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ABSTRACT

SENSORLESS PERMANENT MAGNET SYNCHRONOUS MACHINE

CONTROL BASED ON STATOR FEEDFORWARD VOLTAGE ESTIMATION

A low-cost, high-performance position sensorless control method for permanent
magnet synchronous machine is proposed. In the proposed method, the dynamically
enhanced stator feedforward dg—axes voltages derived from a steady-state PM
synchronous machine model are modified for the speed sensorless PM synchronous
machine drive. The dynamic resemblance of dg—axes PI current regulator outputs are
composed of components of the feedforward voltage models. While the proposed
method uses feedforward stator voltage estimation method in the estimation of variables
showing rapid change, the stator resistance and rotor flux linkage values that change
slowly are estimated with the model reference adaptive system (MRAS). Since the
proposed method is based on back-EMF estimation, distortion effects caused from
parameter changes are reduced with online parameter updates using multi-parameter
estimation with MRAS. Compared to other sensorless control methods used in the
literature and industry, an efficient method which is simple, applicable in wide speed
range is achieved.

With the aim of enabling integration of the developed method into low-cost
permanent magnet synchronous machine (PMSM and PMSG) drive systems, the space
vector pulse width modulation method is proposed for a four switch three-phase
inverter structure without requiring the rotor position angle. Thus, an effective control

method in wide speed range for low power PMSM and PMSGs are obtained.
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This study is organized as follows. Introduction and modeling, simulation of a
speed sensored field-oriented control (FOC) of a permanent magnet synchronous motor
(PMSM) drive are expressed in Chapter I. In Chapter II, a simple and efficient position
sensorless speed control method based on feedforward voltage estimation for PMSM
improved with multi-parameter estimation using MRAS method for SSTP is proposed
and described in detail. In Chapter III, a simple, effective and low-cost position
sensored speed control scheme for PMSM drive using four-switch three-phase inverter
(FSTP) is developed and discussed. In Chapter IV, a position sensorless speed control
method based on stator feedforward dg—axes voltage estimation (FFVE) has been
designed and described in detail for low-cost four-switched three-phase (FSTP) PMSM
drive. In Chapter V, a simple and efficient position sensorless control method based on
feedforward voltage estimation for permanent magnet synchronous generator (PMSG)
improved with multi-parameter estimation using MRAS method is designed and
developed. In Chapter VI, the control of direct-drive PMSG along with load side
inverter control are performed and discussed using a bi-directional, two-level, back-to-
back voltage source rectifier/inverter with total of eight switches for the variable speed

wind turbine. Finally, concluding remarks, are expressed in Chapter VII.

Keywords: Permanent magnet synchronous motor (PMSM), space-vector PWM
(SVPWM), four-switch three-phase (FSTP) inverter, reduced switch inverter,
sensorless control, stator feedforward voltage estimation (FFVE), direct drive,
sustainable energy, model reference adaptive system (MRAS), parameter estimation,

permanent magnet synchronous generator (PMSG).
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KISA OZET

SUREKLI MIKNATISLI SENKRON MAKINELER ICIN iLERI BESLEMELI
STATOR GERILIM TAHMINI METODUNA DAYALI SENSORSUZ KONTROL

YONTEMI GELISTIRME

Yapilan calismada siirekli miknatisli senkron makineler (SMSM) i¢in diisiik
maliyetli, yliksek performanslt bir pozisyon sensorsiiz kontrol metodu onerilmektedir.
Onerilen metotta ileri beslemeli dg—ekseni stator gerilimleri, SMSM siirekli hal
denklemleri kullanilarak sensorsiiz kontrol algoritmasi elde dilmistir. PI akim
kontrolorlerinin ¢ikis degerlerinden faydalanilarak ileri beslemeli stator gerilim
modelleri olusturulmustur. Onerilen yontem hizli degisim gosteren parametrelerin
tahmininde ileri beslemeli stator gerilimi tahmin yontemini kullanirken, yavas degisim
gosteren stator direnci ve rotor halkalanma akisi parametrelerini model referans adaptif
sistem (MRAS) ile tahmin etmektedir. Onerilen metodun zit-EMK tahminine dayal bir
yontem olmasi sebebiyle parametre degisiminden kaynaklanan bozucu etkiler MRAS
ile coklu parametre tahmini yapilarak, online parametre giincellemesi ile
giderilmektedir. Literatiirde ve endiistride kullanilan diger sensorsiiz kontrol metotlar
ile karsilastirildiginda basit, uygulanabilir ve genis hiz araliginda verimli calisan bir
metot elde edilmistir.

Gelistirilen metodun diisiik maliyetli SMSM tahrik sistemlerine entegrasyonunu
saglamak amaciyla rotor pozisyon agisina ihtiya¢ duymayan bir dort anahtarh ti¢ fazh

evirici yapist icin uzay vektor darbe genislik modiillasyonu (UVDGM) yontemi



onerilmektedir. Boylelikle kiiciik giicli SMSM’de diisiik hizlarda etkin bir kontrol
yontemi saglanmis olacaktir.

Yapilan ¢alismanin akis organizasyonu sirasiyla ifade edilmektedir. Boliim 1’°de
Giris ve MATLAB/Simulink programinda yer alan MATLAB fonksiyonlari
kullanilarak pozisyon sensdriine sahip bir SMSM’nin alan-y6nlendirmeli kontroliiniin
modelleme, simiilasyonu yapilmistir. Boliim 2’de MRAS metodu ile ¢coklu parametre
tahmini yapilarak SMSM i¢in basit ve verimli bir ileri beslemeli stator gerilim
tahminine dayal1 pozisyon sensorsiiz kontrol metodu gelistirilmis ve detayl bir sekilde
ifade edilmistir. Boliim 3’de pozisyon sensorliic SMSM’nin hiz kontrolii igin dort
anahtarli evirici topolojisi ve diisitk maliyetli, verimli bir kontrol algoritmasi
gelistirilmistir. Bolim 4’de SMSM hiz kontrolii i¢in ileri beslemeli stator gerilim
tahminine dayal1 bir sensorsiiz kontrol algoritmasi gelistirilmis ve Boliim 3’de Onerilen
eksiltilmis anahtarl evirici topoloji kullanilarak diisiik maliyetli bir tahrik sistemi elde
edilmistir. Bolim 5’°de ileri beslemeli stator gerilim tahminine dayali sensorsiiz kontrol
algoritmas1 ¢oklu parametre tahmini ile bir arada uygulanmis ve dogrudan tahrikli,
kiigiik giiclii siirekli miknatish senkron generatorlerin (SMSG) genis bir hiz araliginda
caligmasina imkan taniyan bir sensorsiiz kontrol metodu gelistirimistir. Boliim 6’da ise
Boliim 5’de onerilen sensorsiiz kontrol algoritmasi diisiik maliyetli ve eksiltilmig
anahtarli, sirt-sirta bagli, iki seviyeli ¢evirici kontrollit SMSG’ler icin gelistirilmis ve
detayli olarak anlatilmistir. Gelistirilen metotlar simiilasyon ve deneysel calismalar ile

desteklenmis ve Boliim 7°de elde edilen bulgular ve sonuglar ifade edilmistir.

Anahtar Kelimeler: Siirekli miknatisli senkron makineler (SMSM), uzay vektor

darbe genislik modiilasyonu (UVDGM), dort anahtarh iic fazli evirici (DAUF),
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eksiltilmis anahtarli evirici, sensorsiiz kontrol, ileri beslemeli stator gerilim tahmini,
dogrudan tahrik, siirdiiriilebilir enerji, model referans adaptif sistem (MRAS),

parametre tahmini, siirekli miknatisl senkron generator (SMSG).
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I. INTRODUCTION

Back-EMF estimation plays an important role in todays' industrial applications as
a method that can ensure the stability in wide speed range compared to other methods.
In this study, a simple and effective position sensorless speed control method for both
surface mount and interior permanent magnet synchronous motors are proposed. The
dynamically enhanced modified feedforward stator dg—axes voltages that are derived
from a steady-state PM synchronous machine model are applied to the PM motor. The
dynamic resemblance of the actual PM machine is accomplished by the help of d*— and
q*—axes PI regulator outputs which are composed as the components of the feedforward
voltage models. g—axis PI current regulator output with a simple filtering formulates

the speed estimation algorithm and the output of the d—axis PI regulator acts as the part
of the derivative representation in the feedforward voltage equations.

In Chapter I, modeling and simulation of a speed sensored FOC of a PMSM drive
is developed by using MATLAB Function blocks in MATLAB/Simulink. This method
allows easier algorithm and software development stages for experimental studies
compared to the classical block diagram approach. The superiority of the method over
commonly used “Code Generation” tools is also emphasized. First, a
MATLAB/Simulink model of the FOC of PMSM drive is developed by using
MATLAB programming in MATLAB Functions similar to C coding techniques. The
results of the simulation are presented. Then, the MATLAB programming based codes
developed in simulation are implemented in a TMS320F28335 floating-point MCU by
using C programming language and the experimental results are obtained. Finally, the

results of the simulation and experiments are compared.



A simple and efficient position sensorless speed control method based on
feedforward voltage estimation for PMSM improved with multi-parameter estimation
using MRAS method is proposed in Chapter II. The dynamically enhanced stator
feedforward dg—axes voltages that are derived from steady-state PMSM model are
modified for the speed sensorless drive. The dynamic resemblance of the actual PM
machine is accomplished by the help of d— and g—axes PI current regulator outputs
which are composed as the components of the feedforward voltage models. In order to
improve performance of the proposed sensorless PMSM control method, stator
resistance and rotor flux linkage in feedforward voltage estimation model is continually
updated in PMSM steady-state model by estimating them. Thus, a sensorless control
methods which is dynamic, industrial and not affected by parameter changes. The
proposed control method with MRAS parameter estimation for PMSM has been
simulated by using MATLAB/Simulink. Simulation results demonstrate the feasibility
and effectiveness of the proposed method. The whole control system is implemented
with 1 kW PMSM drive controlled by a TMS320F28335. Experimental results
demonstrate the feasibility and effectiveness of the proposed method for PMSM under
various load and speed conditions.

In many applications where especially low power is demanding such as in
consumer products and light electric vehicles, the development of a reduced cost three-
phase inverter is essential to decrease the overall drive cost along with removing the
position sensor. The overall price of the three-phase inverter is mainly determined by
the number of semiconductor switches. The main contribution of Chapter III is achieve
a simple, effective and low-cost position sensored speed control scheme for PMSM

drive using FSTP. Moreover, it is also shown in this chapter that by proper connection



of the PM motor terminals to the FSTP inverter legs, SVPWM for FSTP inverter is
successfully achieved by using a novel and simple sector determination method without
requiring any position or voltage sensors. The proposed FSTP VSI based sensored
speed control method is applicable to both surface-mounted as well as interior type PM
motors. The proposed method has been simulated by using MATLAB/Simulink and
implemented with a 1 kW PMSM drive controlled by a TMS320F28335 floating-point
DSP. Simulation and experimental results shows the feasibility and effectiveness of the
proposed SVPWM algorithm under full-load condition using FSTP inverter.

In Chapter IV, a simple and low-cost position sensorless speed control method
based on stator FFVE for both SPMSM and IPMSM is proposed using space vector
PWM based FSTP inverter with a simple sector determination. The dynamically
enhanced stator feedforward dq—axes voltages that are derived from a steady-state PM
synchronous machine model are modified for the speed sensorless PMSM drive. The
dynamic resemblance of the actual PM machine is accomplished by the help of d— and
g—axes PI current regulator outputs which are composed as the components of the
feedforward voltage models in which the g—axis PI current regulator output with a first
order low-pass filter formulates the speed estimation algorithm in a closed-loop fashion
similar to PLL and the output of the d—axis PI current regulator acts as the derivative
representation. The proposed method is quite insensitive to multiple simultaneous
resistance, inductance and rotor flux linkage variations due to the dynamic effects of
the PI current regulator outputs that are used in the stator feedforward voltages with a
proper high possible K gain selected between 4 to 7 in the g—axis voltage estimation
algorithm. The proposed speed sensorless control scheme has been simulated by using

MATLAB/Simulink and implemented with a 1 kW PMSM drive controlled by a



TMS320F28335 floating-point DSP. Simulation and experimental results demonstrate
the feasibility and effectiveness of the proposed stator FFVE based position sensorless
speed control scheme for PMSM under full-load condition using FSTP inverter.

A simple and efficient position sensorless control method based on feedforward
voltage estimation for PMSG improved with multi-parameter estimation using MRAS
method is proposed in Chapter V. The dynamically enhanced stator feedforward dg—
axes voltages that are derived from steady-state PMSG model are modified for the
sensorless drive. In direct-drive wind turbine systems, because of low back-EMF
amplitude in the generator output at very low speed generator operation, the rotor flux
linkage cannot be predicted correctly. Fixed-speed IG, DFIG, SG, and PMSG are
widely used in wind turbines as generators. Also, the rotor flux linkage that changes
due to aging, vibration, humidity and temperature reduces the drive control
performance. In order to obtain the maximum power in PMSG vector control and to
achieve accurate current control, the rotor speed should be known. Vector control is
often used in PMSG control, because it has a simple structure and is suitable for various
industrial systems. In the power equation, maximum power is obtained as a function of
torque and speed. In the proposed method, a variable-speed wind turbine system with
back to back converter structure is connected to common DC-link. The converter at the
generator side is used to obtain the maximum power from different wind speeds; the
grid side converter on the other hand is used to transmit the power produced from the
generator to static grid (off-grid). In Chapter V, electrical simulation model in
MATLAB/Simulink is designed and developed. The simulation results are given and
analyzed in detail. The proposed sensorless control scheme has been implemented with

1 kW PMSG drive controlled by a TMS320F28335.



The main goal of Chapter VI is to provide electric power generation using a
renewable and portable method in rural and geographically problematic areas where
energy transmission is not possible. Electric power generation from wind with low-
cost, efficient and portable small-scale wind turbine during natural disasters
(earthquake, fire, flood, etc.) leading to catastrophic consequences (long electrical
black-outs) and for individual low power applications is targeted. The control of
gearless PMSG along with load side inverter control in this chapter are performed using
a bi-directional, two-level, back-to-back voltage source rectifier/inverter with total of
eight switches for the variable speed wind turbine. The speed of the turbine at the
generator side, therefore the speed of generator used in the maximum power point
tracking algorithm is obtained by the novel and simple position sensorless feedforward
stator voltage control method using SVPWM. This method is proposed in the literature
for the first time for synchronous generators along with the MRAS rotor flux and stator
resistance estimation method for minimizing the total cost. Due to increase of
temperature, magnets in the PMSG lose their magnetization (de-magnetization).
Therefore, one of the major advantages and novelty of using MRAS rotor flux linkage
estimator in this system is to correct the changes in the flux values in the control system.
Due to its simplicity and effectiveness, the load side control is achieved by using four-
switch grid side inverter. To observe the total system performance, a three-phase
passive load is used at the inverter output. The low-pass LCL-filter is designed and used
in the load side to reduce current and voltage harmonics and increase stability and
efficiency of the power network. The overall system is designed, modeled and analyzed
in Matlab/SIMULINK and the results are compared, verified and validated with the

real-time DSP system.



1.1. Introduction to Matlab Function Based Approach to FOC of PMSM Drive

Recently, AC motor control and driving strategies are attracting more and more
interest. Development of embedded systems, observers and control systems are
enabling new algorithms in motor control. The complex nature of these algorithms
causes difficulties in programming. MATLAB/Simulink® is commonly used for
modeling and simulation of electromechanical systems and their control applications
before the realization step. It is usually expected that experiments yield results similar
to those obtained in the MATLAB/Simulink simulation environment.

Usually, a MATLAB/Simulink simulation model of an AC motor drive is
developed in the literature by using classical Simulink® blocks that are available in the
standard Simulink Library [1]-[12]. Although, initial developments of the algorithms
designed by connecting the library blocks in Simulink Library makes the development
stage easy, the future addition or modifications of the system become quite difficult.
Moreover, the development of AC motor drive simulation models can also be achieved
by using the motor control blocks in MATLAB/Simulink Embedded Coder® [13]-[15].
The MathWorks®, Inc. developed the Embedded Coder toolbox for certain
microprocessor families such as the Texas Instruments® (TT) C2000 microprocessor
family which is widely used in motion control applications. The C2000 family offers
superior performance in motor control applications. If the experimental motor control
system consists of a C2000 microcontroller family, it is an option to build the simulation
model of an AC motor drive system by using the blocks provided in Embedded Coder.
However, this toolbox is an additional cost to the standard MATLAB/Simulink package

and does not allow modifications of its blocks.



The simpler, easily modifiable and more economical choice of
MATLAB/Simulink modeling and simulation of an AC motor drive is to use MATLAB
Functions. The handicaps given above are overcome by using MATLAB Function
blocks in MATLAB/Simulink. Most of the motor control applications nowadays
require the C programming language. Therefore using C programming like MATLAB
Programming in MATLAB Functions in MATLAB/Simulink produces a similar
approach as opposed to the classical block diagram based modeling of an actual system.
Using the classical block diagram approach also creates difficulties in understanding
and improving the system during future modifications.

In this study, a proposed MATLAB/Simulink model of a speed sensored field-
oriented control (FOC) of a PMSM drive is developed by using MATLAB
programming in MATLAB Functions similar to the C programming language [130].
Therefore, the goal of a simple, easily modifiable and economical MATLAB/Simulink
modeling method that helps the smooth transition to the experimental stage is achieved.
This is especially true for systems that are programmed in the C language. During the
application stage, MATLAB function based drive modules are manually converted to
the C language and implemented in a TI's TMS320F28335 Delfino floating-point

MCU. Finally, the results of the simulation and experiments are compared.
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g-axis circuit d-axis circuit

Figure I.1. Equivalent electrical circuit diagrams of quadrate g— and d—axes
synchronous reference frame that apply to both surface-mount and interior permanent

magnet synchronous machines (IPMSM) [16], [17].
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Figure 1.2. Basic phasor diagram for PMSM [16].

1.2. FOC of PMSM Drive

1.2.1. Dynamic mathematical model of interior PMSM
The dg model in the rotating synchronous reference frame shown in Figure (I.1)

is used to analyze the IPMSM for the field-oriented control (FOC). The stator voltage



equations of the [IPMSM in the rotating dq reference frame are given by (I.1) and (1.2),
omitting the influences of magnetic field saturation and magnetic hysteresis as

di, , (L)
v, =R, + Lq% + (Wi, Ly +wAy,)

di 1.2

where v, Vg 14, 1, are the stator d— and g—axes voltages and currents in the rotor

q
reference frame, respectively; R, is the stator winding resistance; L, and L q denote the
d— and g—axes inductance, respectively; w is the rotor angular electrical velocity; and

A4, 18 the flux linkages due to the permanent magnet rotor flux [16]-[18].

1.2.2. Vector control of PMSM

For superior driving performance of PMSM, vector control, or field-oriented
control (FOC), is widely used. As shown in Figure 1.2, for simplicity and to remove the
time-varying quantities, the two-axis theory is used for FOC of sinewave drives. To
produce the maximum torque in FOC, g—axis current and the rotor flux linkage aligned
with the d—axis are kept in quadrature form, as depicted in Figure 1.2. The d— and ¢—
axes current phasor components, ¢, and i, are generally fixed to the rotor reference
frame. To obtain 7, and iq from the instantaneous phase currents, a reference frame

transformation, such as Park transformation is employed [16].
For switching of the inverter, the space vector pulse with modulation (SVPWM)
is used in PMSM drives. The space vector form of the stator voltage equation in the

stationary reference frame is shown in (1.3)

A\ (1.3)
o= R4 s
U«S SZS + dt
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where R_, v, 7, and )\_b: are the resistance of the stator winding, complex space vectors
of the three phase stator voltages, currents, and flux linkages, respectively. These
vectors are stated in the stationary reference frame fixed to the stator. The resultant
stator reference frame voltage, current, and flux linkage space vectors are shown in

(1.4), (I.5) and (1.6), respectively.

U_s' r g[vsa <t> + AVgp <t> + CL2USC (t)] (I4)
Z? - g[isa <t> + aisb(t) + a2isc (t>] (IS)
X = 2alt) + g 0) + a2, (1) o

where a = e/*™/3and a® = e/*7/? are spatial operators for orientation of the stator
windings; v,,(t), v, (t), and v .(t) are the instantaneous values of stator phase
voltages; i, (1), iy (t), and i . (t) are the instantaneous phase currents; A, (¢), A, (t),

and A, (t) are the stator flux linkages. They are calculated by multiplying instantaneous

phase values by the stator winding orientations.

TQ

Vdr
Vi
1 1 1
s s, S,
0 0 0 D
~

Figure 1.3. Voltage source inverter (VSI) connected to the R- L load [21].
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Figure 1.4. Eight possible voltage space vectors obtained from VSI [22].

The phase—a is chosen as the stator reference axis in the direction of maximum MMF.
The b— and c—axes stator reference frames are selected 120° and 240° (electrical degree)
ahead of the a—axis, respectively.

When the three-phase windings are fed by an inverter, as shown in Figure 1.3, the
primary voltages v,,(t), vy, (t), and v, (t) are determined by the status of the three
switches, S, S, and S.. If the switch is at state 0 that means the phase is connected to
the negative and if it is at 1 it means that the phase is connected to the positive leg. The
eight basic voltage space vectors defined by the combination of inverter switches are
illustrated in Figure 1.3 [19].

For example, phase—a is connected to V,, if S, is one, otherwise phase—a is
connected to zero. This is similar for b—axis and c—axis. There are six nonzero voltage
vectors: V;(100), V,(110), ..., V4(101) and two zero voltage vectors: V- (000) and
V,(111). The six nonzero voltage vectors are 60° apart from each other as in Figure 1.4

[19].
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The stator voltage space vector (expressed in the stationary reference frame)
representing the eight voltage vectors can be shown as

2 .
0,(50: 53, S) = 5 ValS, + a8, + @S] -

where V,_ is the DC-link voltage, S,, S;, and S, are the switching states, and the

coefficient of 2/3 is the coefficient comes from the Park transformation [19].

1.2.3. Components of FOC of PMSM drive

The major components of the FOC of PMSM drive are shown in Figure 1.5. The
system consists of speed, d— and g-—axes current PI regulators, Park and Clarke
transformations, inverse Park transformation, space vector generation, speed
calculation, current and encoder signal conditionings and PWM generator modules. In
Figure 1.5, an incoming speed command profile goes into a speed PI regulator which
outputs g—axis reference current. The d—axis current reference is set to zero for surface-
mount PMSM. These current references and their corresponding feedbacks are DC
quantities for the PI regulators to track easily. The outputs of the current PI regulators
generate stator dg—axes voltage references which are also in DC quantities. To apply
sinewave currents to the motor, these DC voltage quantities are then transformed into
the instantaneous sinusoidal voltage commands for the individual stator phases using
the rotor angle feedback and the inverse reference frame transformation matrix (inverse
Park transformation).

The space vector PWM generator converts the stationary reference frame voltage
references into abc frame based duty cycle equivalences. These three-phase duty cycles
(T’,, T}, and T},) are then brought into a PWM generator for the inverter to generate the

appropriate three-phase pulsed-voltages that are applied to the motor. To obtain the dg—
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axes current feedbacks in DC quantities, first a— and b—axes AC currents are
transformed into stationary values using Clarke transformation and then the stationary
current values acquired from Clarke transformation are set up as inputs to the Park
transformation along with the rotor position feedback signal to generate the equivalent
DC feedback quantities in dq reference frame.

In PMSM, the rotor windings are already along the d— and g—axes, only the stator
windings quantities need transformation from three-phase quantities to the two-phase
dq rotor rotating reference frame quantities. Therefore, Park transformation is used to
transform the stator quantities of a PMSM onto a dq reference frame that is fixed to the
rotor, with the positive d—axis aligned with the magnetic axis of the rotor which has a
permanent magnet in PMSM. The dq transformation matrix (Park transformation) used

for currents and the inverse Park transformation used for voltages are given respectively

by
[,L:d:| _ [ cosf  sin 9} [Za} (L.8)
iy —sinf coshl |
) =Ly il ) "
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Figure 1.6. MATLAB Function based inverse Park transformation.
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Figure 1.7. “Code Generation” toolbox blocks (Embedded Coder DMC
modules).

It is possible to separate the motor complex space vectors into stationary real and
imaginary parts with the Clarke transformation. By using the Clarke transformation in
FOC of AC motor drive, stator currents are transformed from three-phase to two-phase
quadrature equivalent values as inputs to the Park transformation. The Clarke

transformation matrix for a balanced three-phase system is defined as

W RG]

1.3. Proposed FOC of PMSM Drive Model Based on Matlab Functions in

(1.10)

Matlab/Simulink

C programming like codes written in MATLAB Programming language are
developed for the simulation of the FOC of PMSM drive in MATLAB/Simulink using
MATLAB Function blocks without using expensive additional toolboxes such as

Embedded Coder.
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Figure 1.8. “Code Generation” toolbox blocks (Embedded Coder DMC
modules).

Motor control codes developed in C language by Texas Instruments are created in
a modular basis [20]. Developers that create algorithms using the same basis can model
the system by using MATLAB Function blocks.

As algorithms are being developed in MATLAB Function blocks, other electrical
components such as electrical machines and inverters can also be modeled by using
MATLAB/Simulink SimPowerSystems™ library components in the same system
model. Although, this causes an additional cost to the system, more realistic simulation
models are obtained. The cost effective solution is to represent the electrical machine
and inverter models mathematically by using classical Simulink and MATLAB
Function blocks. MATLAB Function blocks can also be used in Embedded Coder for
real-time implementation of FOC of PMSM drive if desired.

The MATLAB Function based inverse Park transformation model given in (I.10)
is shown in Figure 1.6. The mathematical representation written in the MATLAB
Programming language is provided in the bottom side of the Figure 1.6. In a similar
fashion, Clarke and Park transformations, PI Controllers, Space Vector PWM
Generator, Ramp Control, and Speed Calculation modules are also created by

MATLAB Functions. The developed MATLAB Functions work in the same manner as
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the blocks in Embedded Coder. However, there are limitations in the Embedded Coder
since TI's Digital Motor Controller (DMC) blocks in Embedded Coder do not allow
modifications. In Figure 1.7, inverse Park transformation and Space Vector Generator
DMC blocks (modules) are illustrated. MATLAB Function blocks require C like
MATLAB programming language. By this method, it is easy to develop and test the
algorithms which are suitable for TT C2000 microcontrollers.

Development of the simulation model before the actual implementation is
important. It is quite hard to switch from the simulation platform of FOC of PMSM
drive to the experimental stage. Moreover, programming microcontrollers is a quite
tedious task. The FOC algorithm tested in the MATLAB/Simulink simulation platform
by using MATLAB Functions instead of classical Simulink blocks makes switching to
the experimental stage a lot easier due to the above mentioned reasons and generates
much more realistic results in simulation.

One of the other advantages of using the MATLAB Function based blocks instead
of DMC blocks is to enable development of new algorithms instead of the known ones
that are provided in the Embedded Coder toolbox. The six-switch version of Space
Vector Generator (SVGEN_DQ) block from DMC module is shown in Figure 1.7. In
this block, modifications are not allowed. However, Figure 1.8 shows the MATLAB
Function based SVGEN_DQ block which is easily modifiable.

The inside of the SVGEN_DQ MATLAB Function module is provided in
Appendix B. Appendix C represents the C code version of the SVGEN_DQ module
available in the TI motor development application library. Appendix D includes

flowchart of the SVGEN_DQ module.
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Figure 1.9.



19

The similarities are clearly seen between MATLAB Function version and C
programming version of the SVGEN_DQ module. The FOC of PMSM drive that is
proposed by Texas Instruments® is illustrated in Figure 1.9. In this figure, the closed
loop speed control is performed with a ramp speed reference profile. The speed control
is achieved by applying a speed PI regulator. Position information is obtained by an
optical encoder. The encoder signals are converted to speed information by SPEED_FR
block. The rest of the FOC components are also seen in Figure 1.9. In Figure 1.9, FOC
of PMSM drive model developed in MATLAB/Simulink with MATLAB Functions
along with electrical components is shown. Inverter and electrical machine parameters
are selected to be the same as the experimental setup. The MATLAB Function blocks
are then manually converted to the C language based version to be used in the Code
Composer Studio™ (CCS) IDE. It is observed that any modifications made either in

simulation or in experiment produce the same results in each platform.

1.4. Simulation and Experimental Results

1.4.1. Simulation results

The proposed drive system shown in Figure 1.9 has been simulated in
MATLAB/Simulink using an electrical IGBT inverter and electrical PM motor model
from the SimPowerSystems toolbox in order to demonstrate the validity of the speed
sensored FOC of a PM synchronous motor drive.

To set the gating signals of the power switches from the output of the SVPWM
module easily and represent the real conditions in simulation as close as possible, the
proposed drive scheme including the electrical model of the actual PM motor and the

inverter with power semiconductor switches considering the snubber circuit and the
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parameters of the switches are designed in MATLAB/Simulink using the
SimPowerSystems blocksets. The dead-time of the inverter and non ideal effects of the
PM synchronous machine are neglected in the simulation models. The DC-link voltage
V,.1s set to 400 V [21], [22].

The switching frequency is chosen as 10 kHz. The sampling interval of the
electrical components from SimPowerSystems is selected to be thousand times slower
than the sampling time. In the simulations, electrical components and mathematical
functions run together. When the switching frequency is 10 kHz, the mathematical
functions that run parallel should be sampled faster than 10 kHz. In this case, this is set
a thousand times faster than 100 ps sampling rate. If the sampling step is low, the
simulation slows down. Similarly, in experiment, the switching update is accomplished
in 10 kHz rate as in simulation. However, the microcontroller runs the algorithms in
150 MHz clock frequency and the PWM update is performed in 10 kHz independent of
the algorithm sampling as oppose to the simulation. These results in high frequency
ripples in the actual current waveforms in experiment compared to the ones in
simulation.

In Figure 1.10, the speed results under full load start-up condition (2 N-m) is given
with a ramp speed reference from zero speed to 0.5 p.u. (450 r/min) in 2 s. As it can be
seen in Figure 1.10 that the proposed MATLAB Function based speed sensored field-
oriented control is able to drive the PM motor without any instability under full load
start-up condition. Figure I.11 demonstrates the steady-state phase—a current waveform
under rated full load at start-up. At 7.5 s (steady-state), step-down full load rejection
(full load to zero load) is applied and the speed response is provided in Figure 1.10. No

instability is observed even under full load rejection at steady-state.



21

500
400

300 /
200 /
100 /

0 25 5 75 10 125 15
Time [s]

Sim. rotor speed [r/min]

Figure 1.10. Simulated rotor speed feedback under full load start-up (2 N-m).
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Figure .11. Simulated phase—a current waveform at steady-state (0.5 p.u. =450

r/min) under full load condition.

1.4.2. Experimental setup

The experimental set-up shown in Figure 1.12(a) and Figure 1.12(b) consists of a
Magtrol AHB-6 model hysteresis dynamometer set, a SEMIKRON Semiteach inverter,
a PM synchronous motor, an eZdsp™ board with TI's TMS320F28335 MCU chip, an
interface board and a signal conditioning card.

The Magtrol dynamometer set contains a 6 N-m hysteresis brake, a DSP6001
model programmable DSP torque controller, and a Magtrol TMS306 model torque
transducer to monitor the load torque and shaft speed which is installed between the

hysteresis brake and the motor.
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Figure 1.12. Experimental test-bed. (a) Dynamometer controller, inverter, DSP
control unit, and interface and signal-conditioning cards. (b) PM synchronous motor
with integrated incremental position encoder (2500 pulse/rev.) coupled to hysteresis

brake through torque/speed transducer.

The signal conditioning card which comprises of two LEM™ LA25NP model
current sensors measure two motor phase currents and converts the real-world analog
current values into equivalent low-voltage values. The interface board that is connected
to the signal conditioning card scales the voltage values into proper positive
representations for the MCU to sensitize. The SEMIKRON® Semiteach™ PWM VSI
consists of SKM 50 GB 123D model IGBT modules, SKHI 22 model gate drivers with
4.3 us dead-time, and two 2200 pF caps. The inverter has a maximum DC-link voltage

of 750 V and RMS current of 30 A.
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In addition, an optical incremental encoder integrated to the PM servo motor with
2500 ppr resolution is used to detect the actual position. The speed sensored control
scheme is verified using an off-the-shelf 2 N-m surface-mounted PMSM drive which

is coupled to the overall system, as shown in Figure 1.12(b) .

1.4.3. Experimental results

The feasibility and practical features of the sensored speed control scheme of a
PMSM drive with sinusoidal back-EMF have been evaluated using an experimental
test-bed, shown in Figure 1.12(a) and Figure I.12(b) . The same conditions are applied
as in simulation. The control algorithm is digitally implemented using the eZdsp™
board from Spectrum Digital®, Inc. based on a TI's floating-point Delfino MCU
(TMS320F28335), as shown in Figure [.12(a) .

The experimental results are shown in Figure 1.13 and Figure 1.14. Figure 1.13
shows experimental waveform of the speed response when zero to 0.5 p.u. ramp speed
reference is applied starting at the tenth seconds under rated load condition as in
simulations. It is seen in Figure 1.13 that the feedback speed reaches the reference top
speed in 2 s as in simulation. The full load rejection is applied at 17.5 s. The drive
system under full load rejection is still stable and the speed feedback tracks the
reference speed closely. Figure .14 shows the steady-state current waveform under full
load condition.

To investigate the current waveform in the experiment, noise filter of 14 kHz is
employed in the Tektronix™ oscilloscope to remove the high frequency ripples in the
current waveform. It is seen that the results obtained from experiments are similar to

those that are obtained in the simulations.
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Figure 1.13. Experimental rotor speed waveform under full load start-up (2 N-m).
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Figure 1.14. Experimental phase—a current waveform at steady-state (0.5 p.u. =

450 r/min) under full load condition (1A/100mV).

The differences observed in the transient responses between simulation and
experiment are because of the dissimilarities in data sampling rate, additional delay due
to dynamometer torque controller, nonlinear characteristics of the machine and
hysteresis brake, mismatch of moment of inertia, damping and friction of the overall
system compared to the one used in simulations.

Due to slight misalignment and mechanical possible slippage in the motor

coupling, phase current shows some harmonic signatures on the positive cycle and the
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rotor speed has oscillatory behavior at start-up as seen in Figure 1.13 and Figure 1.14,
respectively. Moreover, because the dead-time effect is not compensated, the phase
current waveform exhibits some additional distortion especially at zero crossings and
at around positive and negative peaks. The rotor speed data are obtained by using M-

TEST 5.0 Motor Testing Software of Magtrol dynamometer at 0.01 s sample rate.

1.5. Conclusion

In this chapter, a simple, easily modifiable and more economical choice of
modeling and simulation of a speed sensored FOC of a PMSM drive is developed by
using MATLAB Function blocks in MATLAB/Simulink. This method allows easier
algorithm and software development stages for experimental studies compared to the
classical block diagram approach. The superiority of the method over commonly used
“Code Generation” tools such as MATLAB/Simulink™ Embedded Coder is also
emphasized. The proposed MATLAB/Simulink model of a speed sensored FOC of a
PMSM drive scheme is built by using MATLAB programming in MATLAB Functions
similar to C programming language. Then, the MATLAB programming based codes
developed in simulation are implemented in a TI's TMS320F28335 Delfino floating-
point MCU by using C programming. Simulation and experimental results are
compared and the results show the effectiveness of the proposed modeling of the FOC

of PMSM drive.
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II. IMPROVED STATOR FEEDFORWARD
VOLTAGE ESTIMATION (FFVE) BASED
SENSORLESS PMSM DRIVE USING MULTI-
PARAMETER ESTIMATION BASED ON MODEL
REFERENCE ADAPTIVE SYSTEM (MRAS)

Permanent magnet synchronous motor (PMSM) with sinusoidal shape back-EMF
and brushless DC (BLDC) motor with trapezoidal shape back-EMF drives have been
extensively used in many applications, ranging from servo to traction drives due to
several distinct advantages such as high power density, robustness, high efficiency,
large torque to inertia ratio and better controllability [23]. Since 1980s, with
developments in microcontroller/DSP, power electronics and microelectronics, the
sensorless control methods to achieve comparable performance in sensored vector
control have been investigated. Although BLDC motor drives require a simple control
with expensive position hall-effect sensors, these sensors are susceptible to heat and
mounting them on to the machine is a difficult task. On the other hand, PMSM with
sinusoidal shape back-EMF requires much more precise position sensors such as an
optical encoder and resolver for FOC [24], [25].

However, attaching these position sensors to the motor is associated with cost,
space, mechanical burden, noise interference and reliability. Therefore, there is a
motivation to eliminate position sensor from the drive and operate it as “sensorless” or
“encoderless” [26]. Although only position sensor is eliminated for sensorless control,
the motor position must be obtained using only electrical quantities (such as motor

currents, inverter DC-link voltage, voltage at the motor terminals, etc.) [24]. Therefore,
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current and/or voltage sensors are required to achieve a position sensorless drive
scheme. There are different techniques for sensorless operation of permanent magnet
synchronous motors and they are divided in two main groups: 1) back-EMF estimation
and 2) high/low frequency signal injection utilizing the magnetic saliency. While
sensorless control methods based on back-EMF estimation show very good
performance at medium and high speeds, they do not give good results at low and very
low speeds due to back-EMF estimation to be made at a sufficient level [25], [27]-[29].
Although the second method high-frequency signal injection provides effective results
at low speed levels and the estimation of initial rotor position, it is not widely used in
industry because of oscillations that occur in medium and high speeds due to the born
of injecting extra current or voltage signal, estimated bandwidth width and the difficulty
of integration into industrial drives. Because PMSM steady-state model is taken as a
reference in sensorless control methods based on back-EMF estimation, necessary
stability cannot be achieved at low and zero speed and mismatches of parameters and
variation of loading conditions, low speed operation and field weakening area [30]-
[32]. The main reason for these problems is that the methods based on back-EMF
estimation are affected by the parameter variation [33]. Variations in stator resistance
and rotor flux linkage complicate the position estimation, since the back-EMF based
methods are based on PMSM mathematical model [24]. Especially in low-speed
operation, field position estimation errors occur due to the variations of motor
parameters. Stator resistance changes due to temperature change and magnetic
saturation [23], [34], [35]. In order to minimize the effects of these changes and to tune
the control parameters correctly [36], [37]. In the literature Extended Kalman Filter

(EKF), Model Reference Adaptive System (MRAS), Recursive Least Squares
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Estimation (RLSE), Artificial Neural Network (ANN), Fuzzy Logic (FL) and
deterministic observers are used in online parameter estimation [24]-[34]. Because
ANN and FL methods contain too much mathematic calculations, their applications for
industrial drives are difficult task [25], [26]. While the EKF method gives suitable
results in parameter estimation, it has the disadvantages of complex algorithm structure
and the challenge of parameter adaptation [48]-[50]. While the RLSE method is used
in the estimation of electrical and mechanical parameters due to the mass of differential
expression it reduces the performance of the microprocessor and cause the system to
respond slowly [51], [52]. Although the Sliding Mode Observers (SMO) provides rapid
stability, it is insufficient in low speed region and because the parameters need to be
tuned, it is not a suitable on-line estimation method [53]. Therefore, it is not suggested
in industrial and low cost applications. In the basic approach of parameter estimation,
parameters change slowly and rapid changes are estimated using various methods and
with hybrid methods [54], [55]. While speed, inertia and position are parameters that
change rapidly, stator resistance and the rotor flux linkage change slowly [54]. Stator
inductance is the dominant parameter in transient state and in field weakening region
[53]. Thus, simplicity and rapid response capability of the proposed MRAS for PMSM
drives is the most outstanding parameter estimation method compared to other
techniques [56], [57]. Predictability of stator resistance and rotor flux linkage
independently is important for PMSM drive systems which require estimation of motor
variables individually with minimum error [51].

In this chapter, the sensorless control method used for IM is proposed for PMSM.
Back-EMF estimation plays an important role in todays' industrial applications as a

method that can ensure the stability in wide speed range compared to other methods
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[58]. In this study, a simple and effective position sensorless speed control method for
both surface mount and interior permanent magnet synchronous motors are proposed.
The dynamically enhanced modified feedforward stator dg—axes voltages that are
derived from a steady-state PM synchronous machine model are applied to the PM
motor. The dynamic resemblance of the actual PM machine is accomplished by the help
of d"— and g*—axes PI regulator outputs which are composed as the components of the
feedforward voltage models [59]. g—axis PI current regulator output with a simple
filtering formulates the speed estimation algorithm and the output of the d—axis PI
regulator acts as the part of the derivative representation in the feedforward voltage
equations.

Because the proposed method depends on back-EMF estimation, it is affected by
the parameter variation [23]. Elimination of the position errors stemmed from
parameter change is estimated with online rotor flux linkage and stator resistance using
MRAS and the updates are provided in the feedforward voltage estimation model. With
the MRAS parameter estimation, performance and stability of the sensorless drive
scheme in steady state and in low speed are improved. In similar hybrid algorithms, in
addition to a position estimation method, an observer algorithm and on-line parameter
estimation method are required as superiors [24], [60], [61]. Especially in low speed
operation in order to improve the position estimation, EKF and MRAS are used together
and a hybrid position control algorithm is suggested [26], [45]. In the method while
rotor flux variation is estimated by EKF, position estimation is accomplished by MRAS
[45]. In the other studies, while MRAS is used in the estimation of slowly changing
parameters the SMO is used for the position estimation [56], [42], [62]. In controlling

of the sensorless PMSM drive that is developed by using V/Hz and FOC, Luenberger
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observer is developed for rotor flux estimation and the effects caused from rotor flux
linkage change are minimized [53], [63], [64]. The most important reason of using these
hybrid approaches is that parameters affect each other and one prediction algorithm
does not give the desired result. However, when compared to other methods, because
MRAS’s being simple and applicable it provides fast stability in parameter estimation.
Therefore, it is presented as an important advantage in the study for the proposed
sensorless control method [47].

This chapter is organized as follows. The principle of the stator feedforward
voltage estimation based position sensorless speed control technique improved by
multiple parameter estimation is presented in Section 2.1. In Section 2.1.1, the dynamic
and steady-state models of surface mounted permanent magnet synchronous motors
(SMPMSM) are explained in detail. In Section 2.1.2, multiple parameter estimation
method based on MRAS is explained. In Section 2.2, the proposed stator feedforward
voltage control is presented using MRAS parameter estimation sensorless speed control
strategy. Moreover, the proposed control methods are designed and described in detail.
In Section 2.3, electrical simulation model in MATLAB/Simulink is designed and
developed. The simulation results are given and analyzed in detail. In Section 2.4, the
proposed speed sensorless control scheme has been implemented with 1 kW PMSM
drive controlled by a TMS320F28335. The hardware implementation and experimental
results of the proposed sensorless PM synchronous motor drive including steady-state
load disturbance are presented and discussed. Simulation and experimental results
demonstrate the feasibility and effectiveness of the proposed position sensorless stator

feedforward voltage estimation control (FFVE) scheme improved by MRAS multiple
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parameter estimation for permanent magnet synchronous motors under full-load

condition.
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Figure II.1. Equivalent electrical circuit diagrams of IPMSM in ¢— and d—axes

synchronous reference frame.

2.1. Proposed Sensorless PMSM Control Based on Stator FFVE with Multi-

parameter Estimation

2.1.1. Dynamic and steady-state mathematical model of IPMSM
The dynamic dg model in rotating synchronous reference frame shown in Figure
II.1 is used to analyze the IPMSM for the FOC. The stator voltage equations of the
IPMSM in the rotating (rotor/synchronous) dq reference frame are given by (II.1) and

(I1.2), omitting the influences of magnetic field saturation and magnetic hysteresis as

’ di, ’ (IL.1)
v, =i, R+ LQE +w.Lyig+w.A;

di 11.2
Ud = idRs + Ld% — weLqiq ( )

where v, v,, 4, 7, are the stator d— and g-axes voltages and currents in the rotor

q

reference frame, respectively; R, is the stator winding resistance; L, and L, denote the

d— and g—axes inductance, respectively; w, is the rotor angular electrical velocity; and
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Ay is the flux linkage due to the permanent magnet rotor flux [16], [17]. The steady-

state form of dg—axes stator voltage equations can be derived from (I1.3) and (I1.4) by
making derivative terms equal to zero in each equation as
v, = iy Ry + (W, Lyiy +w,\,) (IL3)
vy =14R; —w L, (IL.4)
2.1.2. Rotor flux linkage and stator resistance estimator based on model
reference adaptive system (MRAS)

PMSM motor parameters vary depending on temperature, frequency, load
conditions and work zone [65], [45]. In order to eliminate the effects of parameter
changes, an MRAS observer structure is suggested for the proposed sensorless control
scheme. While the rotor position errors occur from stator resistance change at low
speeds, this problem is eliminated with multi-parameter estimation; the effects of the
rotor flux linkage change caused from permanent magnets are also eliminated [24],
[25], [54].

A high performance PI regulator is used for PMSM sensorless speed control; for
low speeds and transients an adaptive MRAS observer, shown in Figure 11.2, is used.
In addition to rotor flux linkage and stator resistance change, feedforward voltage
estimation method is used together with MRAS in order to eliminate disturbance effects
in position estimation. Principally, MRAS depends on the principle that reference and
estimation models are compared and the obtained error is regulated by an adaptive

model until stability is achieved [56].
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Figure I1.2.  MRAS principle block diagram.

MRAS adaptation mechanism estimates slowly varying parameters based on the
hyperstability theory [37]. In the proposed method, MRAS is superior to feedforward
voltage estimation. It provides prevention of disruptive effects caused from parameter
variation. MRAS basic equation consists of feedforward linear model and non-linear

feedback components. In (II.10), while the (A + G)i[q] matrix is solved for
d

feedforward linear model; A/ﬁm + Ad symbolizes the nonlinear variable. G;and G,
d

coefficient in G matrix ensures feedforward linear model to be a positive and real
number [66]. Non-linear block is solved according to POPOV integral equation.

Equations for reference model shown in Figure I1.2 are expressed in (IL.5).

. R —L IIL.
diy S IR -\ (1)
L L i L v _ry
dt | _ q q a| 4 | [ q] 4| Y

dig L, —R, (M 1| Wa 1
— —w, 0 — 0
dt L, L, L, —_
——— d
A B

where R and A, are the estimated stator resistance and rotor flux linkage, respectively

which are the outputs of the adaptation model. ]A%S and \ 7 are updated in the estimation

block in the closed loop system, as a result 7, and 7, currents are predicted.



. _n  _ (I1.6)
diy R, Ly wy | S 0 Y
dt | _ L, L, rq} 4 L, [Uq] i L—f w,
% Lq —ﬁs id 0 i Vd 4
dt T We L 0
L, L, d —
R d

A ~ .
+ |:Gl 0 } Fq - Z’q]
0 Gol iy —iy
Adaptation model on the other hand is obtained by solving the nonlinear and

feedforward linear model together. AA and Ad are used to obtain the reference and

estimated currents that are the outputs of the estimation and reference models.

-R, -L, L in B (I1.7)
L. L e L. L,
AA T q q _ q q/\
Lq _Rs L —R
_we _qw S
Ly Ly L, * L,
) 3 (I1.8)
_f As w
Ad = Lq | Lq ‘
0 0

In (II.11), the error of the MRAS current estimators. Selection of accurate values
of G; and G, gains given in (II.6) eliminate the algebraic loop problem occurs in
simulation and experimental studies [66]. The error correction is accomplished by an
adaptation model. G matrix given in (II.6) is an observer gain matrix in which the
parameters should be adjusted properly [56]. False selection of the G matrix parameters

causes algebraic loops.

o [fq _ zq} (IL9)
g — %

q
d d
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According to the error given in (II.10) that (I.11) is obtained when (I1.5) and (I1.6)
are solved collectively. The errors 7, — i, and 7, — i, given in (IL.9) are adjusted with

the help of PI regulator coefficients that are defined according to the POPOYV inequality

criteria in (I1.12) [48].

d@,—i,)1  ([ZRs ZLay, \ (IL11)
dt 1 L, L, [Gl O} ' [Zq_zq}
d(1g —ig) L ﬁw =R, 0 GzJ g — g
dt L, ° L,
( _Rs _dee _Rs _Ld g \ ~
+ Lq Lq _ Lq Lq | {Zq}
| ¥ I~
i Lq _Rs Lq _Rs i 2q
\[,* T We )
d d L, L,
_f f
+ ( L, %] - |, \,
k 0 0 }

t . .
of,. L —t =t ~ (I1.12)
/ [(zd — zd)L—dd + (i, —17,) L—q} (RS — RS) dt > —v,2.
0

q

Adaptation equations for IA%S and \ ¢ are given in (I1.13) and (II.14), respectively.

where kpm , k.

ires? Fp kiﬂur’ }AEO, S\fo are the estimated resistance proportional
regulator coefficient, estimated resistance integrator regulator coefficient, estimated
rotor flux linkage proportional regulator coefficient, rotor flux linkage integrator
regulator coefficient, and the estimated last stator resistance and rotor flux linkage,

respectively.

= k; . N . .. ~ (I1.13)
R, =—(k, + ;ES)<LdZd (g —1q) + g, (i, —2,)) + Ry

est

(I1.14)

- k; -
_ Liluwx . ~
)\f _— (kpflum +T> we(lq_lq>Lq+>\f0.
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Stator resistance and rotor flux linkage estimation values in (II.12) guarantees to
give faster response than the closed loop cycle. Since large selected state errors are
constantly growing and small selected estimation time gets longer, selection of proper
regulator parameters are crucial for minimizing the steady-state error [50].

In the proposed MRAS method, a low-pass filter (LPF) is used to overcome the
rise of the estimated rotor flux linkage value at low speed and at zero crossing and
distortion effects caused from stator resistance estimation. In the situations where LPF
is not used at low speed, the estimation values are small and cause the output of the

feedforward voltage estimation values to be faulty [67].

2.2. Details of the Proposed Sensorless PMSM Drive Based on Stator FFVE
Using Multi-parameter Estimation Based on MRAS

The dg—axes stator voltages in field oriented control are used in order to perform
the current control located in the inner loop more dynamically [40]. In the literature,
similar to the method proposed for induction motor sensorless speed control, stator
voltage references vy and vj are added to the PMSM steady-state equation as
feedforward estimator signals [58], [68], [69]. The control principle is adopted where
the current in g—axis is controlled by speed of rotation or frequency of stator voltage
applied to g—axis winding. The amplitude of g—axis voltage is obtained by neglecting
the derivative term and assuming that real currents closely follow reference values

i, =iy andig = i; (reference values are marked with * in the superscript and heat A

above is the symbol indicates estimates). Below are the modified feedforward stator
voltage equations for the proposed speed sensorless scheme given in dq reference

frame.
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vt = iR, + (wLyiy + w, Ay ) + KA (IL15)
vy = iR, —w,Lit + Av. (I1.16)

During steady-state operation, while d—axis current, 7,, minimizes the rotor flux
linkage error, g—axis current, 7., reference is obtained from the output of the speed
regulator and controls the torque indirectly. The rotor flux linkage is defined as
proportional to the rate of change of 7, and it is adjusted to force the d—axis current
equal to zero at steady-state [70], [71]. As a result, the actual dg—axes voltages resulted
to be proportional to the reference dg—axes voltages. In the method that is suggested in

[72] by Okuyama et al. for induction motor, the relationships of the d—axis current

regulator output Av and rotor flux linkage ) ¢ are represented in (IL.17), (Il.18) and

(I1.19) as
L, 2 (IL.17)
Av = L—(—we)\f) for L, # L, # L,
q
Av=—w.i,L, forL,=L,=1L, (I1.18)
We A3 .19
q
As it is seen in (I1.20) that the rotor flux linkage A 7 1s proportional to Av.
}\f ~ —Av (IL.20)

PMSM equations given in (II.15) and (I1.16) show that dg—axes currents depend
on dg—axes voltages and rotor angular velocity. In the proposed method, g—axis is the
output of d-axis PI current controller located in the voltage equation; Av is the output

of g—axis PI current controller.
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Figure I1.3.  Feedforward voltage estimation principle with MRAS multiple

parameter estimation method.

It is the electrical angular estimated speed w, which is the output of the g—axis
current regulator depending on the gain of K that enables the system to response
dynamically and provides the system to protect its stability especially at low speeds
[59]. The gain K is set manually and improves the response of the PMSM at low speeds

expressed in (IL.21) as

1 .21
A Ko P (L.21)
=1
Ap 1+ Kwep

In the proposed method shown in Figure II.3, the rotor flux linkage value is
updated in the feedforward voltage estimation model. In the stator voltage estimation,
stator resistance is adjusted according to the error between reference d—axis current and
feedback d—axis current component. In order to eliminate the errors caused from the
stator resistance and rotor flux linkage variation in the PMSM, multi-parameter

estimation using MRAS method is performed.

=) >
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MRAS parameter estimation equations should be modified to be used in the
proposed modified stator feedforward voltage estimation equations. PMSM reference
frame and adjustable models that are given in (II.1), (IL.2) and (IL.6), respectively are
modified accordingly. The novel MRAS mathematical models are derived to be used
in accordance with the feedforward voltage estimation model. The variable K’ Awv in the
reference model is added to construct the proposed steady-state PMSM motor equation.

These modified and simplified equations are given in (IL.22) and (I1.23) as

W A S A KAv (11.22)
Iy = — .y — =1, +—q——fwe —
Lq q Lq Lq Lq
4 ~R.. L, . v, Av (I1.23)

A complete block diagram representation for a field-oriented control of the
proposed speed sensorless PMSM scheme based on feedforward stator voltage
estimation using a space vector PWM (SVPWM) voltage-source inverter (VSI) is
illustrated in Figure I1.5. For the system to work with PMSM, rotor flux linkage value
and position are important for stable operation [73]. The resulting feedforward voltage
estimation signals are represented in Figure II.3. The stator voltages applied to the
motor are calculated by (II.15) and (II.16). Note that estimation of rotor angular speed,
w,, is obtained by passing w, obtained from output of the PI current regulator in g—axis
through a first order filter.

In Figure I1.4, block diagram of the speed and position estimation method is
illustrated. The time constant of the filter depends on the overall system mechanical
characteristics and heavily affects the dynamics and stability of the sensorless control

scheme.
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2.3. Simulation Results

The proposed drive system shown in Figure II.5 has been simulated in
MATLAB/Simulink® using an electrical IGBT inverter and electrical PM motor model
from the SimPower Systems toolbox in order to demonstrate the validity of the
proposed speed sensorless PM motor drive scheme.

To set the gating signals of the power switches from the output of the SVPWM
module easily and represent the real conditions in simulation as close as possible, the
proposed drive scheme including the electrical model of the actual PM motor and the
inverter with power semiconductor switches considering the snubber circuit and the
parameters of the switches are designed in MATLAB/Simulink® using the SimPower
Systems block sets. The dead-time of the inverter and non-ideal effects of the PM
synchronous machine are neglected in the simulation models. The DC-link voltage V.

is set to 400 V. The switching frequency is chosen as 10 kHz.



41

e V_AM
Jd
1
% 0 e
I9pIQ) ISIL]
Q»E Q»é
Q.N @.N
gw “1 bri 1 y I0TRWISH 9FBIOA PIBMIOJPII]
< %:G < a bybramy _ syPy — Pyl
sreusis| . L | wmd | 94 Aw> b Y yu =<,
PONCL] M ] e | avi+ (o + hirpo) + Syl = fa d
L 20 2Py a P
" Vv + 1
mQ.k@
w [
b 04y 1 Sm(by _ b\o s g _ b
T4 v+ (=)o |t ) - = !
) e 7
Pa 0s b b\ 159, » Py 00, p s saug s 1
. ¥+ ("= (- P PP )=y ®

JIOTRUINST Q0UR)SISIY I0JRIS 29 9FeUI] XN 10)0Y SV AN

Overall block diagram of proposed sensorless PMSM drive model

Figure IL5.

based on MRAS parameter estimation.
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Figure I1.6.  Simulated steady-state speed response when full load (2 N-m) rejection
is applied at ¢t = 0.9 s and full load injection is applied at ¢ = 1.55 s under 360 r/min

speed reference without parameter estimation.
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Figure I1.7. Simulated steady-state torque response when full load (2 N-m)
rejection is applied at ¢ = 0.9 s and full load injection is applied at £ = 1.55 s under

360 r/min speed reference without parameter estimation.
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Figure I1.8. Simulated steady-state speed response error (estimated and actual
speed) when full load (2 N-m) rejection is applied at ¢ = 0.9 s and full load injection is
applied at ¢ = 1.55 s under 360 r/min speed reference without parameter estimation.

In Figure I1.6, the medium speed performance is simulated. In Figure 1.7, motor
shaft torque response is represented. The load rejection and load injection simulations
are performed at 360 r/min steady-state speed for the proposed sensorless control
scheme, as shown in Figure IL.5. In this simulation, parameter estimation is not
integrated to the proposed feedforward voltage estimation based sensorless control. The
proposed method has dynamic structure and good response to sudden load changes.
These are some of the main advantages of the proposed scheme compared to the other
back-EMF based sensorless methods. In this case, the response time of the PMSM is
under 0.2 s. The gain K given in (II.15) regularizes the performance of the overall
system. Therefore, in medium speed ranges, the value of K is adjusted manually. In the
performed simulations, it is observed that the selection of small K values results in non-

stability in the system. Therefore, it is selected as 5.
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Figure I1.9. Simulated steady-state (360 r/min) phase—a and —b current waveforms

under full load (2 N-m), load rejection and load injection.

Speed error is shown in Figure II.8 under full load rejection and injection
conditions. The error between actual and estimated speeds is very small and it is
observed that the error converges to zero very quickly. In Figure I1.9, the transient and
steady-state phase—a and —b current waveforms are presented.

In simulation studies, multiple parameter estimator based on MRAS and PMSM
model are run as an open-loop to verify the MRAS and sensorless algorithm. To be able
to obtain an open-loop operation of PMSM, the steady-state operation is desired for the
correct estimation of parameters. To achieve a steady-state operation, constant
synchronous reference frame voltage values are given to the machine terminal and the

initial speed is selected in the speed integrator of the PMSM model as 360 r/min.
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In Figure I1.10, the estimated stator resistance converges to actual value very well
(R, = 3.4 Q). Figure I.11 shows the estimation of the rotor flux linkage. It is seen that
the estimated rotor flux linkage converges to actual value quite well. The effect of stator
resistance and rotor flux linkage variations on the overall performance of the proposed
drive is investigated in simulations. The stator resistance and inductance estimates are
chosen initially 50% greater than the actual values in the PM machine model. There is
no parameter adaptation method is used in this simulation.

For the investigation of the behavior of the PMSM at under 270 r/min speed
region, first the speed reference is set at 270 r/min and then the set point is changed to
240 r/min stepwise at £ = 1 s, as shown in Figure II.12. Also, speed error is presented

in Figure I1.13.
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Figure I1.12.  Simulated steady-state speed response when full load (2 N-m) under

270 r/min speed reference with open-loop multiple parameter estimation.
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2770 r/min speed reference with open-loop parameter estimation when A, is decreased
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10

<
=
2 |
= ‘
o ]
T
)
©
e
o
O |
2 |
(] I o L L || L L Ll
ER : :
€ | |
(%} | ‘ |
-1 1 ] 1
% 1 2 3 4

Figure I1.14.  Simulated transient (270 r/min) phase—a and —b current waveforms

under full load (2 N-m) with open-loop parameter estimation when A, is decreased by

40% and R, is increased by 50%.
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Stator resistance and rotor flux linkage values vary depending on the operation
condition. In order to improve the sensorless control performance, it is desired that
motor parameters are estimated continuously and are updated in the feedforward
voltage estimation equations. In practice, stator resistance and rotor flux linkage values
cannot be changed anytime desired. However, in simulation studies, SimPower System
PMSM model enables changing the rotor flux linkage value in steady-state. Figure
I1.14 shows the speed performance of the proposed sensorless method. Although, the
starting of the machine has a distortion and the phase—a current shown in Figure I1.15
that the PM machine draws a more current at transient. Simulation results for the Figure
I1.12 to Figure II.15 correspond to open-loop parameter estimation independent from
sensorless control algorithm; on the other hand Figure I1.16 to Figure I1.20 shows the

simulated combined parameter estimation and sensorless control algorithm.
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Figure I1.15.  Simulated steady-state (270 r/min) phase—a and —b current waveforms

under full load (2 N-m) with open-loop parameter estimation when A, is decreased by

40% and R, is increased by 50%.
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As seen in Figure I1.16, rotor flux linkage is increased 40% and stator resistance
is increased 50%. As a result of these parameter changes, while a stability of 270 r/min
could not be achieved in Figure II.12, a stability of 100 r/min in Figure II.18 is
maintained.

For the investigation of the behavior of the MRAS parameter estimation algorithm,
initial stator resistance value is increased linearly from the initial value starting from 45
seconds to 50% higher than the initial value in ten seconds, as shown in Figure I1.13.
The error between real and observed stator resistance is around <1% during the steady-
state between 48 s and 50 s. Also, the observed error for rotor flux linkage variation in
which the actual value started from 0.9 seconds to 40% lower than the original value in
three seconds is given in Figure II.14. This error is considerably small which is around
0.5%. The reason for getting a high performance result is calculating MRAS PI gains

and tuning it right.
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Figure I1.16.  Simulated rotor flux linkage estimation when A is decreased by

40% and R, is increased by 50%.
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Figure I1.17.  Simulated stator resistance estimation when A, is decreased by 40%

and 7, is increased by 50%.
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Figure I1.19.  Simulated steady-state phase—a current waveform under full load (2
N-m) with parameter estimation when A ; is decreased by 40% and R, is increased by

50%.
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Figure I1.20.  Simulated steady-state (from 360 r/min to 63 r/min) speed response

under full load (2 N-m) with parameter estimation when A, is decreased by 40% and

R, is increased by 30%.
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In Figure I1.18, it can be seen the results of the parameters estimated, obtained by
updating the feedforward estimation block in each cycle as closed-loop. Despite the
initial rotor flux linkage value is increased 40% and resistance value is increased 50%,
sensorless control can still maintain the stability until 135 r/min. Under the same
circumstances, phase—a current value is shown in Figure I1.19. Although the current
peak value is rising, there is not any non-stability in steady-state. In the measurements
done with stator resistances changed in a 30% ratio, it is seen in Figure I1.20 that

sensorless control can be performed in simulation environment up to 63 r/min.

2.4. Experimental Results

The experimental set-up consists of a Magtrol AHB-6 model hysteresis
dynamometer set, a SEMIKRON Semiteach inverter, a PM synhronous motor, a
eZdsp™ board with TMS320F28335 DSP chip, and an interface and a signal
conditioning cards. The Magtrol dynamometer set contains 6 N-m hysteresis brake, a
DSP6001 model programmable DSP torque controller, and a Magtrol TMS306 model
torque transducer to monitor the load torque and shaft speed which is installed between
hysteresis brake and the motor. The signal conditioning card which comprises two LEM
LA25NP model current sensors which read two motor phase currents and converts the
real-world analog current values into equivalent low-voltage values. Interface card that
is connected to the signal conditioning card scales the voltage values into proper

positive representations for the DSP to sensitize.
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Figure I1.21.  Experimental test-bed.

The SEMIKRON Semiteach PWM voltage-source inverter (VSI) which comprises
SKM 50 GB 123D model IGBT modules, SKHI 22 model gate drivers with 4.3 us
dead-time, and two 2200 mF caps. The inverter has a maximum DC-link voltage of 750
V and RMS current of 30 A.

In addition, an optical incremental encoder integrated to the PM servo motor with
2500 ppr resolution is used to detect the actual position/speed for evaluating the
estimators. The proposed sensorless control scheme is verified using an off-the-shelf 2
N-m surface-mounted PMSM drive which is coupled to the overall system, as shown
in Figure I1.21. The parameters and specifications of the PMSM are provided in
Appendix A.

In Figure 11.22 shows start-up performance of proposed control method. There is
unstable state is observed at experimental no-load start-up using the proposed

sensorless scheme, as shown in Figure IL.5.
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Experimental rotor speed waveform under no load start-up (2 N-m)

without parameter estimation.

P I S

Time [10 s/div]

Experimental speed response when full load rejection (2 N-m) is

[Arp/w-N 1] 2nbIO[, 1JeyS 1010 10V

employed at ¢t = 15 s and full load injection is employed at ¢t = 82 s under 360 r/min

steady-state speed without parameter estimation.
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The experiment in Figure 11.23 corresponds to the simulation in Figure I1.6. In
Figure 11.23, without any estimation of parameters, results of load rejection and load
injection of PMSM under 2 N-m load are shown. At the moment ¢ = 0 s, PMSM is
started with no load. At ¢ =3 s, reference torque is adjusted as 2 N-m. Also, feedforward
voltage estimation has provided the stability of 360 r/min motor speed at desired
response time by sensorless control. At ¢ = 13 s, dynamometer load is adjusted to zero
and the response of PMSM against sudden change of load is observed. At = 19 s, the
transient state performance is examined under transient conditions.

Figure 11.24 shows the comparison of estimated speed values and the speed
measured from encoder. The speed with reference value 0.4 p.u. has same values
measured from encoder and estimated by feedforward voltage estimation control. This
result shows the successful operation of sensorless control method at medium and high
speeds to sudden speed and load changes.

Aw, is d—axis PI regulator output, variation is shown in Figure I1.25 and also Awv
is discussed in (II.15) — (II.19). w,, is g—axis PI regulator output, variation is shown in
Figure I1.26 and also w,, is discussed in (II.15) — (II.19). Actual data were obtained
using Code Composer Studio real-time graph for Figure I1.25 and Figure 11.26. Figure
I1.27 shows the estimated position and measured position graph based on proposed
sensorless control algorithm. Also, results illustrates that the estimated position tracks

the actual position very well.
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Figure I11.25.  Experimental Av variation for 360 r/min.
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Figure I1.26.  Experimental w, variation for 360 r/min.

In Figure I1.28 and Figure I1.29, the phase—a and —b currents obtained with
sensorless control based on feedforward voltage estimation suggested without
parameter estimation under 2 N-m load constantly.

Figure I1.28 is measured for 360 r/min motor speed while Figure I1.29 is measured
for 270 r/min motor speed.

In Figure I1.30, the response of PMSM under rapid load changes for 360 r/min is
shown.

The dynamic structure and stable working state of proposed method in medium
and low speeds are presented in Figure I1.28 to Figure I1.30. In Figure 11.31, the

behavior of PMSM under sudden load changes for 270 r/min speed.
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Figure I1.27.  Experimental estimated and measured rotor angle.
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Figure I1.28.  Experimental steady-state (360 r/min) phase—a and —b current

waveforms under full load (2 N-m) without parameter estimation.

58



Meas. Phase-a and Phase-b Currents [2 A/div]

P S

Time [20 ms/div]

Figure [1.29.  Experimental steady-state (270 r/min) phase—a and —b current

waveforms under full load (2 N-m) without parameter estimation.
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Figure I1.30.  Experimental phase—a and —b current waveforms for 360 r/min.
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Figure I1.31.  Experimental speed response when full load rejection (2 N-m) is
employed at ¢ =51 s and full load injection is employed at ¢ = 61 s under 270 r/min
steady-state speed without parameter estimation.

In Figure I1.32, the waveform of phase—a and —b currents under same working
conditions are illustrated. In Figure I1.33, initial rotor flux linkage variation is shown.
In simulation studies, rotor flux linkage variation is obtained by setting false initial
values. But in experimental works, since the rotor flux linkage change occurs slowly,
after obtaining true initial values and regulating related controller parameters, update
of the rotor flux variable which is found in direct feedforward voltage estimation model
is ensured. To prevent saturations, saturation limits are defined and even though being
for a short time, not surpassing these limit values is ensured.

Additionally, instead of physically adding an additional resistance to the actual
motor terminals, the wrong parameter values are given in the feedforward estimators
for simplicity purpose. The differences observed in the transient responses between
simulation and experiments are because of the mismatch of moment of inertia, damping

and friction of the overall system compared to the one used in simulations. The
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proposed robust control algorithm shows a good performance with online parameter
estimation. In Figure I1.35 shows the case of full load condition by increased stator

resistance value adding 30%.
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Figure I1.32.  Experimental phase—a and —b current waveforms for 270 r/min.
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Figure I1.33.  Experimental initial estimated rotor flux linkage.
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Figure I1.34.  Experimental estimated stator resistance when by R, is increased by

30%.
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Figure I1.35.  Experimental rotor speed waveform at steady-state (from 240 r/min to
100 r/min) under full load condition with parameter estimation when R is increased

by 30%.
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Figure I1.36.  Experimental rotor speed waveform at steady-state (100 r/min) under
full load condition with parameter estimation when R, is increased by 30%.
Proposed sensorless control method is observed to fail and lose the stability under

240 r/min. The most important reason of this is using PMSM model and this PMSM

model taking the initial parameters as reference and developing sensorless control

ability. In contrast, the proposed system uses the estimated values of the stator
resistance and rotor flux linkage, and so, the estimation position depends on parameter
variations. As shown in Figure I1.35 and Figure I1.36, the parameter variation can be

estimated under the low speed region and a stable operation can be achieved in 100

r/min. In Figure I1.36 shows the speed estimation response of the proposed control

system under full load condition, load rejection and load injection conditions. In
contrast to Figure I1.36, using combined sensorless method and MRAS, low speed
dynamic response is implemented. It is confirmed that the proposed sensorless drive

system can operate 100 r/min.
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Figure I1.37.  Experimental steady-state (225 r/min) phase—a and —b current

waveforms under full load (2 N-m) with parameter estimation.
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Figure I1.38.  Experimental steady-state (180 r/min) phase—a and —b current

waveforms under full load (2 N-m) with parameter estimation.
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Experimental steady-state (135 r/min) phase—a and —b current

waveforms under full load (2 N-m) with parameter estimation.
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Experimental steady-state (100 r/min) phase—a and —b current

waveforms under full load (2 N-m) with parameter estimation.
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The results of experiments are claiming that there is no chance of going below 240
r/min without parameter estimation, but it is possible to approach 100 r/min speed levels
with parameter estimation. Here, parameter estimations are being done with MRAS and
the rotor flux linkage estimated parameter seen in Figure 1.3 and located in FFVE
block, and stator resistance estimated parameter is constantly being updated.

Firstly, the estimation algorithm is ensured to work as open loop. By verifying
parameter estimation, MRAS outputs are updating FFVE block in loops. With proposed
control method, the aimed speed level of 100 r/min is approached with full load and
stability is ensured. In Figure I1.37, waveforms for phase—a and —b currents at 225 r/min
are seen. Except peak declining in current wave form, sinusoidal wave forms are
obtained.

In Figure I1.41 and Figure 11.42, a resistance of approximately 1 €2 is connected
between a three-phase resistance PMSM and an inverter. Rotor flux linkage value is
setted 40% lower than the original value. Performance of the proposed method in 180
r/min and 100 r/min are shown in Figure I1.41 and Figure I1.42. The current waveforms
between Figure 11.38 and Figure 11.40 are recorded for 180 r/min, 135 r/min and 100

r/min, respectively.
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Figure [1.41.  Experimental steady-state (180 r/min) phase—a and —b current

waveforms under full load (2 N-m) with parameter estimation when 2, is increased

by 30%.
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Figure [1.42.  Experimental steady-state (100 r/min) phase—a and —b current

waveforms under full load (2 N-m) with parameter estimation when I?, is increased

by 30%.
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Figure [1.43.  Experimental steady-state (100 r/min) phase—a and —b current

waveforms under full load (2 N-m) with parameter estimation when I?, is increased

by 10%.

2.5. Conclusion

This chapter presents a simple and dynamic position sensorless PMSM control
method based on feedforward voltage estimation improve with multi-parameter
estimation method. With proposed method, compared to other sensorless methods,
more dynamical and easily industrializable structure is being suggested. Since the
method is based on back-EMF estimation method, the possible disrupting effects due
to parameter changes are prevented with MRAS. Due to the reason the MRAS is easier
to develop compared to other parameter estimation methods and not exhausting the
microprocessor much, it is used in conjunction with feedforward voltage estimation.
Depending on the rise in temperature, rotor flux linkage decreases while stator
resistance increases. Effects of resistance change directly affects g—axis current. Due to

this interaction, speed-torque characteristics of PMSM is changing. Rotor flux linkage
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is affecting back-EMF and torque constant. Therefore, in simulation and experimental
works, stator resistance's increase and rotor flux linkage's decrease is ensured. In
experimental works performed, it is observed that proposed FFVE sensorless method
maintains the stability at medium and high speeds, and it also maintains the stability at
low speeds when used with MRAS. The whole control system is implemented by
TMS320F28335 for a PMSM and the effectiveness is verified through the comparative

simulations and experiments.
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ITII. LOW-COST FIELD ORIENTED SPEED
CONTROL OF PMSM DRIVE USING REDUCED
SWITCH INVERTER

Low-cost inverter topology with reduced number of switching devices was firstly
presented for an induction machine drive system in [74] as a four-switch three-phase
(FSTP) inverter in which one of the three-phase windings is connected to the center-tap
of the two DC-link capacitors and a comparable performance is achieved to the
conventional six-switch three-phase (SSTP) inverter. With this modification, the FSTP
voltage source inverter (VSI) topology generates only four non-zero active space
vectors without any non-zero vectors in the o plane, as oppose to six active and two
zero voltage space vectors in the SSTP VSI counterpart and it is acknowledged as the
standard reduced switch inverter topology for three-phase AC drives in the literature.

There are several advantages of FSTP inverter compared to traditional SSTP
inverter which are summarized as follows: Although each switch rating in FSTP
inverter is higher compared to the one in SSTP inverter, the price of each switch in
FSTP inverter is 3/2 times less than the one in SSTP inverter, therefore the cost and
space are minimized due to the reduction of the number of the semiconductor switches
and free-wheeling diodes; driving circuits are only two, therefore complexity of drive
and control circuitry are reduced which lowers the overall cost of the drive; due to the
elimination of the semiconductor switches, with no change in the amplitude of DC-link
voltage conduction and switching losses are reduced by 1/3™; dependent to a less
number of semiconductor switches increases the reliability of the converter; maximum

common mode voltage is only 2/3 of SSTP inverter. Due to the above mentioned
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benefits, FSTP inverter topology has been implemented in many low to medium power
industrial applications ranging from servo to traction. However, the FSTP inverter
topology has some drawbacks which are listed as: Since one of the motor phase
windings has to be connected to the center-tap of the DC-link capacitors as shown in
Figure I11.3, current flowing from this leg charges one of the capacitors and discharges
the other one, therefore it exposes to low frequency harmonic contents. This will cause
significantly large fluctuations in the DC-link voltage and creates considerably large
unbalance three-phase currents at the output. These unbalanced currents with harmonic
components get bigger when the DC-link voltage is lower. Improved controller design
is required to balance the capacitor voltages. Moreover, to eliminate the third-order
harmonics, a larger value of switching frequency should be selected [75]—[80].

FSTP inverter control topologies have also been adapted to both sensored and
sensorless PMSM and BLDC drives in [81]—[117]. FSTP inverter based BLDC drive is
firstly introduced in [81]. The improvement in speed control performance of [81] is
achieved in [82]. In [83], one of the first attempts of PMSM speed control using FSTP
inverter is performed and compared with SSTP inverter. In [84], BLDC motor with
three hall-effect position sensors driven by an FSTP inverter based on a novel current
controlled PWM strategy with six commutation modes is proposed. To achieve low-
cost sensorless BLDC position control, utilizing crossing detection of the two active
phase voltage waveforms with an asymmetric voltage PWM method based on [84] is
presented in [85]. In [86]—[89], sensorless control methods for BLDC drive using FSTP
inverter are reported. The position sensorless controls of PMSM driven by an FSTP
inverter are introduced in [90]—[92]. In [22], a DTC-based BLDC motor driven by an

FSTP inverter that employed novel optimum switching table which enables the
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independent simultaneous control of the electromagnetic torques developed by the

phases connected to the inverter legs without requiring explicit stator flux control is

T4k -

Voo —— ( PMSM

T J& o

Figure IIL.1. Four-switch three-phase (FSTP) voltage source inverter (VSI)

achieved.

(phase—a is connected to the center tap of the split capacitors).

The operation of FSTP inverter resembles the faulty one-leg of a traditional SSTP
inverter. Therefore, several research topics on reliability and fault tolerance of an SSTP
inverter under faulty one-leg have been performed to maintain the stable operation of
the overall drive scheme. In [93], the proper operation of an induction motor driven by
an SSTP inverter under a short-circuit fault in one leg is accomplished without
significant disturbance using a proposed fault isolation topology in which the inverter
is reconfigured from six switches to having only four switches. Faulty condition of an
SSTP inverter resembling the operation of an FSTP inverter are investigated for PMSM
drives using FOC and DTC schemes in [94]-[101].

Minimization of torque and current ripples incorporating space vector pulse width
modulation (SVPWM) are investigated for FSTP inverter. In FSTP inverter, one phase
is always attached to the uncontrolled center tap of the two DC-link capacitors,

therefore current waveforms are distorted and unbalanced. Compensation strategies for
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PMSM and BLDC drives are employed to overcome the current and torque distortion
and unbalancing issues of FSTP inverter in [102]-[108].

Moreover, efforts on reducing the current sensors from two to one in FSTP inverter
driven PMSM and BLDC drives are also attempted in [89], [109] and [110]. The
intelligent control methods such as fuzzy-logic and ANN type controller strategies are
proposed for FSTP driven PMSM and BLDC drives in [111]-[115]. BLDC drives using
FSTP inverter with power factor correction (PFC) are presented in [116] and [117].

This chapter is organized as follows. The principle of the proposed simple sector
determination and switching sequence is presented in Section 3.1. In Section 3.2, the
mathematical background and structure of the proposed FSTP method is presented.
Moreover, the proposed control methods are designed and described in detail. In
Section 3.3, electrical simulation model in MATLAB/Simulink is designed and
developed. The simulation results are given and analyzed in detail. In Section 3.4, the
proposed space vector algorithm scheme has been implemented with 1 kW PMSM
drive controlled by a TMS320F28335. The hardware implementation and experimental
results of the proposed FSTP inverter drive method including steady-state load
disturbance are presented and discussed. Simulation and experimental results
demonstrate the feasibility and effectiveness of the proposed method estimation for

permanent magnet synchronous motors under full-load condition.

3.1. Proposed Simple Sector Determination and Switching Sequence
Without any additional modifications, there are only four active non-zero voltage
space vectors and no zero voltage vectors in a conventional FSTP inverter topology.

The switches S;, S5 and S,, S, are complementary switches and have either O or 1
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representation for their state. The following equations defines the state of the switches,
Therefore, a binary “1” indicates a closed switch, while “0” indicates the open state.

Also, it is assumed that a stiff voltage is available across the two DC-link capacitors,

Vdc

al’ld VCI — VCQ - p)

where V ;. corresponds to a stiff DC-link voltage. The indice, Z,

represents the center point of the split capacitors,

Sy 45, =1 (IIL1)

Syt S, = 1. (Im.2)

The phase voltages to its pole voltage in the FSTP inverter bridge are given as

y. - 1%1 (IL.3)
Vir =SV (I1L4)
Vey = S5V pe (IL5)
p, = Vazt ng +Ves (I1L6)

where V. is the DC-link voltage and S, and S, represent the binary state of the upper
switches in the leg. Phase voltages for the Y- connected load can be calculated using
(IT1.7) — (IIT.12). The third phase is taken from the center tap of the capacitor bank and
its pole voltage (Z) is always fixed as V,./2. The phase voltages are constructed
through a control on the other two inverter legs. Phase voltages calculated from the pole

voltages are shown in (II1.7) — (IIL.9).
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Using (II1.10) — (ITI.12), the phase voltages of the FSTPI can be expressed in terms

of switching states as

1 v
Van = 3 (2Vaz =Vpz—Voz) = —SDC (1—-5;,—153) (IIL.10)
% 1 (IIL.11)
VBN = %(251 _5_ 53)
" 1 TIL.12

Keeping the same Clarke, Park, and Inverse Park transformations with the
direction of the motor chosen as a — b — ¢ — a, there are only three possible voltage
space vector combinations in the o3 plane for FSTP inverter, as shown in Figure II1.2,
Figure III.3(a) and Figure II.3(b). Figure II1.2, Figure II1.3(a) and Figure I11.3(b)
illustrate the four voltage space vectors in af— axes when phase—a, phase—b, and phase—
c are connected to the center-tap of the DC-link capacitors, respectively. The quadrature
quantities in the a3 frame corresponding to these three phase voltages are given by the
general Clarke transform equation as

1 1 (III.13)

Due to the fact that only four combinations are possible for the power switches,

V, and V5 can also take only a finite number of values in the o frame according to

the status of the IGBT gate signals (a, b, ¢). Stationary reference frame voltages which
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depend on binary variables S; and S, and the DC-link voltage are given in (II1.14)

through (1I1.17).
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Figure II1.2.  Space vector representations for FSTP VSI in a3 plane when phase—

a is connected to the center tap.

In the four switch configuration, there are four switching status as expressed in

(IIT.14) — (II1.17). These values of 1, and VB for the corresponding instantaneous

values of the phase voltages V 4,V gy, Von depend on space vector combinations

given by
%
Vo =—3° {51 =0 (IIL.14)
v, = (IL.15)
p oo {g )
B \/g 3
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V,=0 (II1.16)

Vo =—3 {51 =1 (II1.17)
S, = 1.

As it can be seen in Figure II1.3(a), each corresponding voltage vector has 120°
CCW rotations from the previous phase connection that is given in Figure III.2. The
similar case is applied for the vectors in Figure II1.3(b) such that they are rotated 120°
CCW from the ones shown in Figure II1.3(a).

If all the transformations are kept as in the classical SSTP inverter, there is only
one phase connection (phase—a) shown in Figure III.1 to the center-tap that makes all
the four non-zero voltage space vectors align with the a— and - axes in either positive
or negative directions for FSTP inverter which are illustrated in Figure II1.2. V' and

Vg listed in table are called the (a,(3) components of the basic space vectors

corresponding to the appropriate IGBT command signal (a, b, ¢).



Figure I11.3.

(b)

Space vector representations for FSTP VSI in a3 plane when (a)

phase—b and (b) phase—c is connected to the center tap.
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Figure I11.4.  Sector-I timing calculation diagram.

3.2. The Structure of the Proposed Switching Method

Having all the vectors aligned with the a— and - axes in either positive or
negative directions, there is a simple and very effective way to determine the four
sectors by following the already available a— and - axes stationary voltage references
in digital controller without needing estimated position information if the control is
achieved without a position sensor. If an actual rotor position is used to determine the
sectors, all of the three possible phase connections to the center-tap will be sufficient to

obtain the correct sectors.

The objective of space vector PWM technique is to approximate a given stator

reference voltage V., by combination of the switching pattern corresponding to the

basic space vectors. The reference vector V., given in (IIl.18) is represented by its
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(o, 3) components, V', and V. Figure II1.4 shows the reference voltage vector, its

(v, B) components and two of the basic space vectors V, and V.

T T. (II1.18)
Vref = ?lvl +?2V2

Figure II1.4 also indicates the resultant o and 3 components for the space vectors
Vo and V. V,, and V5 given in (II.19) and (IIL.21), respectively are represented by
V. Vgo and (o, ) components of the other vectors. Since all the vectors are aligned to
an axis, vector representations are simple. 7} and 7, given in (IIL.20) and (1IL.22),

respectively are the respective durations in time for which V, and V,, are applied

within period T'.
V, =21V cos0 ==LV, (I1.19)
T, = %Va _ ?TVQ (I11.20)
v, = %VQ §in90 = 21, (.21
T, = %V 5 (II1.22)

When the normalization is applied using the maximum phase voltage (line to
neutral), V,./2v/3, the amplitudes of the space vector become V, =V, /3, V, =

V,./V3.V, and V 5 are represented by the normalized («, 3) components of V', with

respect to the maximum phase voltage 1,./2v/3. The two variables X and Y used in
Table III.1 are defined as

V3 (I11.23)

Vs (II1.24)
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Figure III.5.  Sector-1I timing calculation diagram.

The rest of the period is spent by the zero vector in 7},. T, is the time duration in
which the null vector is applied. The time durations for phase—b, phase—, and zero

vectors are calculated as follows

T, 11.2
T,=T-T, -2 (L.25)
2
T.=T,—T, (I11.26)
T,=T—T,—T,. (1I1.27)

The vector and timing calculations performed for sector-I are calculated for sector-
II. The general formulations of the proposed sector determination method used in this

calculation are shown in (II1.28) — (I11.34).

T T. (I11.28)
Vref = ?1172 +?2V3

T, .
Vo =7 Vs (cos180°) (.29)

[e%
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T, = V31w, = —xT (I1L.30)
Vg==%%lg($n90ﬂ (IIL.31)
T, =T/ v, =vr (IIL32)

ﬂ:T—%é (I11.33)
T.=T,—T. (I11.34)

In a similar manner T} and 7}, can be calculated for the axes when V.. ; is in other

sectors (III and IV, respectively) as

T,=T7T.-T, (II1.35)
Q:T—%é (I1.36)
@:T_ﬂ_ﬂ% (IL.37)
T,=T,—T,. (I11.38)

In the proposed simple method, on the other hand, the a— and - axes voltage
signals are already developed inside the controller without any expensive sensors like
voltage sensors. Figure II1.6 illustrates the sector determination using a— and (— axes
voltage signals in the stationary reference frame where when V, >0 and V; <0,
Sector-I; when V_, < Oand V 5 > 0, Sector-II; when V,<0andV 5 > 0, Sector-III;
and finally when V , < 0and V5 < 0, Sector-IV is the location for the voltage space

vector.
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Figure III.6.  Sector determination for ESTP inverter (phase—a is connected to the

center tap).

The switching sequence is shown in Figure III.7 when phase—a is connected to the

center tap, phase—b is connected to the middle leg and phase—c is connected to the

remaining leg of the inverter. In that figure, grey sections represent the on states of the

corresponding switches and the white colored sections are the off states. As it is seen

in Figure II1.7 that in each sector, the zero voltage vector effect is formed by using two

short vectors V7, (0 0) and V4(1 1) in equal amount 7},/2 because the long vectors

create larger voltage drop on inductive loads and generates larger ripples.

Table III.1. Timing values for each sector
Sector-I Sector-1II Sector-IIT Sector-1V
ty X Y —-X -Y
ty Y —-X -Y X
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T Sector 1 T Sector 11

Figure I11.7. Switching sequence for (a) Sector-I and -II, (b) Sector-III and -I'V.

3.3. Simulation Results

The proposed drive system shown in Figure III.1 has been simulated in
MATLAB/Simulink® using an electrical IGBT inverter and electrical PM motor model
from the SimPower Systems toolbox in order to demonstrate the validity of the
proposed speed sensored PM motor drive scheme.

To set the gating signals of the power switches from the output of the SVPWM
module easily and represent the real conditions in simulation as close as possible, the
proposed drive scheme including the electrical model of the actual PM motor and the
inverter with power semiconductor switches considering the snubber circuit and the
parameters of the switches are designed in MATLAB/Simulink® using the SimPower
Systems block sets. The dead-time of the inverter and non-ideal effects of the PM
synchronous machine are neglected in the simulation models. The DC-link voltage V.

1s set to 400 V.
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Figure I1I.8.  Simulated speed response when full load rejection (2 N-m) is
employed at ¢t = 0.38 s under 450 r/min steady-state speed and full load injection (2

N-m) is employed at ¢t = 0.63 s under 450 r/min steady-state speed.
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Figure I11.9.  Simulated torque response when full load rejection (2 N-m) is
employed at ¢t =0.38 s under 450 r/min steady-state speed and full load injection (2

N-m) is employed at ¢t = 0.63 s under 450 r/min steady-state speed.
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The step speed reference of 0.5 p.u. (450 rpm) is applied to the PM motor under
full load condition. A rated step load torque (2 N-m) is applied at ¢ = 0.7 s, and at ¢t =
0.35 s, the full load rejection is employed. The resultant estimated speed is provided in
Figure IIL.8. The satisfactory transient speed start-up response is achieved with a
reasonable overshoot and a settling time. The actual motor speed ramp time and amount
of overshoot and its length can be changed by selecting the proper time constant in the
speed PI regulator. The motor shaft torque when load rejection and load injection are
applied is shown in Figure I11.9. Phase—a, —b and —c are depicted in Figure III.10, Figure
III.11, and Figure II1.12, respectively.

8
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o

Figure II1.10.  Simulated steady-state (450 r/min) phase—a current waveform under

full load (2 N-m).
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Figure I1I.11.  Simulated steady-state (450 r/min) phase—b current waveform under

full load (2 N-m).

In Figure II1.10, the phase—a was connected to the center tap of two capacities.
Current peak value of phase—a is higher when compared to phase—b and phase—c
currents in Figure III.11 and Figure III.12. As expected, a harmonics current wave
forms was obtained. The phase—a has a more harmonics than phase—b and phase—c. In
Figure III.13, The current wave form of SSTP under the constant torque load was given.
When Figure II1.10 to Figure III.12 are compared, current peak value, THD analysis
are observed.

The steady-state current peak value is 15% higher than the current waveform in
Figure III.13 where SSTP PMSM drive circuit is used. These results in more losses than
normal operation; however it can be seen from the simulation results given in Figure
III.11 and Figure III.13 that the proposed FSTP method is able to drive the PM motor

even under full load condition without any stability problem.
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full load (2 N-m).
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full load (2 N-m) for SSTP inverter.
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Figure III.14.  Simulated torque response of the PMSM under 450 r/min steady-state
speed for SSTP inverter.

3.4. Experimental Results

To evaluate the efficiency and to investigate the performance of the proposed
method, some experiments are carried out following the sector determination method.
Spectrum Digital eZdsp Evaluation Board was used to carry out the real-time algorithm.
The parameters of the PMSM are presented in Appendix A. A three-phase IGBT
inverter, supplied by a DC-link voltage of 400 V, fed the PMSM. The switching
frequency is set to 10 kHz. The Magtrol dynamometer set contains 6 N-m hysteresis
brake, a DSP6001 model programmable DSP torque controller, and a Magtrol™
TMS306 model torque transducer to monitor the load torque and shaft speed which is

installed between hysteresis brake and the motor shown in Figure III.15.
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Figure III.15. Experimental test-bed. Dynamometer controller, inverter, DSP
control unit, and interface and signal conditioning cards, PM synchronous motor with
integrated incremental position encoder (2500 pulse/rev.) coupled to hysterisis brake

through torque/speed transducer.

Figure III.16 shows experimental results obtained under similar conditions as in
simulation which is provided in Figure III.8. In that figure, the speed response under
full load start-up condition (2 N-m) is given with a step speed reference of 0.5 p.u.
PMSM is controlled at 450 r/min with full load applied. As it can be seen in Figure
III.16 that the proposed speed sensored method is able to drive the PM motor without
any instability under full load start-up condition.

Figure II1.17 shows experimental result for conventional SSTP PMSM drive under
full load. Figure I11.18 demonstrates the phase—a and phase—c current waveforms under

rated full load at start-up.
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Experimental speed and torque response when full load rejection and

injection (2 N-m) is employed at ¢ = 80 s and ¢ = 88 s under 450 r/min steady-state

speed.

Cphasea

Meas. Phase-a and Phase-b Currents [2 A/div]

Figure II1.17.
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| ST SN SR R

Time [4 ms/div]

Experimental steady-state (450 r/min) phase—a and —b current

waveforms under full load (2 N-m) with SSTP.
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Figure III.18. Experimental steady-state (450 r/min) phase—a (center tap current)

and —c current waveforms under full load (2 N-m) with FSTP.

To test the feasibility of the proposed topology based on FSTP, experiments are
carried out with different torque and speed conditions. Phase current waveform of FSTP
and SSTP obtained in the same conditions are showed in Figure I1I.17 and Figure II1.18.
Due to decreasing of voltage gain that is the most important disadvantages of FSTP,
the current value increases to ensure the same power value. In Figure III.18, center tap
of phase—a is the phase current linked to the center tap and its current value is higher
than phase—c. It can be seen that it has a noisier waveform. Figure I11.19 shows current
waveform of phase—b and phase—c linked to switching components other than the phase
linked to the center tap. Contrary to phase—a, stability was observed between phase—b

and phase—c.
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Figure II1.19.

Experimental steady-state (450 r/min) phase—b and —c current

waveforms under full load (2 N-m) with FSTP.
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Figure I11.20.

and —b current waveforms under full load (2 N-m) with FSTP.

Time [10 ms/div]

93

Experimental steady-state (450 r/min) phase—a (center tap current)
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Figure I11.20 illustrates phase—b and phase—c current waveforms. Normally, DC
voltage in FSTP should be C; = C, at ideal conditions, it becomes C; # C, during
steady-state operation. Therefore, based on the measurement time, differences are
observed between peak values of phase—b and —c currents. In Figure II1.21 to Figure
II1.23, current waveforms of phase—a, phase—b and phase—c, respectively. Similarity is
seen between measurements by power analyser results and oscilloscope waveforms.
Results of instant measurements are given in Table III.2. Phase—a, phase—b and phase—

c and RMS values are given.

— . ,,Cehter,TapCurrént,(Phg:rée-a) . N S S B

Meas. Phase-a and Phase-c Currents [2 A/div]

Time [10 ms/div]

Figure I11.21.  Experimental steady-state (900 r/min) phase—a (center tap current)

and —c current waveforms under full load (2 N-m) with FSTP.
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Experimental steady-state (900 r/min) phase—a (center tap current)
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Measurements in Table III.2 are for 450 r/min. Although an unbalanced situation
is observed in current levels, any disadvantage was not detected for PMSM control
other than decrease in power levels in the tests. In Table II1.3, rated speed performance
of PMSM was determined for FSTP at full load and 900 r/min speed conditions. Similar

results were obtained with Table III.2.

Table II1.2. PMSM power analyzer results for 0.5 p.u. speed reference

Ref. Speed Ref. Torque Current Voltage
Phase—a 0.5 p.u 2N-m 539 A 172V
Phase—b 0.5 p.u. 2 N-m 497 A 98V
Phase—c 0.5 p.u 2N-m 4.454 A 170 V
Phase-) | 0.5 p.u 2N-m 49 A 171V

Table II1.3. PMSM power analyzer results for 1.0 p.u. speed reference

Ref. Speed Ref. Torque Current Voltage
Phase—a 1.0 p.u. 2N-m 547 A 168 V
Phase-b 1.0 p.u. 2N-m 495 A 119V
Phase—c 1.0 p.u. 2N-m 4773 A 166 V
Phase-) 1.0 p.u. 2N-m 5.09 A 167V

3.5. Conclusion

Most important advantages obtained when conventional SSTP and FSTP test
results are decrease in switching costs and switching losses, and faster response in
control systems based on estimation algorithms. However, disadvantages are increase

in current peak value, decrease in rated power and unbalanced phase current and phase
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voltage. The most important advantage of the developed FSTP algorithm is easy
adaptation to field oriented control and only changing the switching periods. While
most of similar methods need rotor position knowledge in sectoral determination, the
proposed SVPWM can determine the sector without position knowledge. Especially,
FSTP control offered in sensorless control algorithms brings important advantages. In
this study a novel sector determination method for FSTP is developed. Using proposed
method, the whole system is implemented by TMS320F28335 for a PMSM and the
effectiveness is verified through simulation and experimental results. The proposed
system can be used in small powerful wind system as well as in structures such as small
house appliances operating between similar small power ranges, drive system of white

appliances and pump drive systems.
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IV. LOW-COST SENSORLESS SPEED CONTROL
OF PMSM DRIVE USING REDUCED SWITCH
INVERTER BASED ON STATOR FEEDFORWARD
VOLTAGE ESTIMATION

Permanent magnet synchronous motors (PMSMs) with sinusoidal shape back-
EMF require precise position sensors such as an optical encoder and a resolver for field-
oriented control (FOC). However, attaching these position sensors to the rotor is
associated with cost, space, additional wiring, mechanical burden, weight, noise
interference and reliability. Therefore, there is a motivation to eliminate position sensor
from the PMSM drive and operate it as “sensorless” or “encoderless”. Although
position sensor is eliminated for sensorless control, the rotor position must be obtained
using only measured electrical quantities (such as motor currents, inverter DC-link
voltage, voltage at the motor terminals, etc.). Therefore, current and/or voltage sensors
are required to achieve a position sensorless PMSM drive scheme. There are different
techniques for sensorless operation of permanent magnet synchronous motors and they
are divided in two main groups: 1) back-EMF based estimation and 2) high/low
frequency signal injection utilizing the magnetic saliency. The back-EMF based
sensorless methods present good results in the middle and high-speed regions. Since
the amplitude of back-EMF is proportional to the rotor speed, it fails in zero and low-
speed regions. Because the latter does not require the back-EMF information, it
provides reasonable speed and torque control capability at zero and low stator

frequency, even under heavy load condition [118]-[128].
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The main contribution of this chapter is to modify the dg—axes stator feedforward
voltage estimation (FFVE) algorithms to achieve a simple, effective and low-cost
position sensorless speed control scheme for PMSM drive using four-switch three-
phase inverter (FSTP). To achieve this goal, the earlier work that have been developed
for induction motor (IM), and PM motor which are driven by SSTP inverter in [63] and
[72], respectively are extended for FSTP based sensorless PMSM drive. In [72], flux
vector (FV) control, one of the pioneering methods to improve the performance of V/Hz
drives, which is evolved from the first principles of FOC, is presented for IM as a
sensorless speed control strategy with performance lies between V/Hz control and
indirect field-oriented control (IFOC) [129]. Analysis of the effects of stator resistance
variation on the performance of FV and field-oriented (FO) controllers of IM have been
proposed in [129] where a BEMF (back electromagnetic force) detector is developed
to reduce the adverse effect of stator resistance on both IFOC, FV and V/Hz control of
IM drive with or without position sensors. The performance of the speed sensorless FV
control of IM in [73] is attempted to be improved in [33] where stator resistance is
adjusted based on the error between the reference d—axis current and its feedback
component. It is indicated in [33] that the proposed method is best suited for low
frequency operation [73]. In this study, it is demonstrated that the parameter sensitivity
is tremendously reduced by properly selecting the highest possible gain of the d—axis
current regulator output used in the g—axis stator feedforward voltage estimation
equation without effecting the efficiency and proper operation of the speed sensorless
FSTP based PMSM drive scheme even at considerable low to medium speed range.
Moreover, it is also shown in this study that by proper connection of the PM motor

terminals to the FSTP inverter legs, SVPWM for FSTP inverter is successfully achieved
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by using a novel and simple sector determination method without requiring any position
or voltage sensors. The proposed FSTP VSI based sensorless speed control method is
applicable to both surface-mounted as well as interior type PM motors.

The remaining part of this chapter is organized as follows. Analysis of FSTP VSI
including a novel and simple sector determination that does not need actual or estimated
rotor position information is explained in Section 4.1. The principle of the stator
feedforward voltage estimation (FFVE) based position sensorless speed control
technique is presented in Section 4.1. In Section 4.2, the proposed drive system is
modeled in MATLAB/Simulink by using MATLAB Functions with electrical
components. Then, the simulation results are given and analyzed in detail. In Section
4.3, the hardware implementation and experimental results of the proposed FSTP based
sensorless PM synchronous motor drive scheme including no-load start-up, steady-state
load disturbance and effect of the parameter variations are presented and discussed.

Finally, the conclusion is provided in Section 4.4.

4.1. Proposed Sensorless Speed Control of Four Switch Three-Phase PMSM
Drive Based on Stator Feedforward Voltage Estimation

dq—axes feedforward stator voltages are normally used in the field-oriented control
(FOC) of AC machines at the output stage of the inner dg—axes PI current regulators to
enhanced the dynamic performance of the machine. In this work, feedforward voltages
are not only used for the dynamic performance improvements, but also are utilized to
achieve a simple and effective position sensorless speed control of FSTP based PMSM
drive in which starting under no-load is possible without needing an open-loop start-up

procedures.
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It is visible that stator d— and g—axes currents can be controlled by the d— and ¢—
axes voltages and speed w, from (IL.1) and (IL.2). The control principle is adopted where
the current in g—axis is controlled by speed of rotation or frequency of stator voltage
applied to g—axis winding. The amplitude of g—axis voltage is obtained by neglecting
the derivative term and assuming that real currents closely follow the reference values
i, = i, and i; = i (reference values are marked with * in the superscript). Below are
the modified stator feedforward voltage equations for the proposed sensorless speed

control of PMSM driven by FSTP inverter given in dq reference frame.

vh =i R, + (w,Lyiy +w,Ap) + KAv (IV.1)
vy = iy R, — w, Lyit + Av (Iv.2)

where Av is the output of the d—axis PI current regulator and w, is the output of the g—
axis PI current regulator. Av is multiplied by gain K and added to g-axis voltage
equation such that K Av term given in (IV.1) represents the derivative term in the g—
axis dynamic voltage equation which is given in (II.1). Similarly, Av term in (IV.2)
also acts as the derivative representation in d—axis voltage equation given in (II.2) for
achieving better transient response in the sensorless operation.

The dq frame stator voltages given in (IV.1) and (IV.2) are obtained by modifying
the dynamic machine model and used as the basic reference signals to control the PM
machine without requiring a position sensor. The signals depend on machine
parameters. The components of the dq frame voltage reference signals given in (IV.1)
and (IV.2) are derived from (II.3) and (I.4), respectively under the assumption of
steady-state conditions where derivative terms are replace with the regulator correction

terms and a relevant gain. Overall stability of the proposed sensorless speed control of
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PMSM scheme driven by FSTP inverter under multiple simultaneous parameter

variations (R, L, and A;) is improved by proper selection of K gain in (IV.1). The

selection criteria of K gain under heavy multiple parameter detuning in (IV.2) are
investigated through the simulations and experiments in Section 4.2 and 4.3,
respectively.

A complete block diagram representation for a field-oriented control of the
proposed speed sensorless PMSM drive scheme based-on stator feedforward voltage
estimation (FFVE) using four-switch space vector PWM (SVPWM) three-phase
voltage-source inverter is illustrated in Figure IV.1. In (IV.1) and (IV.2), the d— and ¢—
axes currents are replaced by their reference values. The resulting stator feedforward
voltage estimation signals are represented in Figure IV.1. The voltages applied to the

motor are calculated by (II.1) and (IL.2). Note that estimation of rotor speed w,. is

obtained by passing w, obtained from output of the g—axis PI current regulator through
a first order low-pass filter resembling the closed-loop form of PLL, as shown in Figure
IV.1. The time constant of the filter depends on the overall system mechanical
characteristics and heavily affects the dynamics and stability of the sensorless speed

control scheme.
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Overall block diagram of the proposed speed sensorless PMSM drive

Figure IV.1.

scheme using FSTP inverter.
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4.2. Simulation Results

The proposed drive system shown in Figure IV.1 is simulated in
MATLAB/Simulink® using an electrical two-leg IGBT inverter and electrical surface-
mount PM synchronous motor model (L, = L, = L,) from the SimPowerSystems™
toolbox in order to demonstrate the validity of the proposed speed sensorless FSTP
based PMSM drive scheme.

C programming like codes written in MATLAB Programming language are
developed for the simulation of the proposed FOC of PMSM drive in
MATLAB/Simulink using MATLAB Function blocks without using expensive

toolboxes such as Embedded Coder® [130].
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Figure IV.2.  Simulated ramp speed response (referenced O to 450 r/min in 2 s)
without parameter detuning when K =1 (low) when full step load is applied att =5s

and load rejection is performed at ¢ = 10 s (initially no-load).
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Figure IV.3.  Simulated steady-state (360 r/min) phase—a and —b current waveforms
under full load (2 N-m) without parameter detuning when K =1 (low).

To set the gating signals of the power switches from the output of the SVPWM
module easily and represent the real conditions in simulation as close as possible, the
proposed drive scheme including the electrical model of the actual PM motor and the
inverter with power semiconductor switches considering the snubber circuits along with
the parameters of the switches are designed in MATLAB/Simulink using the
SimPowerSystems blocksets. The dead-time of the inverter and non ideal effects of the
PM synchronous machine are neglected in the simulation models. The DC-link voltage
V. 18 set to 400 V.

Initial rotor position is set to zero. Since the proposed sensorless algorithm relies
on the back-EMF based method, the full load starting is not possible. Therefore, the
motor is ramped from zero to 450 r/min in 2 second under no-load condition. During
the steady-state speed of 450 r/min, a rated step load torque (2 N-m) is applied at { = 5

s under no-load, and at ¢ = 10 s, the full load rejection is employed. The resultant speed
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is provided in Figure IV.2. The satisfactory transient and steady-state speed response
are achieved with a reasonable low frequency oscillation. The performance of transient
speed response at no-load startup and during steady-state load injection and rejection
can be improved by selecting the proper K gain and time constants in the speed PI
regulator and speed estimator filter. In Figure V.3, the steady-state phase—a and phase—
b current waveforms are presented at 360 r/min under full load without parameter
detuning when K = 1. As it can be seen in Figure IV.2 and Figure IV.3 that the
proposed speed sensorless method is able to drive the PM motor without any instability
under full load injection and rejection assuming that there is no parameter variations in

the PM motor when low K gain is selected as 1.

500

400

300

200

Simulated Rotor Speed [rpm]

Figure IV.4.  Simulated steady-state and transient speed response when full step
load (2 N-m) is applied at £ = 1 s under 360 r/min speed reference when R, is

increased by %82.35 (extra 2.8 2) and K =5 (high).
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Simulated phase-a and phase-b Currents [A]

Figure IV.5.  Simulated steady-state (360 r/min) phase—a and —b current waveforms

under full load (2 N-m) when R, is increased by 82.35% (extra 2.8 (2) and A £1s
decreased by 40% with K =5 (high).

The effects of stator resistance, R, and rotor flux linkage, A, variations on the
overall performance of the proposed drive are also investigated in simulations. The
simulations are performed at 360 r/min without implementing any parameter adaptation
method. Additional 2.8 €) resistors are added to each phase between the frequency
converter and the PMSM resulting 82.35% increase in I?,. The resistance is changed
stepwise by opening or closing a manually operated three-phase switch connected in
parallel with the resistors. The flux linkage A, value is decreased by 40% from the

original value in the electrical motor model.
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Figure IV.6.  Simulated speed response under full load (2 N-m) when R, is
increased by 82.35% (extra 2.8 €2) stepwise at t = 1 with K =1 (low) and 360 r/min

speed reference.

It is observed from the simulations that selecting a proper high K gain (between 4
to 7) in (IV.1) maintains the sensorless scheme stable even if the parameters of the
machine (R, is 82.35% higher and A, is 40% lower) change greatly at the same time
under low to medium speed range. First, the step rated load (2 N-m) is applied when
the stator resistance R, value is increased by 82.35% higher than the rated value at ¢ =
1 s using external resistance at the steady-state speed of 360 r/min under full load (2
N-m). Figure IV .4 represents the speed performance of the proposed sensorless method
in this condition. Next, in addition to R, detuning, PM rotor flux linkage A fvalue is
decreased by 40% at 360 r/min steady-state speed. The steady-state phase—a and —b
axes current waveforms under this condition are depicted in Figure IV.5 where the peak
phase— a current value is 78% higher than the one in Figure IV.3 at which there is no

parameter variation exists in the machine. These results in more losses than normal
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operation, however it can be seen from the simulation results given in Figure IV.5 that
the proposed speed sensorless method is able to drive the PM motor even under multiple
simultaneous high parameter variations without any stability problem.

If the PM rotor flux linkage A, is estimated using observer like methods without

estimating the remaining parameters (R, and L) almost simultaneously, the correct
PM rotor flux linkage A, value cannot be obtained when these remaining parameters
vary greatly. It is shown in the previous work that L, is not affected by the variation of
PM rotor flux linkage [65], [131]. However, it is also previously reported in [65] and
[131] that R, is highly sensitive to PM rotor flux linkage A f variations and vice versa.
It is observed in the simulations that when a classical full-order observer is used to
estimate the PM rotor flux linkage A, when R is changed 82.35% higher than its rated
value, then the PM rotor flux linkage is estimated 68% higher than the actual value in
the proposed sensorless speed control scheme. Even though the correct PM rotor flux
linkage estimation can be achieved in the drive scheme when R is increased 82.35%
higher than its actual value and A is decreased 40% lower than its original value at the
same time, the peak motor phase current increases 90% more than the expected full
loaded value under multiple parameter variations. Although observing the changed

values correctly allows stable sensorless speed control, it does not help obtaining a high

efficient machine. Because the machine inherently draws more current when the
parameters are highly detuned. Figure IV.6 shows that when stator resistance 2, is
increased stepwise 82.35% more than its actual value at ¢ = 1 with low K gain as 1,

then the speed control becomes unstable.



110

z 0 T T . T T
% | Cenfer Tap Curfent (Phase-h) |
= I I I I I
g s s R S X S ST'E
© 1 1 1 : 1
O | | |
2 | I I |
= \ ! | |
A | N O A N R Y I IR
TR TRl | | |
< | | | | |
S | | | | |
) | | | | |
2 ; ‘ : : :
SR S A TR - ML =
e | | | | |
] | | | | |
s | | | | |
= | | | | |
g : : : : 1
U)_IO I I I I I
0.7 0.8 0.9 1 1.1 1.2 1.3
Time [s]

Figure IV.7.  Simulated phase—a and —b current waveforms under full load (2 N-m)
when R, is increased by 82.35% (extra 2.8 (2) stepwise at ¢ = 1 with K =1 (low) and

360 r/min speed reference.

The rotor speed suddenly decreases when R, change is taken place and large
fluctuations in phase—a and —b axes current waveforms are observed, as illustrated in
Figure IV.7.

The importance of K gainin (IV.1) is observed at low and medium speed range.
When K is selected low such as between 1 to 3, the low to medium speed sensorless
method fails under heavy parameter detuning, however if it is high enough such as
between 3 to 7, stability of the sensorless speed control scheme is maintained even
under heavy multiple simultaneous parameter detuned condition at low to medium
speed range. The value of K under parameter variation depends on the size of the PM
motor, speed, DC-link value, amount of the parameter variations, nonlinearities of the

overall system, and etc.
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Interface

Figure IV.8.  Experimental test-bed. (top) Dynamometer controller, inverter, DSP
control unit, and interface and signal-conditioning cards, (bottom) PM synchronous
motor with integrated incremental position encoder (2500 pulse/rev.) coupled to
hysteresis brake through torque/speed transducer.

4.3. Experimental Verification

The feasibility and practical features of the proposed position sensorless speed
control scheme of a four-switch three-phase (FSTP) PMSM drive with sinusoidal back-
EMF have been evaluated using an experimental test-bed, shown in Figure IV.8. The
same conditions are applied as in simulation. The proposed control algorithm is

digitally implemented using the eZdsp™ board from Spectrum Digital, Inc. based on a

floating-point TMS320F28335 DSP, as shown in Figure V.8 (top).

4.3.1. Experimental setup
The experimental set-up consists of a Magtrol AHB-6 model hysteresis
dynamometer set, a SEMIKRON Semiteach inverter, a PM Synhronous motor, a
eZdsp™ board with TMS320F28335 DSP chip, and an interface and a signal con-

ditioning cards.
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The Magtrol dynamometer set contains 6 N-m hysteresis brake, a DSP6001 model
programmable DSP torque controller, and a Magtrol TMS306 model torque transducer
to monitor the load torque and shaft speed which is installed between hysteresis brake
and the motor.

The signal conditioning card which comprises two LEM LA25NP model current
sensors which read two motor phase currents and convert the analog current values into
equivalent low-voltage values.

Interface card that is connected to the signal conditioning card scales the voltage
values into proper positive representations for the DSP to sensitize.

The SEMIKRON Semiteach PWM VSI which comprises SKM 50 GB 123D
model IGBT modules, SKHI 22 model gate drivers with 4.3 us dead-time, and two
2200 pF caps. The inverter has a maximum DC-link voltage of 750 V and RMS current
of 30 A.

In addition, an optical incremental encoder integrated to the PM servo motor with
2500 ppr resolution is used to detect the actual position/speed for evaluating the
estimator.

The proposed sensorless control scheme is verified using an off the shelf 2 N-m
surface-mounted PMSM drive which is coupled to the overall system, as shown in
Figure IV.8 (bottom). The parameters and specifications of the PMSM are provided in

Appendix A.



LA L L I B B B I

cvr e by ey

Actual Rotor Speed [125 rpm/div]

Time [1.8 s/div]

113

Figure IV.9.  Experimental no-load ramp speed response (referenced 0 to 450 r/min

in 2 s) without parameter detuning when K =1 (low).
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Figure IV.10. Experimental speed response when full load (2 N-m) is applied at ¢ =

3 s under 450 r/min steady-state speed when K =1 (low).
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4.3.2. Experimental results

Similar to the simulations, in the experiments, digital proportional-integral (PI)
controllers are used in the speed and current loops. The coefficients of the PI speed and
current controllers are obtained using symmetrical and technical optimum methods.

The experimental result given in Figure IV.9 corresponds to the one in simulation
shown in Figure IV.2 in which the motor is ramped from 0 to 450 r/min in 2 s. Due to
mechanical possible slippage in the motor coupling; the rotor speed has oscillatory
behavior during transient stage, as seen in Figure IV.9. The rotor speed data are
obtained by M-TEST 5.0 Motor Testing Software of Magtrol dynamometer at 0.1 s
sample rate. High frequency ripples observed in the measured speed data is due to this
low sampling rate of the dynamometer data logging system. However, there is no
instability is observed in the experimental no-load start-up using the proposed
sensorless scheme, as shown in Figure IV.9.

During the steady-state speed of 450 r/min, a rated step load torque (2 N-m) is
applied at ¢t = 3 s. The resultant speed and shaft torque are provided in Figure IV.10.
Figure IV.11 shows the speed result and shaft torque when full step load rejection is
employed at ¢ = 1 s. The satisfactory transient speed response is achieved under full
load injection and rejection with a reasonable low frequency oscillation with low K
gain of 1. In Figure IV.12, the experimental steady-state phase—a and —b current
waveforms are presented under full load without parameter detuning. In the
oscilloscope data, 6 kHz noise filter is used to reduce the high frequency ripples in the

currents. The results are comparable with simulation given in Figure IV.3.
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Figure IV.11. Experimental speed response when full load rejection (2 N-m) is

employed at ¢t = 1 s under 450 r/min steady-state speed when K =1 (low).
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Figure IV.12. Experimental steady-state (360 r/min) phase—a and —b current

waveforms under full load (2 N-m) without parameter detuning when K =1 (low).
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In experiment, the switching update is performed at 10 kHz rate as in simulation.
However, the microcontroller runs the algorithms in 150 MHz clock frequency and the
PWM update is executed at every 10 kHz independent of the algorithm sampling as
oppose to the simulation. These results in high frequency ripples in the actual current
waveforms in experiments compared to the ones obtained in simulations.

Also, because of slight misalignment and concentrated windings of the motor,
phase currents show some harmonic signatures, as seen in Figure IV.12. Moreover,
because the dead-time effect is not compensated, the phase current waveform exhibits
some additional distortion especially at zero crossings and at around positive and
negative peaks.

Figure IV.11 shows the speed response when sudden rated load injection is applied
at t = 3.5 s under steady-state speed of 360 r/min with high K gain of 5. In this
condition, the machine has 82.35% higher R, than its original value. There is no
instability in the speed is observed. The machine is run with external resistance under

heavy load for certain time until the PM rotor flux-linkage A ; amplitude decreases 40%
less than its actual value. Because changing A, directly in the actual machine is a
difficult task, therefore the motor is heated up with external resistance under heavy load
first to achieve 82.35% higher R, and 40% less A £ then the back-EMF constant and
the final R, are measured afterwards. The resultant phase—a and —b axes current
waveforms when both R and PM rotor flux linkage A ; values are detuned provided in

Figure IV.14. Although 90% higher currents are drawn by the motor, the speed is stable.
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Figure IV.13. Experimental speed response when full step load (2 N-m) is applied
att = 3.5 s under 360 r/min speed reference when R, is increased by 82.35% (extra

2.8 ) and K =5 (high) (3.5 s/div).
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Figure IV.14. Experimental steady-state (360 r/min) phase—a and —b current

waveforms under full load (2 N-m) with B, increased by 82.35% and A ; is decreased
by 40% with K =5 (high).
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Figure IV.15. Experimental speed response under full load (2 N-m) with the steady-
state 360 r/min speed reference when R, is increased by 82.35% (extra 2.8 Q) at ¢ =
28 s with K =1 (low).
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Figure IV.16. Experimental steady-state (360 r/min) phase—a and —b current
waveforms under full load (2 N-m) with R, is detuned by 82.35% (extra 2.8 {2) with
K =1 (low).
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Figure IV.15 illustrates the effect of sudden R, increase under low K gain of 1 at
t =28 s. It is seen that when increase in step 2, is applied under full load, instability in
speed is observed which is shown in Figure IV.15. The corresponding phase—a and —b
axes currents after the switch is made are provided in Figure IV.16. It is shown in Figure
IV.16 that the phase currents are distorted.

The differences observed in the transient responses between simulations and
experiments are because of the nonlinearities of the actual machine and inverter along
with mismatch of moment of inertia, damping and friction of the overall system

compared to the one used in simulations.

4.4. Conclusion

In this chapter, a position sensorless speed control method based on stator
feedforward dg—axes voltage estimation (FFVE) has been proposed for low-cost FSTP
PMSM drive. Comparing to the traditional sensorless methods, the proposed method is
simpler, effective, and leads to a lower implementation processing time. Moreover, with
the proposed method the FSTP driven PMSM can start-up from zero speed under no-
load without requiring any additional open-loop start-up procedures.

It is shown in the simulations and experiments that selecting a possible high K gain
in the stator FFVE algorithm enhances the stability of the overall drive even under
heavy multiple simultaneous parameter variations, making the overall sensorless speed
control scheme quite insensitive to multiple parameter variations. It is also
demonstrated in this study that a simple sector determination without the need of any
sensors is possible using internally already available digital signals for SVPWM of

FSTP inverter.
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V. STATOR FEEDFORWARD VOLTAGE
ESTIMATION BASED SENSORLESS
PERMANENT MAGNET SYNCHRONOUS
GENERATOR DRIVE USING MULTI-
PARAMETER ESTIMATION BASED ON MRAS

The difference between fossil energy sources and demanded energy needs is
rapidly increasing. This increase leads to alternative search and solutions in energy
production. With the integration of smart grid to energy production at the macro level,
individual energy production is supported by companies and governments [132].
Utilization of the wind turbines in small energy production is increasing rapidly. In US,
the small wind turbine market shares in 2014 reached $60 million. In England, energy
capacity of wind turbines ranging between 0 and 1.5 kW is recorded as 1.84 MW in
2013. In small wind turbines, Permanent Magnet Synchronous Generator (PMSQG) is
preferred for high performance, high power density, reliability, and high efficiency. The
outer rotor and the inner rotor PMS generators that have axial flow direction are used
in various industries with wide power ranges as direct-drive [133]. In small PMSG
systems that generate less than or equal 10 kW power, there is no need for gearbox and
the connection can be made directly to the turbine [133]-[141]. This is an important
factor lowering the cost in small wind turbine systems [139]-[141]. PMSG is suitable
for wind power generation allowing maximum power generation in a wide speed range
and at different wind speeds [142]. Efficient wind turbine system can be constructed by
adjusting the speed of the generator shaft optimally for variable wind speeds at

maximum power operating point [143]. In variable-speed PMSG control, it is required
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to know the rotor position information and wind speed [144]. Because the working
conditions of the turbine changes so often, speed and torque change reduce the control
performance. Moreover, in order to ensure power generation at wide speed range,
sensitive and high resolution position control is performed by encoder, resolver or hall
sensors. On the other hand, sensorless PMSG control can be accomplished without
using position sensors [141]. In the control of PMSGs, with the elimination of the
position sensor, cost, maintenance and robustness problems of the overall system are
reduced [139]-[141]. Because no initial position problem and operating at flux-
weakening region exist, sensorless control is a significant cost reductive solution for
the control of PMSG drives. Determining the wind speed and rotor position can be
accomplished with the methods which are Direct Torque Control (DTC), Model
Reference Adaptive System (MRAS), and Sliding Mode Observer (SMO) depending
on back-EMF prediction [67], [139], [145]-[148]. Because these methods are often
affected by parameter variation and cause loss of stability at low speeds, they have
severe disadvantages in sensorless PMSG control [26], [48], [149]. Moreover, because
of complex calculation and the difficulty of adjusting control parameters, the methods
like EKF, FL and ANN are not preferred in industrial applications [46], [53], [140],
[150]-[152], [175]. Since the amplitude of the back-EMF is poor and fluctuates at low
generator operating speeds in sensorless control algorithms that are based on back-EMF
estimation, it is difficult to predict the rotor position [153]. Thus, stability of the entire
system can be increased and efficient and stable power generation can be achieved at
lower speeds. In order to provide parameter adaptation in sensorless control methods,
rotor flux linkage estimation and stator resistance adaptation are performed with

MRAS, observer based methods, and genetic algorithms [153]-[157].



122

In this study, in order to obtain the position and speed information of the driven
PMSG directly, feedforward voltage estimation method is suggested. With the
proposed method even in the situations where the wind speed is low, it is ensured that
a superior PMSG control performance compared to other sensorless control methods
based on back-EMF prediction is achieved. Because the rotor flux and the stator
resistance undergo a change due to the effects of the loss of magnetic properties of
magnets and temperature rise, a highly efficient control is ensured by estimating the
rotor flux linkage and stator resistance using MRAS observer [23], [155], [158]. In this
study, in order to get the maximum efficiency from PMSG, MPPT curve of the wind
turbine is obtained in the real system. Active power reference that is required for power
control is obtained from this curve after predicting the generator speed. Compared to
other position sensorless control algorithms in which the majority of the methods
require rotor position estimation first and then the speed is obtained by derivation of
the position, in the proposed method primarily the speed is estimated, the position is
then estimated with the help of a simple integration and first degree low pass filter
without using any derivative term.

This chapter is organized as follows. The principle of PMSG modelling and MPPT
studies are presented Section 5.1. In Section 5.1, the dynamic and steady-state models
of surface mounted permanent magnet synchronous generator (SMPMSG) are
explained in detail. In Section 5.1.1, wind turbine characteristics and MPPT algorithm
based on indirect speed control are explained. In Section 5.1, the proposed stator
feedforward voltage control using MRAS parameter estimation sensorless speed
control strategy. Moreover the proposed control methods are designed and described in

detail. In Section 5.1, electrical simulation model in MATLAB/Simulink is designed
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and developed. The simulation results are given and analyzed in detail. In Section 5.2,
the proposed speed sensorless control scheme based on MRAS has been implemented
with 1 kW PMSG drive controlled by a TMS320F28335. The hardware implementation
and experimental results of the proposed sensorless PM synchronous generator drive
including steady-state load disturbance are presented and discussed. Simulation and
experimental results demonstrate the feasibility and effectiveness of the proposed stator
feedforward voltage estimation (FFVE) based position sensorless control scheme
improved by MRAS multi-parameter estimation for permanent magnet synchronous

generator under various load condition.

5.1. PMSG Modeling and MPPT Studies

The dq model in the rotating synchronous reference frame is used to analyze the
PMSG for the proposed speed and position estimations, as shown in Figure V.1 in
which the direction of the dg—axes currents are depicted out of the circuit as opposite
to PMSG. The stator voltage equations of the PMSG in the rotating dq reference frame
are given by (II.1) and (II.2), omitting the influences of magnetic field saturation and

magnetic hysteresis as

R, L R, L,
o—<—{ } Y o—e—1{ 7} YN
+ i 4 ;
q d
+
v, <> ok, v,
alL,i, aL,i,
\/ /
g-axis circuit d-axis circuit
Figure V.1. Equivalent electrical circuit diagrams of quadrate ¢— and d—axes

synchronous reference frame of PMSG.
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5.1.1. Wind turbine characteristics and MPPT algorithm based on indirect
speed control
The energy produced in wind turbine systems is not only based on the turbine
characteristics, but also based on the control method. Output mechanical power of wind
turbine is shown as

V.1

P..,.=P,..C, = %pﬂrQUiCp(A,ﬁ).
where p is the air density, r is the radius of wind turbine rotor plane, 7r? is the area
swept by the blades, v,, is the wind speed, C), is the turbine power coefficient, A is the
tip-speed ratio, and [ is the pitch angle. In small wind turbines, fixed pitch angle is used
because of cost and restrictions. Thus, in (V.1), 8 = 0 is assumed. The aerodynamic
model of a wind turbine can be characterized by the well-known C’p()\, B) curves. \is
defined by

Tip Speed  w,r V.2)

e

~ Wind Speed v

w

Considering the relationship between A and C), as the speed changes for a given
wind velocity, there is a unique turbine speed which gives the maximum output power.
The peak power for each wind speeds occurs at the point where C), is maximum. In
order to maximize the generated power, it is desirable for the generator to have a power
characteristic that follow the maximum C, curve [67]. C, is the sixth order polynomial
of the tip-speed ratio. C, curve is modeled based on the sixth order polynomial

expression [160].
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Figure V.2. Power coefficient and tip speed ratio curve.

In this section, the mathematical representation of the C, curves used in Figure
V.2, wind turbine characteristics is obtained by curve fitting using (V.4) in which the

coefficients ¢, are given in Table V.1.

Table V.1. Coefficients of wind turbine model

¢ Value

c 0.5176

Coy 116

s 0.4

¢y 5

Cs 21

Co 0.0068
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Curve fitting is a good approximation for wide wind speed values between 2 m/s
and 15 m/s. The results of the C), vs. tip speed ratio simulation is shown in Figure V.2.

i=6 (V.3)
Cp<>\) = Ao + Z ciAi)
i=1

c —% V.4
N =ey (=B —cy) N 4o, VD

The C,(A) curves expressed in (V.3) and (V.4) depend on the blade design and
are given by the wind turbine characteristic [144].

The purpose of the proposed sensorless MPPT algorithms is to control the shaft
speed of the PMSG to maintain the optimal tip-speed ratio without the knowledge of
the PMSG rotor speed and wind speed. In literature, researchers recommended various
methods for sensorless control of PMSG with MPPT control. Optimal torque control,
perturbation and observation control, fuzzy logic control and some genetic algorithms

are certain methods.

g

g 10 —F————r——7—r 7T
o gooi,_:,,f,, 3
Q [

O [ ; :

Q. 800 [ ... ]
0] r

= 700 i ]
g ™

Q% 600 | ]
% 500 . 7~ Ideal Wind Speed. . ..
E 400 | - ‘ ‘ ‘ ‘
m ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
= 300 | ‘

) r S
g 200 [ |
= ST TS DU DU DU D D DU DU SR
E 2 3 4 5 6 7 8 9 10 11 12 13
wn Simulated Wind Speed [ms]

Figure V.3. Simulated rotor speed vs. simulated wind speed curve for the

proposed turbine characteristics.
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In this study, torque reference is provided by reference speed command called
indirect speed control with MPPT [160]. In this way, when the rotor speed higher than
the optimum, the generator torque is higher than that of the turbine, the system is
decelerated. Inversely, when the rotor speed is lower than the optimum, the generator
torque is lower than the turbine, the system is accelerated.

For experimental studies, a simplified speed ratio curve is provided by the
manufacturer. MPPT algorithm is obtained based on this curve. However, the selected
PMSG is not suitable for direct drive wind system. Thus, MPPT algorithm is not applied
in experiments. However, simulation results proved that the constraints about the
selected PMSG parameters are not appropriate. In Figure V.3, relation of the simulated
wind speed and PMSG rotor speed is demonstrated. The value of ideal wind speed is
selected 7 m/s and 560 W power is generated from the turbine at this wind speed. In the

rest of simulation studies, optimal values are obtained based on this critical point.

Wind Turbine Model
v, 1 Pyind T
—P Pwind = EpT[T'ZUV?, Te = M 4;
we
Uy A p
—> W,T opt
PR s (NN
, Yw B
npR5weszopt Te,, S i;
Teopt = 3 Lq = 3nl
, 2/10pt P4y
MPPT Model

Figure V.4.  Block diagram of MPPT control algorithm.
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Figure V.5. Simulated PMSG output power vs. simulated PMSG rotor speed

curve.
The prediction of wind speed and rotor speed are important parameters for

maximum power output. To obtain maximum active power for variable wind speed,

Aopt can be calculated from the roots of the derivative of the polynomial in (V.4). Then,

based on the reference wind speed, v,,, the corresponding optimal generator speed is
obtained.

Figure V.4 shows that the proposed MPPT algorithm is based on the reference
wind turbine model which is given in Table V.1. Thus, Figure V.5 demonstrates the
output power supplied by the wind turbine model using reference wind speed, as shown
in Figure V.3. The equation (V.5) shows torque calculation based on P,,;,,, and C,,.

PyiniC, (V.5)

we

3p ., .
Reference current is generated from the outer voltage loop via regulating the DC-

link voltage based on control error. In both voltage control loops, the PI feedback

controllers are enhanced simple by robust control scheme, as shown in Figure V.4 to
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yield good dynamic performance. Reference current is generated based on the specific

wind speed with MPPT mechanism. In order to produce maximum DC-power in DC-

link at variable speeds, a sensorless control method that is capable of doing precise

position estimation at different wind speeds is suggested in Section 5.1.1.

?

5 2
_ TR w, Cpopt
eopt 2)\Opt3
5,2
* r_ 2Teopt 4 ﬂ-CpOptR we
T3pAr 0 3pAA,S

(V.6)

V.7

The equations (V.6) and (V.7) show optimal torque and optimal g—axis current

command that are given as reference variable wind speed. And also, Figure V.6 shows

the MPPT algorithm optimal torque curve and optimal g—axis current reference curve

corresponding to simulated PMSG rotor speed.
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dg—axes stator feedforward voltages are normally used in the FOC of AC machines
at the output of the inner dg—axes PI current regulators to enhanced the dynamic
performance of the machine [58]. In this method, feedforward voltages are not only
used for the dynamic performance improvements, but also used to achieve a simple but
effective position sensorless speed control of PMSG drive.

It is visible that stator d— and g—axes currents can be controlled by the d— and ¢—
axes voltages and speed w using (V.8) and (V.9). The control principle is adopted where
the current in g—axis is controlled by speed of rotation or frequency of stator voltage
applied to g—axis winding [26]. The amplitude of g—axis voltage is obtained by
neglecting the derivative term and assuming that real currents closely follow reference
values i, = iy and i, = iy (reference values are marked with * in the superscript and
heat A above is the symbol indicates estimates) [58]. Below are the modified stator

feedforward voltage equations for the proposed speed sensorless scheme given in dq

reference frame,

v =it R, + (w, Lyiy + w ) + KA (V.8)
vy = 1yRy —w, L i, + Av (V.9)

where Av is the output of the d—axis PI current regulator and w, is the output of the g—
axis PI current regulator. Av is multiplied by gain K and added to g—axis voltage
equation v}, representing the part of the derivative term in the dynamic voltage equation
given in (II.1). Similarly, Av term in (V.8) also acts as the derivative representation
given in (II.2) for achieving a better transient response in the sensorless operation.
The dq frame stator voltages given in (V.8) and (V.9) are obtained by modifying

the dynamic machine model and used as the basic reference signals to control the PM
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machine without requiring a position sensor. The signals depend on machine
parameters. At any operating point, the machine itself determines the required voltages

at its terminal by letting the inverter duplicate the voltages. This process is so called as

self-control.
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In Figure V.7, time based change in w_, having g—axis output obtained through
experimental studies is represented. In Figure V.8, change in Awv i.e. d—axis output is
shown. The components of the dq frame voltage reference signals given in (V.8) and
(V.9) are derived from (II.1) and (II.2), respectively under the assumption of steady-
state conditions where derivative terms are replace with the regulator correction terms
and a relevant gain.

In stator voltage estimation, stator resistance is arranged depending on the error
between reference d—axis current and feedback d—axis current component. Since the
stator resistance variation has minimal effect on the control, the method provides high
dynamic control capability. Moreover, g—axis current flow is controlled by speed
feedback. The method proposed by Okuyama et al. [129] has been applied for IM. The
variation of the rotor flux linkage is estimated by observer and updated online.
According to the method based on stator voltage estimation, the voltage signal is added
to v, as a feedforward signal. In this study, a high performance sensorless operation is
performed in a wide speed range without using high-frequency signal injection. In
speed estimation, Awv is taken as the reference which varies proportional to speed. In
the proposed method, while the stator resistance change effects are not taken into
consideration continuously, the rotor flux linkage variation determines the performance
of the proposed control method [23], [161]. The rotor flux linkage is controlled by an
additional feedforward voltage signal. According to the speed reference and flux
change is determined. K value is a gain which is set manually based on the variable
speed region. Start-up performance of the generator relies on K value that should be

fixed properly as an important parameter in the proposed sensorless control.
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The complete block diagram representation for a field-oriented control of the
proposed speed sensorless PMSG scheme based-on stator feedforward voltage
estimation using a SVPWM VSI is illustrated in Figure V.14. In (V.8) and (V.9), the
d- and g—axes currents are replaced by their reference values. The resulting feedforward
voltage estimation signals are represented in Figure V.14. The voltages applied to the
motor are calculated by (V.8) and (V.9). Note that estimation of rotor speed w,. is
obtained by passing w_ obtained from output of the PI current regulator in g—axis
through a first order filter, as shown in Figure I1.4. The time constant of the filter
depends on the overall system mechanical characteristics and heavily affects the
dynamics and stability of the sensorless control scheme. The estimated speed and the
estimated position are obtained as shown in Figure I1.4 through the PI compensator and
the integrator. In Figure V.9, simulation results of estimated and actual rotor angle
change are represented.

Obtaining the generator parameters such as stator resistance and rotor flux linkage
with MRAS method increases system stability and low speed performance. In
simulation studies, MRAS multiple parameter estimator and PMSG model are run as
an open-loop to verify the MRAS and sensorless algorithm, as shown in Figure V.14.
To be able to obtain an open-loop operation of PMSG, the steady-state operation is
desired for proper estimation of parameters. To achieve a steady-state operation,
constant synchronous reference frame voltage values are applied to the machine
terminal and the initial speed is selected in the speed integrator in the PMSG model as

450 r/min.
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2.5

Simulation of the estimated and actual rotor angles.
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Figure V.11.  Simulation of the estimated and actual stator resistance variation
when A is decreased by 20% and R, is increased by 50%.

For the investigation of the behavior of the MRAS parameter estimation algorithm,
initial stator resistance value is increased linearly from the original value starting from
45 seconds to 50% higher than the original value in ten seconds, as shown in Figure
V.11. The error between actual and observed stator resistance is around 1% during the
steady-state between 48 s to 50 s.

Also, the observed error for rotor flux linkage variation from the actual value
started from 2.6 seconds to 20% lower than the original value in three seconds is given
in Figure V.12. This error is considerably small which is around 0.5%. Figure V.12
shows the change in rotor flux which has been reduced by 20%. Rotor flux linkage
value has been estimated by MRAS in less than 0.2 s. Since rotor flux linkage fluctuates
according to the temperature which is a slow-changing parameter. Therefore,

estimation length of 0.2 s is required and adequate.
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Figure V.12.  Simulation of the estimated rotor flux linkage variation when A is

decreased by 20% and R, is increased by 50%.

5.2. Experimental Results

To show validity of the proposed control scheme, the experimental studies are
carried out for the systems shown in Figure V.18 to Figure V.28 under various operation
conditions. A sensorless drive system for a PMSG, in which stator resistance and rotor

flux linkage variation are estimated, is proposed in this section.

S =L SHT oL
8

Off-Grid
- - Bus Bar

7 s s11
LCL Filter . -

RL Load

ABB MicroFlex g 3® EMI
Servo Driver PMSG | Fiter

s8 810 s12

s s A sur{ TH B K

st s6 s7 s12

Controller Controller

Figure V.13. PMSG emulator system block diagram.




137

bspy

._aw

°n

NMJAS

bp

e

1ddiN

19}|14 Ssed MO JojelBayu|

m %0 E

-

q

[425)

F

0lS

peo 1o 7

1914707

Jleg sng
PUO-HO

LS

B

6S
B

k P = K
Y y
Jajjonuo) Jojewns3
abejop souejsisay #g
PiemOpaRd == pue
b P Xn|4 SYIN
A A
Y Y 4 [PA *PA] = n
bp -
8 g
o o
\ y
WMJAS
By P
=L
bp
189 ge
e s s o
9 °
1o [ osid
TE] \ ot

Figure V.14. Overall block diagram of proposed sensorless PMSG drive model

based on MRAS parameter estimation.



138

In this study, the value of stator resistance and rotor flux linkage are estimated
using MRAS. However, inductance variation is neglected because the influence of the
g—axis inductance is independent from the speed and position estimation, but variation
of stator resistance and rotor flux linkage increases errors in low speed region. A
simplified block diagram of PMSG emulator is shown in Figure V.13. Figure V.14
shows the schematic diagram of the proposed overall control system.

The complete system is experimented for various conditions. The control
algorithm is implemented on TMS320F28335 DSP and the proposed method is

validated through experimental results.

Figure V.15. Installation of PMSM and PMSG.

Figure V.16.  Emulator system including Microflex e150 driver.
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Figure V.17.  Experimental test-bed.

In PMSG sensorless drive system, stator resistance and flux linkage variation
depend on temperature rise and affect the sensorless control. These parameters are
estimated using MRAS in order to improve the accuracy of position estimation. The
parameter estimation of the stator resistance and rotor flux linkage is important because
of their effects in the reference PMSM equations shown in (II.1) and (II.2). The
experimental results verify the validity of the parameter estimation and the
effectiveness of the proposed sensorless control system.

Figure V.14 shows a block diagram of the sensorless PMSG drive system
combined with online parameter estimation. Figure V.18 and Figure V.19 shows the
estimated change in stator resistance and rotor flux linkage during the experiment.
While stator resistance was measured as about 3.4 €2, it has been observed that it
reached to 3.77 2 depending on thermal change during the experiment. This

corresponds to the pre-estimated temperature values.
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In case of demands of high current in wind turbines, stator resistance changes
depend on the temperature. Therefore, the stator winding temperature estimation can

be modeled as

B R —R, (V.10)

—~

where, R, is the initial resistance value at temperature 7}, I?, is the estimated stator

winding resistance at temperature 7, using MRAS and o is the temperature
coefficient of copper (3.93x1073 per °C). Point temperature measurements has revealed
to be 44° on the surface temperature. When the estimated stator resistance value is
placed in (V.10), it is seen that the estimated temperature has been calculated to be 47
°C. Considering that the temperature of stator winding is high, estimated stator

resistance value is proved to be correct.

Q]

3,792 [

3,780 |

3768 | |

3756 [ || .

Est. Stator Resistance [

3744 |

Time [s]

Figure V.18.  Estimated initial stator resistance.
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Experimental PMSG phase—a current, (Up =50 V) and (R} 4 =
22 Q).
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The estimation error of the position and speed appears at the transient state.
However, at steady-state speed and position error decrease and stable sensorless PMSG
control is achieved. In Figure V.20, phase—a current waveform of PMSG at 50 V at
DC-link. In Figure V.20, phase-a current for PMSG driven by 400 r/min is represented.
Up 1s the DC-link voltage of PMSG forming at the power stage output. Measurements
have been done by connected loads (R;,,, = 22 2) to the DC-link that PMSG is
connected to, and current with 2.28 A peak value has been obtained. Figure V.21 shows
phase—a current for PMSG driven by 1050 r/min. Measurements have been done by
connected load (R, =43 ) to the DC-link that PMSG is connected to, and current

with 2.12 A peak value has been obtained.

._Phase-a

-

Meas. Phase-a Current [2 A/div]

Time [4 ms/div]

Figure V.21.  Experimental PMSG phase—a current (Up~ = 100 V) and (R}, =
43 Q).
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Figure V.23.

voltage for m = 0.6, (Up~ =225 V) and (R;,,; =43 Qand L;,,, =50 mH).
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Experimental off-grid side phase—a current and phase—a to phase—c

voltage for m = 0.6, (Up =225 V) and (R;,,; =43 Q).
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In Figure V.22, off-grid generator measurements is seen. m represents modulation
index and peak phase—a to phase—c voltage has been measured as 117 V. Phase—a
current has been measured to be 2.8 A. DC-link voltage can be controlled by calculating
the voltage of the peak value to the DC-link via the equation seen in (V.11). RMS value

of 117 V phase voltage is (V7 1, (,.,s)) 82.73 V, and of DC-link voltage is (m = 0.6) is

™ms

225 V. In Figure V.22, R; ., = 43 € connected as a star has been used at the LCL
filter output.

Upc = 2\/§VLL(rms)/<\/§m) (V.11)

In Figure V.23, phase—a current for the off-grid part of PMSG driven by 1000

r/min, and the voltage waveform phase—a to phase—b is illustrated. While peak voltage

value phase to phase is 117 V, DC-link voltage has been measured as 225 V. Resistive

and inductive loads have been connected to the LCL filter output.

INRY A AWVE

Phase-a Current ]

Meas. Phase-a Current [1 A/div]
:‘\‘\j\‘\‘?‘\‘\T\N\‘j§<‘\‘7‘\‘\j\‘\‘:

Meas. Phase-a to Phase-b Voltage [50 V/div]

Time [40 ms/div]

Figure V.24.  Experimental off-grid side phase—a current and phase—a to phase—b

voltage form = 0.4, (Up- =210 V) and (R, =43 Qand L, ., =50 mH).
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voltage form = 1.0, (Up- =210V) and (R}, =43 Qand L, ,, =50 mH).

Figure V.26.
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Experimental off-grid side phase—c current and phase—a to phase—c
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In Figure V.24, phase—a current for the off-grid side of PMSG driven by 500 r/min,
and the voltage waveform phase—a to phase—b is shown. Peak voltage value phase to
phase is 73 V, DC-link voltage has been measured as 210 V.

In Figure V.25 phase—c current and voltage modulation index phase—a to phase—c
has been adjusted to be 1.0 for the same conditions. Under this working condition, peak
value of voltage phase to phase is 101 V, and current peak value is 2.1 A.

In Figure V.26, phase—c current for the off-grid side of PMSG driven by 300 r/min
and voltage waveform for phase—a and phase—c is given. Peak voltage value phase to
phase has been measured as 51 V while DC-link voltage is 59 V and phase—c current is

1.28 A.
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Figure V.27.  Experimental off-grid side phase—c current and phase—a to phase—c

voltage form = 1.0, (Up- =59 V) and (R}, =43Qand L, ,, =50 mH).
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Figure V.28.  Experimental off-grid side phase—c current and phase—a to phase—c
voltage form = 1.0, (Up =127 V) and (R;,,, =43 and L;,,; = 50 mH).

In Figure V.27, phase—c current for the off-grid side of PMSG driven by 400 r/min
and voltage waveform for phase—a and phase—c is illustrated. Peak voltage value phase
to phase has been measured as 79 V while DC-link voltage is 91 V and phase—c current
is 1.88 A.

In Figure V.28, phase—c current of the off-grid side of PMSG driven by 750 r/min
and voltage waveform for phase—a and phase—c is given. Peak voltage value between
phases has been measured as 127 V while DC-link voltage is 147 V and phase—c current
is 3.24 A.

Measurements reflect that THD of the voltage between phase—a to phase—b at the
LCL-filter input in the off-grid side of SSTP (assuming there is no LCL filter) is 51.15
% and it is too high. The THD of the voltage phase—a to phase—b at the LCL filter output

in the off-grid side of SSTP is around 4%.
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5.3. Conclusion

The rotor flux linkage that changes due to aging, vibration, humidity and
temperature reduces the drive control performance. So, the effects of aging are tried to
be eliminated and the control performance is increased with life estimation algorithms
in the literature using online-learning methods and parameter estimation methods. In
this study, in order to obtain the position and speed information of the driven PMSG
directly, feedforward voltage estimation method is suggested. With the proposed
method even in the situations where the wind speed is low, it is ensured that a superior
PMSG control performance compared to other sensorless control methods based on
back-EMF prediction is achieved. Because the rotor flux and the stator resistance
undergo a change due to the effects of the loss of magnetic properties of magnets and
temperature rise, a highly efficient control is ensured by estimating the rotor flux
linkage and stator resistance using MRAS observer. With the proposed method,
maximum power generation is achieved compared to other back-EMF estimation

methods even at low wind speeds.



149

VI. IMPROVED SENSORLESS FOUR-SWITCH
THREE PHASE (FSTP) PMSG DRIVE BASED ON
STATOR FEEDFORWARD VOLTAGE
ESTIMATION USING MRAS MULTIPLE
PARAMETER ESTIMATION

The difference between fossil energy sources and demanded energy needs is
rapidly increasing. This leads to alternative search and solutions in energy production.
These solutions encourage utilizing the existing sources most efficiently. While the
macro-scale systems meet existing needs in industrial and high power level practices,
participating of individual users in energy production is possible with micro-scale
systems [162]-[165]. Especially in rural areas, base stations, highways where the
electricity cannot be delivered and individual usages are considered as micro-scale
energy production application areas [132]. With the integration of smart grid, it is
predicted that there may be a rapid increase in small energy production. In renewable
energy production, the largest production share except hydroelectric power plants is
provided from the wind turbines. With the standard three-blade wind turbine structure,
both micro and macro levels of energy are produced. Small wind market share is $ 60
million in the USA in 2014. In the “Small Wind Turbines” report prepared in 2010,
unit, market and power capacity are analyzed. According to the report, it is stated that
the number of unit decreased 20%, the total power capacity increased 26% and market
share increased 53% when compared to the previous year [162], [163]. It is stated that
in England electricity generation reached to 1.84 MW capacity in 2013 based on wind

energy in which the power range is between 0 and 1.5 kW [165]. To get the maximum
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use of wind energy, variable speed generators that can operate at wide speed range are
widely used in industry. With variable speed power generation, it is possible to obtain
the maximum power at variable wind speeds [166]. By adjusting the generator speed at
different working points according to speed-power characteristics of wind turbines, the
maximum power point is obtained. In the variable speed wind turbines systems PMSG,
asynchronous machine and squirrel cage asynchronous machine are used [134]-[138].
PMSG is used in small turbine systems due to its high power density, high efficiency
and reliable design. The turbine connection of PMSG can be performed with or without
gear-box [67], [139]. However, because of cost, reliability and maintenance needs,
gear-box is not used in small powered systems. In variable-speed PMSGs, rotor
rotational speed and wind speed are known with the position sensors and anemometer,
respectively. However, in order to increase the robust and reliability of the system,
sensorless control methods are applied in PMSG [159]. Thus, maintenance need and
complex connection and assembly resulting from the usage of sensors are eliminated.
In the proposed system, sensorless control method based on the principle of
feedforward stator voltage estimation is suggested for maximum power output of direct
drive PMSG. The rotor flux linkage and stator resistance available at generator steady-
state equations are predicted on-line with MRAS observer in order to prevent the loss
of positioning accuracy caused from parameter changes and then the updates are
performed in the feedforward voltage estimation (FFVE) equations [67], [72]. Field-
oriented control and DTC technique need the accurate electrical parameters of the
PMSM [139]. Least-square method slows down the processor too much because it has
a repetitive process structure. Sliding-Mode Control (SMO) is used as an adaptive

control method superior for uncertain parameters and parameters showing gradual
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change [32], [167]. Similarly, an on-line parameter identification method uses EEMF
method for more accurate position estimation [168]. In PMSG, rotor flux linkage
undergoes a change during the operation depending on the magnetic properties of the
magnets and temperature rise [23]. The proposed method suggested by Okuyama et al.
[72] is called the Flux-Vector control in which a PI controller is employed on the flux
component of the current for IM. Additionally, the special advantage of this method is
the elimination of voltage feedback. In the proposed feedforward voltage estimation
method, flux change affects the control system and stability [59]. In the proposed
method, when compared to other position sensorless control algorithms, because
primarily the speed is predicted, the position is predicted with the help of a simple
integration and first degree low pass filter without derivative term [53], [72], [169]. In
the proposed small wind turbine control system, PMSG control is developed by using
an inverter/rectifier structure in a back-to-back, bi-directional and reduced switching
structure for variable speed wind turbines. In this topology, four of the switched are
used composing two-leg in the generator side and the other four are used as two-leg in
the grid (off-grid) side [170]—[174]. Third phase leg of both of the circuits are connected
in the center tap of capacities that were divided into two by DC bus. Although in PMSG
control systems a structure containing twelve switches is often used, because the
proposed method is for low power and for individual use, the elements increasing the
cost are reduced [170]-[174]. With the MPPT method, power generation with optimum
tip-speed ratio is obtained. In this study, two four-switch converter structures are
established with two DC-link capacitors between them [170]-[174]. By keeping the d—
axis current as zero with a Pl regulator that is in generator side of the rectifier, maximum

electrical torque production is achieved. The MPPT method is used in order to obtain
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the maximum output power depending on optimum rotor speed under variable wind
speeds.

The principle of PMSG modelling and MPPT studies are presented Section 5.1. In
Section 5.1, the dynamic and steady-state models of surface mounted permanent
magnet synchronous generator (SMPMSG) are explained in detail. In Section 5.1.1,
wind turbine characteristics and MPPT algorithm based on indirect speed control are
explained. In Chapter III, the proposed FSTP inverter drive structure is described in
detail. In Chapter IV, the proposed stator feedforward voltage control using MRAS
parameter estimation sensorless speed control strategy. In Section 6.2, electrical
simulation model in MATLAB/Simulink is designed and developed. The simulation
results are given and analyzed in detail. In Section 6.3, LCL output harmonic filter is
designed and developed. The simulation results are given and analyzed in detail. In
Section 6.4, the proposed speed sensorless control scheme based on MRAS has been
implemented with 1 kW PMSG drive controlled by a TMS320F28335. The hardware
implementation and experimental results of the proposed sensorless PM synchronous

generator drive including steady-state load disturbance are presented and discussed.

6.1. Rotor Flux Linkage and Stator Resistance Estimator Based on MRAS

PMSG parameters vary depending on temperature, frequency, load conditions, and
operation region. In order to eliminate the effects of parameter changes, an MRAS
estimator structure that works with the proposed sensorless control method is
suggested. While the rotor position error is caused by stator resistance change at low
and variable speeds, with multi-parameter estimation operation in unstable region is
eliminated [54]. Also, the effects of the rotor flux linkage variation in permanent

magnet due to the temperature change are eliminated [34]. A high performance PI
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regulator is used for PMSG sensorless speed control; moreover for low speeds and
transients an adaptive MRAS observer is developed. In addition to rotor flux linkage
and stator resistance changes, feedforward voltage estimation method is used together
with MRAS in order to eliminate the disturbance effects in position estimation.
Recursive Least Square Estimation (RLSE) is used for determination of the parameters
[39], [42]. However, the sensitivity of RLSE is not sufficient [66]. Moreover, the
methods such as fuzzy logic, artificial neural network (ANN), and genetic algorithms
limit the dynamic behavior of the system due to their complex calculations [46]. The
complex estimation methods not only extend the processing time, but also reduce the
reliability of the processor. Parameter estimation obtained with Sliding Mode Observer
(SMO) is not preferred in critical applications due to incompatibility in response at
different frequencies. Moreover, Extended Kalman Filter (EKF) is not recommended
for PMSG systems, because it is not suitable for multiple simultaneous estimations and
contains complex mathematical functions [152]. Simplicity and rapid response
capability of the proposed Model Reference Adaptive System (MRAS) for PMSG is
the most prominent parameter estimation method compared to other techniques [48],
[56]. Predictability of stator resistance and rotor flux independently is important for
PMSG systems which require updating of generator variables individually with

minimum error.
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6.2. Simulation Results

The proposed drive system shown in Figure VL7 is simulated in
MATLAB/Simulink® using an electrical two-leg IGBT inverter and electrical surface-
mount PM synchronous generator model from the SimPowerSystems™ toolbox in
order to demonstrate the validity of the proposed multiple parameter estimation FSTP
based PMSG drive scheme.

C programming like codes written in MATLAB Programming language are
developed for the simulation of the proposed sensorless control of PMSG drive in
MATLAB/Simulink using MATLAB Function blocks without using expensive
toolboxes such as Embedded Coder®.

In simulation results, initial rotor flux linkage, estimated stator resistance,
estimated rotor flux linkage estimation using MRAS under various working conditions

is shown Figure VI.1, Figure V1.2 and Figure V1.3, respectively.
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Figure VI.1.  Simulation of the estimated initial rotor flux linkage (A; = 0.15 Wb).
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Figure V1.2 shows the estimation results of MRAS method for initial rotor flux
linkage. Figure VI.2 and Figure VI.3 show the combined effects of parameter
estimation method. Figure VI.2, using “Matlab/Simulink-SimPowerSystem” PMSG
model, rotor flux linkage is decreased by 20%. In Figure V1.3, stator resistance initial
value is increased by 50%. To eliminate oscillation effects of the transient region, a low
pass filter is designed in this simulation. Figure VI.3 shows the stator resistance
estimation curve after LPF.

In Figure V1.3, initial errors are applied to the stator resistance (12, = 1.5,) rotor

flux linkage (A, = 0.8A). As it can be seen in Figure V1.3 that the transient state is

smooth and less than 0.5 s convergence is obtained to the expected values such that at
any update of the stator resistance and rotor flux linkage set during that period may not

affect the overall control performance.

6.3. LCL Harmonic Filter Design

The inverter located on the load/grid side transmits the current/voltage that
contains too much harmonic to load/grid with high frequency DGM (PWM) signals
[176]. With a harmonic filter that can be located between inverter and load/network,
the harmonics that would be transmitted to load/grid are greatly reduced and voltage
and current waveforms in low THD (Total Harmonic Distortion) values close to pure
sine are obtained [177]. Harmonic filter can also prevent the possible short circuit that
can arise in direct connection stage between two sources (inverter and load/grid) as well
as decreasing high frequency harmonics. These harmonics diminishing techniques can
be classified under the main approach of magnetic flux compensation, multilevel

inverter, active and passive filtering. In order to diminish the current harmonics around
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the switching frequency and to conform to standards like IEEE 519-1992, IEEE 1547-
2008, IEEE 929-2000, IEC 61000-3 and IEC 61727, in industry and literature, in the
studies of renewable energy sources connected to an independent (off-grid, standalone
etc.) the grid, low pass passive filter is used between inverter output and grid/load [178].
Ideally, a filter that has high damping attenuation in lower cut-off frequency and high
switching frequency can diminish the fluctuation occurring in the switching frequency,
significantly. In passive filter design, the issues such as switching loss, efficiency,
voltage drop and stability (the system's entering into resonance) must be considered.
For example, in the inverter systems operating synchronized to grid, IEEE standards
states that each current harmonic above 35" harmonic must be less than 0.3% of rated
current in the fundamental frequency. In industry and literature; L, LC and LCL type
and their various derivatives are used in the inverter output with low pass passive
harmonic filtered grid/load [179]. Third degree low pass LCL-filter better weakens the
harmonics in the switching frequency of the inverter than the other two filters
mentioned above. LCL-filter provides better coupling impedance between grid/load
and the filter [180]. Because the high harmonics will be absorbed by shunt capacity, it
will receive much less ripple current on the L, inductance in the side of grid/load and
that's why it will enable this inductance to be selected smaller than L, inductance in the
inverter side input. LCL-filter provides a good harmonic weakening even with small L

and C £ values. However, it is necessary to address to the problems of resonance effect,

current ripple that may occur in inductances, total filter impedance, attenuation of
current harmonics that may occur in switching frequency and around it and the amount

of reactive power that is absorbed by capacity in LCL-filter design [181].
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Figure VI.4.  LCL-filter circuit scheme.

Figure VI.5.  LCL-filter circuit.
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A parallel suppressor resistor has been inserted to the shunt capacitor used in LCL-
filter. The reason of this process is the harmonic declination in characteristic resonance
frequency. Figure VI.4 demonstrates the LCL-filter design. According to the circuit
diagram in Figure V1.4, 50 uF EPCOS™ capacitor has been used. L, has been designed
to be 5.2 mH and L, to be 1 mH. A 2.5 kW 46 uF capacitor that was found on the
market has been used although C; 3.3 uF was found via calculations. The filter

resonance frequency is 810 Hz in order not to allow any overlapping problem between

the system cycle and the switching frequency.

6.4. Experimental Results

To show validity of the proposed control scheme, the experimental studies are
carried out for the systems shown in Figure VI.10 to Figure VI.24 under various loading
conditions. A sensorless drive system for a PMSG in which stator resistance and rotor
flux linkage variation are estimated is proposed in this chapter. The estimated position
is compensated by a proportional and integral compensator so that the position error
converges to zero. In this study, the values of stator resistance and rotor flux linkage
are estimated using MRAS. However, inductance variation is neglected because the
influence of the g—axis inductance is independent from the speed and position
estimation, however variation of stator resistance and rotor flux linkage increase errors
in low speed region. A simplified block diagram of PMSG emulator is shown in Figure
VL.6. Figure V1.7 shows the schematic diagram of the proposed system. The complete
system is experimented for various working conditions. The control algorithm is
implemented on TMS320F28335 DSP and the proposed method is validated through

experimental results. Figure V1.6 shows the block diagram of the established emulator
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system. 3 N-m PMSM has been used via ABB® Microflex™ 150 driver to drive
PMSG. Experiments have been carried out and prospected results have been obtained
for the speed levels that correspond to different wind velocity levels through real-time
torque control. In the system, two Semikron Semiteach module have been modified in
compliance with four-switched FSTP topology and back-to-back converter structure
has been created. ALCON™ RC is used as the snubber loop. The control signals
obtained through MRAS and FFVE algorithm are transmitted to the inverter/rectifier
module via a signal processing card seen in Figure VI.8. DC-link formed with 2200x2
wF capacitors are connected to the rectifier and inverter inputs and outputs. For the off-
grid system model, LCL output filter, seen in Figure VL5, has been designed and
developed. Reaction of the system to the RL loads have been investigated by using five-
level resistive and inductive load bank. A phase-a center tap has been created for the
FSTP via a connection from the center tap of the two 2200x2 uF capacitors to the
outside in Experimental-bed, in Figure VI.8. Output voltage of the off-grid side has
been controlled through modulation index (m). System capabilities have been tested to

obtain different values of m.

Use Off-Grid
- st 4 s3 ol s5 s7 Bus Bar
ABB MicroFlex EMI i . -
Servo Driver @- -@ Filter Lot Fl"e’ -
4{; s2 4[< e °T se 4{; s8 4[;

1| 82| 83| 84 85| S6| S7| S8

Controller Controller

Figure VI.6.  PMSG emulator system block diagram.
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7 | Center Tap |
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Figure VI.8.  FSTP inverter structure (phase—a connected center tap of capacitors).

Figure VI.9.  Experimental test-bed.

MRAS is simulated to examine the effects of stator resistance and rotor flux
linkage variation for the proposed sensorless control of PMSG. Figure VI.10 and Figure
VI1.24 show the experimental results of MRAS that is applied to the proposed sensorless

method. In this system, PMSG parameters are estimated at various operating
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conditions. The proposed sensorless PMSG control algorithm and MRAS parameter
estimator are combined in experimental studies.

PMSG position estimation performance is improved by using online parameter
estimation that is adapted to the proposed sensorless control algorithm. While open-
loop parameter estimations were conducted during the experiments and simulations,
closed-loop parameters were estimated after the estimations reached the required level
and the parameters in the FFVE block have been updated. In experimental studies,
stator resistance estimation spontaneously, initial rotor flux linkage, estimated stator
resistance when I?, is increased by 50% estimation using MRAS under various working

conditions is shown Figure VI.10, Figure VI.11 and Figure VI.12, respectively.
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Figure VI.10. Estimated initial stator resistance.
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Figure VI.13. Phase—a to neutral and phase—c to neutral voltages.
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Figure VI.14. Phase—a to neutral and phase—b to neutral voltages.
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In Figure VI.13, phase—a to neutral voltage and phase—c to neutral voltage are
represented. Phase—a to neutral voltage is 61 V and phase—c to neutral voltage is 53 V.
Phase—a is the center tap point and its voltage value is more than phase—c at about the
rate of 15%. In Figure VI.14, phase—a to neutral voltage and phase—b to neutral voltage
are shown. Phase—a to neutral voltage is 61 V and phase—b to neutral voltage is 53 V.
Following the measurements, while balance at phase-b and phase—c voltages is
observed, voltage is high at the phase connected to the center tap as it is expected. In
Figure VI.15 and Figure VI.16, controlling the stability of the recommended method
for sudden load changes by stabilizing load L being at the output of the off-grid part

and connecting five different resistive resistor levels (22 () - 220 ) is illustrated.

-4 Phaseta to-Neutral Voltage ]

S

Meas. Phase-a to Neutral [50 V/div]
Meas. Phase-b to Neutral [50 V/div]

e b b b e PRV b e B e b e b

Time [10 s/div]

Figure VI.15. Meas. phase—a to neutral and phase-b to neutral voltages (2, has

been changed five levels).
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Figure VI.16. Meas. phase—a and phase-b currents (R;,, has been changed five

levels).
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Figure VI.17. Meas. phase—a to neutral and phase—c to neutral voltages for m = 1.0,
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| Phase-bCurrent, | T | 1 1 1 1 1 ]

Meas. Phase-b and Phase-c Currents [0.5 A/div]

Time [100 ms/div]

Figure VI.18. Meas. phase—a and phase—b current for m = 1.0, (Up~ = 100 V) and
(RLoad = 43 Q and LLO(ld = 50 IIIH).

In Figure VI.17, neutral voltage of phase—a is 59.2 V. PMSG has been driven to
be 100 V to the DC-link (The emulator control mode is setted in control mode). Phase—
a to neutral voltage has been recorded to be 54.4 V. The ratio of the voltage forming
between the center tap and the second leg has been recorded to be 10%.

Measurements under the same conditions regarding phase—a and phase—b currents
are represented in Figure VI.18. Peak values for phase—a current is 1.24 A and for
phase—b is 1.3 A. Imbalance between phase—b and —c is at the rate of 5%. Figure VI.19
shows phase—a and phase—b currents of the PMSG driven with 750 r/min. Peak values
for phase—a current is 2.84 A and for phase—b current is 2.36 A. In Figure V1.20, phase—
c current under the same conditions have been measured. Peak value of phase—c current
has been measured to be 2.36 A. Unbalance state between the phases in FSTP controlled

PMSG has been measured to be 15% at voltage levels and 20% at current changes.
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Meas. phase—a and phase-b current for m = 0.4, (Up = 100 V) and
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Figure VI.20. Meas. phase—a and phase-b current for m = 1.0, (Up = 100 V) and

(RLoad = 43 Q and LLO(ld = 50 IIIH)
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Figure VI.21 illustrates phase—a and phase—b currents of the PMSG driven with
500 r/min. Peak values for phase—a current is 2.68 A and for phase—b current is 2.36 A.
In VI.22, phase—c current under the same conditions have been measured. Peak value
of phase—c current has been measured to be 2.12 A. According to the measurements,
imbalance state between the phases in FSTP controlled PMSG is 15% for phase—a and
phase—b, 10% for the phase—b and phase—c, and 25% for the phase—a and phase—c at
voltage changes. Figure VI1.23 illustrates phase—a and phase—b currents of the PMSG
driven with 300 r/min. Peak values for phase—a current is 2.6 A and for phase—b current
is 2.52 A. In Figure V1.24, phase—a and phase—b currents of the PMSG driven with 200
r/min is shown. Peak values has been measured to be 3.64 A for phase—a current and
2.52 A for phase-b current. According to the measurements, unbalance condition
between the phases in FSTP controlled PMSG is at the rate of 45% at voltage changes

for phase—a and phase—b.
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Figure VI.21. Meas. phase—a and phase—b current for m =0.5, (Up = 100 V) and
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Figure VI.22. Meas. phase—a and phase—c current for m =0.5, (Up = 100 V) and

(Rppqa=43Qand L; ,, =50 mH).
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Meas. phase—a and phase-b current f for m =0.5, (Up =100 V)

and (R;,,,=43Qand L; ., =50 mH).
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Figure VI1.24. Meas. phase—a and phase-b current for m = 0.5, (Up = 100 V) and
(Rppga=43Qand L; ,, =50 mH).

It can be observed that the lower the speed level under PMSG control gets, the

more unbalance condition between the phases increases. 200 r/min speed level has been
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achieved which using proposed method which is performance enhancement based on
parameter estimation. Experimental results show that the corrupting effects of stator
resistance and rotor flux linkage dominate at low speed position estimation. This value
corresponds to 0.06 p.u. at the PMSG having 3000 r/min rated speed.

The THD of the voltage between phase—a to phase—b at the LCL-filter output of

four-switched off-grid side output is 6.6% and it is acceptable.

6.5. Conclusions

While macro-scale wind turbines are solving problems at industrial and high
power levels, participation of individual users into energy production is possible with
micro-scale wind turbines. Especially, rural zones without electric energy, base
stations, highways and individual uses are said to be application areas for micro-scale
energy production. It can be easily predicted that the small powerful energy production
can be rapidly increased with integration of smart grid.

It is proved with this study that the inclusion of a simple, effective and low-cost
position sensorless control in the generator side show that renewable wind energy

system can be a viable distributed green energy solution for rural areas.
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VII. SUMMARY AND CONCLUSIONS

Because the proposed method depends on back-EMF estimation, it is affected by
the parameter variation. Elimination of the position errors caused from parameter
change is estimated with online rotor flux linkage and stator resistance estimators using
MRAS and the updates are provided in the feedforward voltage estimation model. With
the MRAS parameter estimation, performance and stability of the sensorless drive
scheme in steady state and in low speed are improved. Similar hybrid algorithms, in
addition to a position estimation method, an observer algorithm and on-line parameter
estimation method are required as superiors. In order to improve the position estimation
especially in low speed region, EKF and MRAS are used together and a hybrid position
control algorithm is suggested. In that method, while rotor flux variation is estimated
by EKF, position estimation is done by MRAS. In the other study, while MRAS is used
in the estimation of slowly changing parameters, the SMO is used for the position
estimation. In controlling of the sensorless PMSM drive that is developed by using
V/Hz and FOC, Luenberger observer is developed for rotor flux estimation and the
effects caused from rotor flux change are minimized. The most important reason of
using these hybrid approaches is that parameters affect each other and one prediction
algorithm does not deliver the desired result. However, when compared to other
methods, because MRAS is simple and applicable, it provides fast stability in parameter
estimation. Therefore, it presents an advantage in the proposed sensorless control
method.

A low-power and low-cost wind generator control algorithm is developed for areas

where energy transfer is difficult and impossible. While macro-scale wind turbines
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solve energy problems at industrial and high power levels, participation of individual
users in energy production is possible with micro-scale wind turbines. Especially, rural
zones without electric energy, base stations, highways and individual usages are
considered to be application areas for micro-scale energy production. It can be easily
predicted that the low power energy production can be rapidly increased with
integration of smart grid.

One of the most important disadvantages of wind turbines are the low productivity
and failure in producing energy under 7 m/s that plays a more vital role in low-power
wind turbines. Also, energy must be produced between 2-7 m/s in order to enable
energy production at maximum productivity for individual uses. A sensor-fitted PMSG
must be used in order to enable more productive energy production at these speed
levels. However, the cost of encoder in PMSG turbine structures in low power levels
makes the system expensive. Therefore, uncontrolled and sensorless PMSGs are
generally used in the industry. In the study, without gearbox, a sensorless control
algorithm that enables true position estimation at low speeds is developed. Additionally,
with the aim of reducing the total cost of semiconductors, the control of both generator
and grid/load sides are ensured by developing a four switch inverter topology. The
results show that compared to a six switch and sensored structure, 15% power loss is
experienced and less than 5% harmonics are observed. The high values of total
harmonics deterioration observed in some phase values can be minimized with
compensation algorithm that is added to the control system in four switch inverter.

The proposed system can be used in small (low power) wind turbine systems as
well as in household appliances operating in similar power ranges and pump drive

systems. Thus, a small-sized low-cost inverter use is ensured. The cost of frequency
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converters for electric machines can be reduced at the rate of 15% by 2020.
Approximately 75% of electric machines used in Turkey are driven as line start or
without frequency converter, therefore the quality of energy and machine operating
efficiency are reduced. In order to obtain IE4 energy efficiency class aimed in 2020,
these motors must be either replaced with high-efficient permanent-magnet motors
(LSPMSM) or driven with the help of a frequency converter. The cost of frequency
converter will have been decreased and the energy efficiency will have been increased

with the proposed structure.

7.1. The Comments and Findings

* The sensorless control method based on the feedforward voltage estimation
model has a simple and easily applicable structure. The method which previously
applied to induction motors is presented in the study as an important option also for
PMSM and IPMs. This can create a bridge for an important gap in literature and market,
because it reacts fast effected from parameter changes less, and easily-applicable when
compared to sensorless control methods commonly used in the industry.

» Feedforward voltage estimation model provides an efficient solution in low
speed levels. In the studies, the rotor speed is reduced to 0.1 p.u. level. The proposed
method can also be used in very low speeds with selecting the compounds of the system
and regulation of non-linear variables more compatible.

* The issue that should be focused in sensorless motor control methods based on
back-EMF estimation is the control of low-changing and fast-changing parameters with
separate methods. While fast variables such as speed, position, inertia are controlled
with fast, simple and dynamic algorithm; stator resistance, rotor flux linkage and stator

inductance change slowly due to temperature, environmental conditions and aging.
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These values should be observed with an observer or parameter estimation methods and
should update PMSM steady-state model variables at each cycle.

* The proposed SVPWM algorithm does not need the rotor position angle.

* With the feedforward stator voltage estimation model, PMSM can be started
from zero speed under no load. In literature, there is no method exist based on back-
EMF estimation that can start from zero speed for PMSM. The proposed method in the
studies done in literature resembles to V/Hz method. Moreover, torque control can also
be efficiently performed with the proposed method.

 Stator resistance and rotor flux linkage are estimated separately with MRAS
method. The sensorless PMSM control performance is improved by enabling the
parameter estimation to update the PMSM steady-state model.

* Oscillations generated by MRAS method in zero crossing points can be
considerably decreased with the help of a LPF that is designed at the output of the
MRAS block.

* It is planned to use the developed model with High Frequency Signal Injection
method with the aim of improving working performance in very low speed region (<5
rpm) later on. HF Signal frequency method will only be engaged in low speeds and the
dynamic and simple structure of proposed FFVE method shall be used in middle and
high speeds.

* It is observed that FFVE method is less affected from parameter changes
compared to other methods. It is also observed that PMSM kept its stability even when

stator resistance value is increased up to 85% of the initial value.
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* MRAS method takes more work out of the controller when compared to other
observer and parameter estimation methods. Therefore, it offers advantages for
parameter estimation among other hybrid sensorless methods.

* The most important advantages obtained when traditional SSTP and FSTP test
results are compared are reduction in switch cost, reduction in switching losses, faster
reaction in control systems based on estimation algorithms. However, disadvantages
are increase in current peak value, decrease in rated power and unbalanced phase
currents and phase voltages. The most important advantage of the developed FSTP
algorithm is easy adaptation to field oriented control by just changing the switching
periods. While most of similar methods need rotor position knowledge in sectoral
determination, the proposed SVPWM can determine the sector without position
information. Especially, FSTP control offered in sensorless control algorithms brings
important advantages:

* The direct-drive is a productive factor in small wind turbines.

* The K constant in feedforward algorithm is the leading coefficient among other
basic variables affecting the stability of the system. It is stipulated that an efficient
sensorless control can be ensured in very low speed fields by providing adaptive K
value structure.

* With this study, the position knowledge in low speed ranges is obtained with
much better sensibility compared to many other sensorless algorithms and the
opportunity to work in a wide speed range in motor and generator studies is provided.

* An algorithm at the same stability without intervening field-oriented control

algorithm is designed with the method developed for the four switch space vector
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algorithm. With the help of a macro code that can be added to the environmental library,
all desired vector control algorithms can be driven with four switch inverter.

* Speed range of the four switch space vector algorithm appears similar to the six
switch version. However, this can fulfill the 2 N-m loading conditions at the ratio of
85%.

» Except the peak decline of sinusoidal form produced in four-switch space
vector, sinus current waveform with purity close to six-switched space vector is
obtained.

* The total harmonics distortion, drop to below 3% in the six switch system, is
observed below 5% in the four switch system.

* While capacitor voltages of the center tap point that is connected to the third
phase in the four switch structure are needed to be equal ideally, it is observed in
measurements that two capacitors are not equalized due to non-linear variables.

* The most important advantage of FSTP is to decrease the cost of switching
components. Some applications (washing machine, micro-scale wind turbines etc.) that
high position sensibility is not required, gearbox, encoder and two switching
components are eliminated.

* One-leg fault situations that will appear in SSTP inverters can be prevented with
the proposed FSTP structure.

* An innovative approach in simulation studies is developed by using C like
Matlab Function and a ready-to-test system is obtained.

* When the obtained results in experimental studies are compared with the

developed simulation model, changes in switching signals and other non-linear effects
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of variables have similarities with each other. The proposed method enables to obtain

data close to experimental results and simulations for DSPs of C2000 family.
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APPENDIX A

PARAMETERS AND SPECIFICATIONS OF THE PMSM

Number of poles

Line-to-neutral RMS voltage (V)
Rated speed (r/min)

Rated RMS current (A)

Rated torque (N-m)

Stator inductance (mH)

Stator resistance (€2)

Rotor magnetic flux linkage (Wb)

Moment of inertia (kg.m?)

8
230
3000
4
2
0.0033
3.4
0.15
0.0075
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APPENDIX B

function [Ta,Tb,Tc] = svgen_dqg(Ualpha,Ubeta)
tmpl = Ubeta;
tmp2 = Ubeta/2 + sqrt(3)/2 * Ualpha;
tmp3 = tmp2 - tmpl;
VecSector = 3;

if (tmp2 > 0)

VecSector = VecSector - 1;

end

if (tmp3 > 0)

VecSector = VecSector - 1;

end

if (tmpl < 0)

VecSector = 7 - VecSector;
end
if (VecSector == 1 || VecSector == 4)
Ta = tmp2;
Tb = tmpl - tmp3;
Tc = -tmp2;
elseif (VecSector == || VecSector == 5)
Ta = tmp3 + tmp2;
Tb = tmpl;
Tc = —tmpl;
else
Ta = tmp3;
Tb = —-tmp3;
Tc = —(tmpl + tmp2);
end

end
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APPENDIX C

.tmpl= v.Ubeta;
.tmp2= _IQdiv2 (v.Ubeta) +(_IQmpy(_IQ(0.866),v.Ualpha));
.tmp3= v.tmp2 - v.tmpl;
.VecSector=3;
.VecSector=(v.tmp2> 0)?( v.VecSector-1):v.VecSector;
.VecSector=(v.tmp3> 0)?( v.VecSector-1):v.VecSector;
.VecSector=(v.tmpl< 0)?(7-v.VecSector) :v.VecSector;
if (v.VecSector==1 || v.VecSector==4)
{ v.Ta= v.tmp2;
v.Tb= v.tmpl-v.tmp3;
v.Tc=-v.tmp2;
}
else if (v.VecSector==2 || v.VecSector==5)
{ v.Ta= v.tmp3+v.tmp2;
v.Tb= v.tmpl;

v.Tc=-v.tmpl;

else
{ v.Ta= v.tmp3;
v.Tb=-v.tmp3;

v.Tc=—(v.tmpl+v.tmp2) ;
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APPENDIX D

Start

A

Determine quadrant of Ugy

A

Calculate alpha and beta
components of Uy

Y

Calculate Ta, Th, and Tc

Y

Determine sector number

End
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