the
LC filter damping constant (g = 0.5 by default). Nevertheless, a method with both
i and 2. current measurement lead to a versatile selection of C'f and flf, and the
control works even with C'f =0 and sz =0.

5.3 Experiments
5.3.1 Experimental drive setup

Figure 29 shows an overview of the experimental setup used in the thesis. The
investigated motor (PMSM or SyRM) is connected to the LC filter output terminals.
Each motor has a different LC filter, whose specifications can be found in Appendix A.
A PM servo motor loads the investigated motor with a load torque given by a user.
The PM servo and the tested motors are driven by the frequency converters ABB
ACS880.

The frequency converters share a common DC bus meaning that both buses are
connected in parallel. The purpose of the braking resistor is to dissipate kinetic
energy of the rotor coming to the DC bus when the motor is braking. Therefore, the
voltage in the DC bus increases, thus leading to possible capacitor breakdown.

MicroLabBox is a development system with multiple input and output channels,
suitable for motor control laboratory setups. MicroLabBox processes the analog data
such as measured voltages, phase currents, and speed. Light-colored signals (wy,
and uryp) in Figure 29 are only used for monitoring and not in the feedback control.
MicroLabBox also conveys PWM, braking and other control signals to the frequency
converter. The sampling frequency of 8 kHz is used, double the switching frequency
(4 kHz).

A user sends from a computer input commands, and the computer displays desired
variables. The developed control methods were programmed in MATLAB Simulink
software. The Simulink file is then converted into a dSPACE-supported file (.sdf).
The software dSPACE ControlDesk is used for controlling and monitoring the tested
motor. The monitored data can be exported to a MATLAB-supported file (.mat).
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Figure 29: Experimental drive setup.
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5.3.2 Obtained measurement results
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Figure 30: Experimental results of the observer-based V/Hz control (reduced-order
observer) for the PMSM with the LC filter. The speed reference is ramped: 0 — 1
p.u. in t = 0.75 s. The load sequences are (a) quadratic load from zero to its rated
value and (b) load step starts at ¢ = 0.75 s and stops at ¢ = 5.25 s.
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Figure 31: Experimental results of the observer-based V/Hz control (full-order
observer) for the PMSM with the LC filter. The speed reference is ramped: 0 — 1
p.u. in t = 0.75 s. The load sequences are (a) quadratic load from zero to its rated
value and (b) load step starts at ¢ = 0.75 s and stops at t = 5.25 s.
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Figure 32: Experimental results of the observer-based V/Hz control (reduced-order
observer) for the SyRM with the LC filter. The speed reference is ramped: 0 — 1
p.u. in t = 1.5 s. The load sequences are (a) quadratic load from zero to its rated
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value and (b) load step starts at ¢ = 0.75 s and stops at t = 8.25 s.



63

Several differences exist by comparing experimental results with the corresponding
simulation results. As mentioned in Section 5.2.2, the parameters of the physical motor
and filter differ from datasheet parameters due to its non-linearities, manufacturing
defects, and material aging. Moreover, R, the friction of the bearings, the effect of
dead-time, and other non-linearities are neglected in the simulations. Nevertheless,
is was shown that the simulations are a good approximation of the measurements in
almost all cases.

It was shown through the simulations that the observer-based V/Hz control is
sensitive to the error of R,. For the reason of non-zero R, RS was adjusted to
Ry = 4.1 Q (R,/R, = 1.14) for the PMSM and R, = 0.67 Q (R/Rs = 1.24) for the
SyRM. To keep the experimental measurements simple, other parameter settings
are set as default because the heuristic tuning requires a lot of time. It is therefore
recommended to use or develop automatic identification methods for SM drives with
the LC filter. For example, signal injection-based methods similar to [42], developed
for the PMSM with the LC filter.

PMSM

Figure 30 shows experimental results of reduced-order observer V/Hz control for the
PMSM with the LC filter. Let us compare the experimental results with the corre-
sponding simulation results (Figure 24). Similar findings also hold when comparing
experimental and simulations results for full-order observer V/Hz control (Figure 31
and Figure 25).

First, 7, is higher in the experiments due to the friction drag of the bearings,
which is omitted in the simulations. Additionally, the peak load angle is considerably
higher for a load step sequence because of a mismatch between R, and f%s, as well
as inverter nonlinearities. Second, 1. increases and then drops at the time instants
when the speed is zero. The x-axis current also increases and decreases, so the
machine draws more current than needed and demagnetizes itself. The problem
causes inaccurate estimation of Ry (see Figure 28) in combination with inaccurate
filter parameters Cy and L¢. Third, the DC bus voltage of the real converter is not
constant; upc increases when the motor is braking. Last, 2. and 25 have higher ripple
in the measurements, caused when converter voltage reference is higher than the
maximum available voltage (upc/v/3) and also by inaccurate parameter estimates.
The current and torque ripples can be reduced by lowering 1, s at speeds close to
the rated speed, so the wc ef is below upc/ V3. However, the reduced flux introduces
lower maximum torque capability. The effect of lower u, e on the current or torque
ripple can be seen from Figures 30(b) and 31(b) when comparing the ripple in the
positive with the negative direction of wy, ref.

By comparing the experimental results, i.e., Figure 30 and Figure 31, x-axis
current spikes at zero speed instants are higher for the reduced-order observer. The
undesired demagnetization at the zero speeds and the peak load angle are lower for
the full-order observer. Additionally, u. .t at steady state has a higher ripple for the
full-order observer, meaning that the current and torque ripples are also higher.
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SyRM

The main disadvantages of SyRMs are high torque ripple and poor power factor due
to the saliency and high leakage inductances [43]. The high saliency makes the SyRM
difficult to control and find an accurate rotor position. The initial rotor position is
set to align the d-axis of the rotor with the a-axis of the stator by adding a simple
2-degree-of-freedom PI current controller from [44], whereas, in the PMSM, the rotor
position alignment was unrequired. Additionally, the speed rate limit of the SyRM is
decreased compared to the PMSM because of existing difficulties with high current
spikes at the load step.

Experimental results for the reduced-order observer are shown in Figure 32. These
results cannot be compared with the corresponding simulation results because the
simulations indicated that the system is unstable.

The SyRM was unstable in the experiments for the full-order observer. In other
words, the SyRM could not run, and the overcurrent protection tripped at zero speeds
in the first attempts. Therefore, it was attempted to change other control parameters
such that the machine would run (g = 0.25, R, = 0.66 O, Cr=11 uE, L = 2.5 mH
and (,, = 0.85). The machine only ran at no load after these changes. Therefore,
the results of the loaded SyRM with the LC filter for the full-order observer are not
included in this thesis.

Overall, the performance of the SyRM with the LC filter has shortages. The
torque waveform for the SyRM has a higher ripple than for the PMSM, which is
also accompanied by higher noise and vibrations. Moreover, 6 has a reversed sign
at low speeds for the quadratic load sequence in Figure 32(a) and a high ) spike
at zero speed in the middle of the simulation for the load step. Additionally, upc
is oscillating together with wu. s when the voltage reference reaches its maximum
available voltage limit (upc/v/3). Similarly, as in the PMSM, the ripples can be

minimized by limiting w. .t at the rated speed by reducing .. -
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6 Conclusions

The thesis aimed to develop the observer-based V/Hz control for SM drives with
LC filters. This was achieved by employing LC filter dynamics to the recently
developed observer-based V/Hz control [14]. Consequently, two control strategies
were developed: (a) with the reduced-order observer (stator and converter currents
are measured) and (b) with the full-order observer (stator currents are measured and
converter currents are estimated).

The literature review shows that state-of-the-art sensorless control methods are
infeasible for medium-performance plug-and-play AC motor drives. The reason is
that the methods either contain several cascaded control loops, require cumbersome
parameter tuning, are sensitive to parameter errors, or have a limited operating
speed range. On the contrary, the observer-based V/Hz control showed compelling
attributes, such as relatively low sensitivity to parameter errors, simple and general
control structure, and common control gains for all SM types. These attributes
indicate that the observer-based V/Hz control can be implemented on medium-
performance drives ensuring robust and stable operation at a wide range of speeds.

The linearized continuous-time model was initially developed to examine the
system stability. However, it was revealed that the linearized continuous-time model is
inaccurate because it does not include the effects of the discrete-time delays. Therefore,
the developed linearized continuous-time model introduces unstable regions, which
are absent in the simulations with the discretized controller.

The next step was to build simulation models where discrete-time delays were
considered. The simulations worked for almost all the examined cases, except for
the SyRM with the reduced-order observer. Unfortunately, the reason causing this
problem was not identified.

Parameter sensitivity of the control system was examined by means of simulations.
For example, the mismatch between real and estimated stator d-inductances could
cause undesired torque oscillations at zero speeds. Furthermore, estimated values of
the stator and filter resistances lower than their actual values could interrupt the
motor operation at low speeds due to overcurrents. The control was less sensitive to
the filter parameter errors when the measured converter and stator currents were
used in the controller. However, the control is more sensitive when one of the currents
was estimated. The parameter sensitivity could be lowered by increasing the LC
filter damping gain.

Experimental measurements validated the control performance. The measure-
ments were successfully performed for the PMSM with both control methods. However,
the measurements could not be taken for the loaded SyRM with the full-order ob-
server. The SyRM could only run without the load after changing control parameters
and decreasing the LC filter damping gain. The SyRM unstable operation could be
caused by the inaccurate selection of the control parameters or an unsuitable observer
for the SyRM. The filter resistance could not be neglected, as expected from the
parameter sensitivity simulations. As a result, the estimated stator resistance was
increased to include the non-zero filter resistance. Moreover, the control parameters
were not ideally tuned in all cases, and the current ripple was considerably high when
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the voltage reference exceeded the maximum available voltage limit.

The proposed methods use the stator current measurement, which is impractical in
LC-filtered drives with long lead cables because of the sensor distance from the control
unit. A more practical solution adopts only the converter current measurement,
close to the converter output. Therefore, future development can be focused on
modifying the control methods for the converter current measurement, as shown
in the sensorless vector control for AC drives with an LC filter [11] and also in the
observer-based current control for grid-connected converters with an LCL filter [45].

Other future work recommendations may include developing a linearized discrete-
time model with distinguished control model parameters from plant model parameters,
providing a more accurate and deeper stability analysis. Furthermore, the developed
control structures could also include a parameter identification method for SM drives
with the LC filter to estimate filter and motor parameters with sufficient accuracy.
The existing algorithms could also be extended by high-frequency signal injection
method [25] to improve operation at low speeds and standstill. The torque ripple at
the rated speeds can be reduced by decreasing the converter flux linkage reference,
thus preventing the converter voltage reference from reaching the maximum available
voltage limit. The operation of the SM with the LC filter in the field-weakening region
could also be considered. Future master’s theses could develop an observer-based
V/Hz control for parallel-connected SMs using a single frequency converter.
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A Input parameters

Table Al: Data of the 2.2-kW 6-pole PMSM with the LC filter.
Motor - Rated values
Voltage (line-to-neutral, peak value) \/2/3:370 V

Current (peak value) V243 A
Frequency 75 Hz
Speed 1500 rpm
Torque 14 Nm
Filter (B84143V0006R229) - Rated values
Voltage (line-to-neutral, peak value) 300 V
Current (peak value) V2.6 A
Operating motor frequency 0...100 Hz
Motor - Parameters
Stator resistance Ry 3.6 Q
d-axis inductance Lg 36 mH
g-axis inductance L 51 mH
PM flux linkage g 0.545 Wb
Total inertia Jy, 0.015 kgm?
Filter (B84143V0006R229) - Parameters
Filter resistance Ry 290 mQ2
Filter inductance L; 8.5 mH
Filter capacitance Cf 2.2 uF

Resonance frequency f, 1.16 kHz




Table A2: Data of the 6.7-kW 4-Pole SyRM with the LC filter.

Motor - Rated values
Voltage (line-to-neutral, peak value)

\2/3:370 V

Current (peak value) V2155 A
Frequency 105.8 Hz
Speed 3175 rpm
Torque 20.1 Nm
Filter (B84143V0025R229) - Rated values
Voltage (line-to-neutral, peak value) 300 V
Current (peak value) V2:25 A
Operating motor frequency 0...100 Hz
Motor - Parameters
Stator resistance Ry 0.55
d-axis inductance Ly 46 mH
g-axis inductance L 6.8 mH
PM flux linkage 1y 0 Wb
Total inertia Jy, 0.015 kgm?
Filter (B84143V0025R229) - Parameters
Filter resistance Ry 25 mf2
Filter inductance L; 2.5 mH
Filter capacitance Cf 10.0 pF
Resonance frequency f; 1.01 kHz
Table A3: Control parameters.
Sampling frequency f; 8 kHz
Converter flux linkage reference v, 0.6411 Wb
Closed-loop controller bandwidth a. 2710 rad-s~!
Load angle estimation bandwidth «, 2740 rad-s~!
Converter current estimation bandwidth ag, 2720 rad-s~!
Bandwidth of LPF o 271 rad-s™!
Damping gain of HPF g, 3 N~'m~'rad-s™!
Damping gain of the LC filter ¢ 0.5
Desired damping ratio at high speeds (. 0.7
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