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Abstract

In this thesis is developed and analyzed the control of speed of permanent magnet
machine fed up from back-to-back PWM three-phase converter supplied from the grid,
as part of the project of a testbench for testing the commercial inverter. Methodol-
ogy to the derivation of the control of the system, including control of the speed of
the permanent magnet machine and maintaining the stable voltage reference on DC
link capacitor, is explained. The obtained control strategy is simulated in Simulink
simulation tool of Matlab software package. Thesis is also covering several aspects of
the hardware design of the application, such as sizing of the components of the power
stage (machine, DC link capacitor, filters), design of the hardware interface between
power stage and digital signal processor and control implementation in DSP written
in C' code. An experimental test of the control of the output of the three-phase IGBT
module generated from DSP is performed for the sake of validation of the design of
the PCB interface and the configuration of DSP.
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Chapter 1

Introduction

The increase of electrical energy consumption due to the constant growth of the
population is one of the major concerns. The consequences of rising emissions on
climate change are already present. That is why saving electrical energy is one of
the priorities in research and development of the technologies. The significant part
of electrical energy is consumed by motors in the industrial applications, converting
electrical to mechanical energy. The revolution in increasing energy efficiency of such
application is brought by the implementation of variable frequency drives empowering
AC machines. With the emerging semiconductor technologies for commercial use, the
applications based on variable frequency drives are replacing traditional applications

and improving controllability, performance and energy efficiency of the applications.

With improved performance and controllability of the AC motors driven from
variable frequency drives, there is a wider range of functionalities and possibilities

that can be implemented in various applications.

This thesis is studying control design and hardware implementation of drive appli-
cation controlling the speed of permanent magnet machine, as part of the industrial

project of Testbench for testing industrial inverters.
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1.1 The application topology and characteristics

Considering the aforementioned advantages of using VFDs, the topology of a test-
bench for industrial inverters is developed as presented with the block diagram on
Figure 1-1. The inverter under test is driving induction machine, which is mechani-
cally coupled to the permanent magnet machine. The load of the inverter is regulated
by controlling the bspeed of the permanent magnet machine mechanically coupled to
than induction motor, the control system which is the subject of this thesis. The
system discussed in this thesis is a shaded part on Figure 1-1.

The permanent magnet machine is fed from a back-to-back PWM converter con-
nected to the grid. Both the grid side converter and machine side converter stages are
three-phase full-bridge IGBT converters. Discussing the three-phase rectifier topolo-
gies, the author in [1] points out that this specific topology is widely used for motor
drives due to its characteristics, also particularly important for this application. The
induction machine will operate as a motor and permanent magnet machine as a gen-
erator and regenerate energy back to the grid. Thus, the possibility of controlled
IGBT converters to act both as active rectifier and inverter is essential and will en-
able the system to work in all four quadrants. Speed control of the permanent magnet
machine is performed by controlling the switching of the machine side converter and

stable DC link voltage reference is provided by control of the grid side converter.

Permanent
magnet
machine

Filter IGBT | DClink |—— IGBT
converter converter

i
|
} S
|
|

Inverter
under test

Induction
machine

Grid }

Contfrol

Figure 1-1: Block diagram of the application
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1.2 Thesis objectives

The aim of the project is the development of a laboratory benchmark based on
Permanent Magnet Machines, able to test different commercial AC drives at various
operating conditions. The description of the target setup is based on a back-to-back
IBGT converter, controlled from a digital signal processor, which interfaces the three-
phase permanent magnet machine to the three-phase grid.

For achieving the main goal of a project following objectives are defined:

e Design of the power setup, which includes sizing of the filters and machine.
e Analysis and modeling of the power converter topology

e Analysis and modeling of the permanent magnet machine

e Design of the closed loop control.

e Validation through simulations.

e Design of the control interface, including hardware required for measuring the

input variables and PCB design.
e Implementation and testing of the control of PCB.
e Assembling the laboratory setup.

e Experimental validation

1.3 Organization of the thesis

The content of the master thesis is based on analysis of the design and imple-
mentation of the described application, and results of experimental work. Following
previously defined objectives, the thesis structure is organized in the following chap-

ters:
e Chapter 1.
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Chapter one contains an introduction, underlying the benefits of using variable
frequency drives. Moreover, it describes the structure of the application which is the
subject of the thesis and its features. It points out the general approach to the control
of the system, based on which design will be developed. Taking that into account,

the objectives for developing thesis work are set.

e Chapter 2.

The second chapter will give a brief review of technologies and techniques to be
used in the application. This chapter will provide the theoretical background needed
to understand and design the control system. This includes main power elements as
permanent magnet machine and power converter, and development of their dynamic

models.

e Chapter 3.

Based on dynamic model equations developed in the previous chapter, the third
chapter will explain the vector control strategy and approach to the derivation of

parameters for the proposed design.

e Chapter 4.

Forth chapter will be dedicated to the hardware and software design of system
implementation, meeting constraints of the real system. The first part will discuss
the design of the power stage, which includes all main elements that are subject to
control as PM machine, filters and DC link, but also transducers which are the link
and provide feedback to control. The second part will explain the role and design
of the PCB interface between the power stage and control software. Lastly, software

implementation of the control strategy in DSP will be described.

e Chapter 5.

The fifth chapter will contain the simulation results of the system, following the

control design described in Chapter 3. In general, it will comment on results obtained
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from simulating the two topologies. The first is control of a three-phase active rectifier
with elements designed according to real system requirements and second is simulation
of whole system topology with resized elements adapted to sample motor from the

Simulink database.
e Chapter 6.

The results of the experimental validation of the design explained in Chapter 4
will be presented in Chapter 6. It will compare obtained results with expected ones

and give a review on the validation process and corrections made along the way.

e Chapter 7.

Finally, Chapter 7 will summarize achieved results and contribution of the project.
Moreover, it will propose ideas to improve efficiency, functionality, performance out

of the defined scope of the project.
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Chapter 2

Analysis and modeling of system

2.1 Power conversion stage

Discovering of semiconductor devices led to research and development of different
converter topologies for various applications. Classification and analysis of different
power topologies is discussed in [9] and [10]. Among all types of three-phase rectifiers
(diode rectifier, thyristor-based rectifier and self-commutated) only self-commutated
or fully-controlled converters (name used depending on literature) are able to transfer
power in both directions (AC to DC or DC to AC) and also control power factor [10].
That is the reason for the fully-controlled converters being the most common choice
for machine drives. As the name is suggesting, the full controllability of this family of
converter is possible due to its capability of gate turn-on, as well as gate turn-off of the
switch using switchable semiconductors. The most commonly used fully-controlled
converters are employing DC link stage. Depending on DC link there are two types of
fully-controlled converters, voltage source converters, and current source converters.
Voltage source converters employ capacitive DC link and current source converters
inductive. [10]

High-frequency switching, which is widely used nowadays, is achieved with fully
controlled converters using PWM switching methods. The basic principle of PWM
and different PWM techniques that can be applied are explained in [10].

One of the most used topology for machine drives is three-phase back-to-back
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IGBT converter shown on Figure 2-1. Two 3-phase IGBT converters are connected
by DC link capacitor which ensures stable and smooth DC link voltage. Transformer
have the functions of filtering harmonics and isolation. Control of the DC link voltage
is performed by controlling switching of grid side converter and control of machine

by switching of machine side converter.

reyey 5 0

ﬁ@‘ 1f K Ik E
M’” Control

Figure 2-1: Typical application of three-phase back-to-back IGBT converter for ma-
chine drives [1]

The following sections will discuss the development of a model of active rectifier

(inverter, based on which control strategy will be designed for the specific application.

2.1.1 Dynamic model of two-level three-phase active rectifier

in abc reference frame

This section separates the analysis of the grid side converter operation for being
able to develop its dynamic model. The system observed is shown in Figure 2-2, where
the load is a machine side converter connected to the permanent magnet machine.
The dynamic model of active rectifier presented in this section is proposed by authors
in [3,11,12].

Under assumptions that switching power losses are neglected (IGBTs are con-
sidered ideal switches) and, input voltage to converter is equal to reference voltage
provided by control, switching model from Figure 2-2 can be replaced by average
model on Figure 2-3. Ideal current source is modeling load of active rectifier.

Input voltages to the active rectifier from the grid are defined by Equations 2.1

for the three-phase balanced system. All voltages and currents are also functions of
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Figure 2-2: Operation of three-phase IGBT converter
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\

Figure 2-3: Average model of active rectifier

time which will be omitted in following derivations for simplicity.

e, = FE,, coswt

2
ep = By, cos (wt — %)

2
e. = E,, cos (wt + ?ﬂ)

(2.1)

Equations 2.2 of the active rectifier line voltages are modelling switching behavior of

the active rectifier, where s; for each leg is taking value 0 or 1.

Ugh = (S, — Sb)Ude
Upe = (8, — Sc)Ude

Ueq = (SC - Sa)udc

29
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Based on discussion from [9] voltage of isolated neutral point with respect to ground is
equal to average value of phase input converter voltages. Thus, phase input voltages
can be described with equations 2.3 where f,, f;,, f. are variables which are function

of s4, sp, Se as given in Equations 2.4

Uq = faudc
up = fylde (2.3)
Ue = fcudc

1
fazsa__(5a+8b+sc>

3
1

Jo=sp — g(sa + sy + sc) (2.4)
1

fc =S¢ — g(sa—i_sb—i_Sc)

Dynamic behaviour of active rectifier will be described with set of voltage equa-
tions and power balance. Based on model on Figure 2-3 Equations 2.5 are derived.

Moreover, Equation 2.6 is defining DC link side states.

(P ira Z‘ra Uq,
d
ep| = Ri|ipy| + L% ipp| T | up (2.5)
€Ec Z'rc irc Ue
duge . . S
C ;;l = SalpQ@ + SpTiy + ScTie — 1o (2.6)

Based on discussion in [3] active and reactive power in three-phase system are
expressed by equations 2.7 and 2.8. From equations for active and reactive power can
be seen that the system in abc reference frame is non-linear and independent control

of active and reactive power cannot be achieved.

P = egivq + €plp + €clre (2.7)
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Q = %[ea(irl) - Z.1"c) + eb(ira - Z‘rc) + ec(irb - Z-7“(1) (28)

2.1.2 Dynamic model of two-level three-phase active rectifier

in rotating dq0 reference frame

On the other hand, another approach to analysis is considering space vector of
instantaneous power. Defining voltage fixed to x-axis and current shifted for angle
v, Equations 2.9 and 2.10 for expressing active and reactive power will be obtained.
For constant amplitude of voltage active and reactive power will be linear function
of current components with respect to the system fixed to the voltage space vector.
The voltage space vector is rotating with the frequency of grid. This conclusion will
be used for implementing transformations of system, from abc stationary reference

frame to rotating dq0 reference frame.
3 3
P = §Emlrm cos p = §Emz'rd (2.9)

3 3
Q= §Em[rm sinp = éEmirq (2.10)

System obtained by applying transformation from Appendix A to set of equations
2.5 will be described with Equations 2.11, 2.12 and 2.13.

di, ,
eq = Ri,qg+ L chtd —wliyg + Upg (2.11)
. dirq .
eq = Riyg+ L p +wliyg + Upg (2.12)
dug. 3, | . .
C ;LZ = é(sdzrd + Sqlrg) — lo (2.13)
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2.2 Permanent magnet machine-analysis and mod-
eling

Even though usage of permanent magnet machines in various applications is under
development and attention since recently, first permanent magnet machine occurred
much earlier, in nineteenth-century [13|. But, it didn’t reach its full potential at the
time as very poor quality hard magnetic materials were used. Later on, the develop-
ment of brushless permanent magnet machines using rare earth magnetic materials
was showing as a promising technology for the future of permanent magnet machines.
With the development of semiconductor-based control for the permanent magnet ma-
chine, PM machine drives could compete with dominate induction machine drives in
various applications.

Benefits of using permanent magnet-based machine over motors with electromag-

netic excitation are also summarized by Gieras in [13] as following:

e There are no power losses associated with excitation of the machine, which

improves the efficiency of the machine significantly.

e Higher power density and torque density reduces the volume of the permanent

magnet machine which is substantial for many applications.

e Dynamic response of the permanent magnet machine is improved due to higher

magnetic flux density in the air gap.

e Simplified construction and maintenance.
Focusing on brushless PM machines, we can differentiate two types:

1. DC brushless permanent magnet machine

2. AC brushless permanent magnet machine

For purpose of this application, following discussion and features are directly ap-
plied on AC synchronous permanent magnet machines supplied with three-phase si-

nusoidal voltage.
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Ongoing research is considering many aspects of permanent magnet machine ap-
plications which will influence future trends in drives. More information about per-
manent magnet materials, their magnetic features and mechanical construction of
machines can be found in [13]. Following sections will focus on features of permanent
magnet machine which are the basis for developing the general principal of modeling

of the PM machine dynamics.

2.2.1 Magnetic flux distribution of PM machine

Unlike the induction machine, excitation flux generated from the rotor is coming
solely from a permanent magnet, as there are no currents generated in the rotor.
Thus, the vector of flux generated by the permanent magnet is fixed to the rotor,
rotating with synchronous speed. The convention is defined such that the d-axis is
aligned with magnet flux and q - axis leading 90 degrees, assigned as torque axis,
shown on Figure 2-4. For the first, simplified approach, influence on stator d and q
currents on flux vector are neglected and assumed equal magnetic permeability along
d and q axis. Under these assumptions, excitation flux is originated solely from the
permanent magnet and thus torque directly proportional to the 4,. These assumptions

can be directly applied on the surface-mounted PM machine.

. d.
wM
o

@®

Figure 2-4: Model of permanent magnet machine
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Still, for real machine coupling won’t be eliminated and armature reaction due to

stator currents will affect flux distribution and shift flux vector.

2.2.2 Saliency of PM machine

Important feature that should be introduced to describe different construction
solutions of rotor of permanent magnet machine is saliency. The concept of saliency
applied to different rotor structures is explained by the author in [2]. He compared
two typical and most common used rotor types, surface-mounted PM machine and
interior PM machine shown on Figure 2-5. Taking into account that the magnetic
permeability of magnets used in PM machines is close to air (u, = 1), the effective
air gap in the magnetic flux path of d ad q axis is practically the same, as well
as inductances (Lq = L;). There is no inductance saliency for SPM machine. On
the other hand, the interior PM machine with permanent magnets inserted in iron
will clearly have lower permeability and inductance along q axis then along d-axis
(Ly > Lg). Thus, saliency refers to variation of inductance seen on stator terminals
for different rotor positions. Parameter for evaluating this feature is a salient ratio
defined as the ratio between L, and Ly inductance.

This concept is important for modeling and control of PM machine and the fol-
lowing derivation of the model will be performed for the salient PM machine. Model

can be simply adjusted for non-salient machine applying condition Ly = L,.

2.2.3 Dynamic model of PM machine in stationary three-

phase abc reference frame

The behavior of the PM machine, as of any other dynamic system, can be defined
with the set of equations. The model described with the following equations in abc
reference frame is derived referring to [14] and [9]. Equations 2.14 are expressing
stator phase voltages depending on voltage drop on stator resistance and rate of

change of flux.
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Figure 2-5: Saliency of PM machines with different rotor construction [2]
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Flux linkage in each phase (2.15) consists of flux component of permanent magnet

and linkage flux due to stator currents. Model assumes symmetry of machine (L;; =

Wb | = | Loa(0c)  Len(0e)  Luc(0c) | |ims| T [ WP (2.15)

Ume|  |Lea(fe) Lep(fe)  Lec(0e) | ime| | ¥pPase
The general power equation for the three-phase system is given by equation 2.16.
Expression for electromagnetic torque can be obtained by substituting voltage equa-
tions 2.14 in Equation 2.16 and dividing by rotor speed w,, as derived in [14]. For
the non-salient rotor type of machine, mutual and self inductances are also functions

of rotor position.

P = Usaima + Usbimb + Uscimc (216)
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As the main purpose of electrical machines is the conversion from electrical to
mechanical energy and vice versa, the missing equation for defining model is the one
relating electrical an mechanical variables given by relation 2.17.

dw

J— +Bw=T,-Ty, 2.17
o T B (2.17)

Observing equations can be seen that system is highly non-linear and would require

complex control.

2.2.4 Dynamic model of the PM machine in synchronous dq0

reference frame

As concluded from Section 2.2.1, under certain conditions, the reference system
locked to rotor can provide a decoupled linear system in which linkage flux ad torque
can be controlled independently. The transformations are given in Appendix A are
applied on the equations defining the model in abc reference frame, which are trans-
formed to dqO reference frame. As the balanced three-phase system is assumed,
“zero” component equals 0. Equations defining the model in dq0 reference frame are

explained in [9,10, 14].

d¥y

Vs = Ruia — w0eWag + —= (2.18)
Veg = Ryimg + welsq + % (2.19)
Vsa = Latma + VYpu (2.20)
U,y = Lyimg (2.21)

Flux in the air-gap has fixed permanent magnet flux component acting along d-axis

2.20, but also the component depending on armature current components (2.20, 2.21).
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This principle is used for implementing flux weakening, applying a demagnetizing
armature current component along the d-axis. It is used to extend the range of
speed on the rotor shaft. Paper [15] discuss more in detail implementation of the flux
weakening for different types of PM machine.

Substituting Equations 2.20 and 2.21 for d and q components of flux in Equations
2.18 and 2.19, Equation 2.22 and Equation 2.23 are obtained. From these equations
of stator voltage components can be seen that there is still coupling present between

d and q components of voltage.

di,,
Vgd = Rsimd + Ld zltd — weLqimq (222)
Vsqg = Rslimg + L + We Lgtma + we VU pas (2.23)

Cdt

Observing Equation 2.24 can be seen that the electromagnetic torque on the ma-
chine consists of two components, the permanent magnet torque and the reluctance
torque. The permanent magnet torque is produced due to magnet flux and the reluc-
tance torque due to anisotropy of rotor structure. [10,14,16,17] For more demanding
applications in terms of the power density and speed range, such as electric vehicles,
salient rotor PM machines are favorable solutions due to their capability to produce
the reluctance torque. [16-18]. As for this application operation in extended speed

range and higher torque are not required this feature won’t be further discussed.

3 03 o
T = 50V parimg + 50(La = Lq)imaimg (2.24)
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Chapter 3

Analysis and design of system

control

3.1 Vector control systems for a machine drives

Development of the semiconductor-based converters led to the development of AC
drives for industrial implementation, substituting DC drives, as AC machines proved
to be more robust, reliable and efficient. However, that brought new challenges for
the control system design and implementation. The DC drives have been a dominant
solution for industrial drives for the long period since they enable relatively simple
control implementation. Their advantages include DC control system variables that
are easier to control, as well as decoupled control of machine excitation and mechanical
output (torque or speed). On the other hand, AC machines use the multiply-phase
system, implying AC control variables which introduces more control and stability
issues, as well as non-linearity of the control system. These drawbacks of the AC
drives are overcome by introducing the vector control. This strategy is using another
mathematical tool for representing AC variables, a space vector. The space vector
defines AC variables by its amplitude and position in time in the fixed coordinate
system. The common conclusion from the analysis in Sections 2.1.2 and 2.2.1 is that
space vector will become DC value with respect to the reference system rotating

the same speed as space vector. With the development of novel control strategies,
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including transformations of reference systems (Appendix A), compensation of values
and precise encoders and observers, AC machine drives became more progressive and
dominant solutions for industrial use.

Focusing on the application which is subject of this thesis, this chapter will discuss

the design and implementation of the control system divided into two main parts:
1. Control of the active rectifier (grid side converter)
2. Control of the permanent magnet machine

The last sections will explain common parts related to controller implementation for
both control strategies such as the discretization method used for further implemen-

tation in DSP and the Anti-Windup solution.

3.2 Control of the three-phase active rectifier

Development of the control of three-phase IGBT converters drew the attention
of many researchers due to the aforementioned advantages, such as the ability of
bidirectional power flow and power factor correction. There are different control
strategies proposed by authors in [3,12,19,20] depending on the performance and
complexity of strategy used. The author in [3] gives a comparison between the Direct
torque control and Voltage oriented control strategies, employing hysteresis switching
or PWM modulation based on voltage reference. Among them, the one implemented
in this application is VOC using PWM modulation, shown on Figure 3-1. Outer loop
of cascade control implementation controls DC link voltage and provides the reference
of d-component of line current 7,4, which will be discussed in detail in Section 3.2.3
about voltage control design. Inner current control loops also perform the power factor
regulation. Taking conclusion based on Equation 2.9 and Equation 2.10 from previous
chapter, decoupled control of active and reactive power can be achieved with control
of i;q and 4,,. Thus, the unity power factor would be achieved by providing zero
reference of i,,. The position angle of the grid voltage for coordinate transformation

is provided by the Phase Locked Loop (PLL).
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Figure 3-1: VOC of three-phase active rectifier

This strategy provides fast transient response and ensures better static perfor-
mance with the inner current control loop. Still, the good performance of this control
strategy comes with the cost of complexity. As can be seen from the schematic, it
requires more computational effort for the coordinate transformations, voltage com-
pensation, PWM, as well as additional hardware for providing measurements for
feedback signal. Giving the advantage to performance of control over cost and com-
plexity this control strategy is implemented and a step-by-step approach to design

discussed in the following sections.

3.2.1 Implementation of pulse width modulation

Pulse width modulation based on reference voltage from control generates the

gate signal pulses triggering IGBT switches. The modulation scheme used for this
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application is natural sinusoidal PWM with constant switching frequency. The work-
ing principle of implementing this scheme is demonstrated on Figure 3-2. Sinusoidal
reference voltage (red on the figure) is compared with the triangular carrier waveform
following condition case given by Equation 3.1. The period of carrier waveform (one

triangle) corresponds to the switching period. Maximum amplitude possible of the

Ve

modulation signal is ~.

17 ‘/ref Z ‘/carm'er
G= (3.1)

0, ‘/;"ef < ‘/carrier

Reference(red) and triangular wave (blue)

vde/2 & 1

K R 1 I 1 1 1 I 1
VdC/Z - 0 0.002 0.004 0.006 0.008 0.01 0.012 0014 0.016 0018 0.0z

Switching pattern
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0

0 0.002 0.004 0.006 0.008 0o 0.012 0014 0.016 0018 0.0z

Figure 3-2: Natural sinusoidal PWM [3]

Yet, this technique implies ideal switches, which would switch on and off instan-
taneously, at the same moment switching command is applied to the gate. But in
the real case, the semiconductor switches have some finite turn-on and turn-off times.
As shown on Figure 6-8, in the ideal case of signals in black color, when one switch
in leg turns on the complementary switch turns off and vice versa. As in a real
case, there is some time needed for the switch to change state, there is a possibility
that both switches in leg conduct in the same time around switching instant, causing
short-circuit of the input power supply. For this reason, additional switching delay
called dead-time is included to ensure some time for the switch to turn off before com-
plementary one turns on (red signal on the figure). On the other hand, researchers
are pointing out on the undesirable effect of dead-time on increasing high-frequency

harmonics [21]. Taking into account that switching frequency of application is not

42



that high (4 KHz) this aspect won’t be considered for application.

PWIMA

L

PWMEB

Figure 3-3: Dead-time applied on the complementary switches

3.2.2 Design of the current control loop

As mentioned while introducing concept of VOC control strategy, current control
is inner control loop which is fastest loop in implemented control. Structure of loop
is shown on Figure 3-4. The approach to the design of each part in the continuous
domain will be explained separately in the following sections, based on the model

derived in Chapter 2.

Saturation
iya |, | Upg'
rd_ref +'/—\ Pl ; , .
Voltage
compensation w.*
(S . Aty | Yra
Cartesian to Polar to
Polar Cartesian

Figure 3-4: Current control loop of active rectifier
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3.2.2.1 Design of the current controllers

Aim of the control of the power factor of the converter, as explained in Section
2.1.2, is to enable independent control of 4,4 and i,, components of line current.
However, there are still voltage coupling terms present in voltage equations 2.11 and
2.12. The coupling terms will be neglected in the first approximation for the design
of the current controller and will be taken into account in the further development of
current control. Thus, the current controller will control the corresponding component
of the voltage drop on the AC filter. The preferred solution for AC filter used in this
application, over L and LC filter, is LCL filter. More details on the design of this
filter will be given in the following chapter, considering the hardware design and
implementation. Simplified closed-loop control for calculating controller parameters
is shown on figure 3-5. Plant of the loop of LCL filter is third-order transfer function
that is complex to control. The approach used for control in this thesis is simplifying
the third-order transfer function of the LCL plant to first-order transfer function,
which showed satisfying performance and is relatively simple to implement. [22]The
LCL circuit is replaced with serious connection of two inductors, grid side inductor
and converter side inductor (neglecting parallel capacitor) proposed in [22]. Transfer

function of modified plant is expressed by Equation 3.3.

¥

Wier(s) —‘

Figure 3-5: Simplified current closed loop control

CfRfS + 1 1
ror(s) (Ly+ Lo)s+ (R, + R.) L+ sR. (3:2)
W(s) = ! ! (3.3)

(Ly+ Lo)s+ (R, + R.) Lo+ sk,
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Considering the modified first-order system, a conventional zero-pole cancellation
method is applied for the design of a PI controller. Proportional K,; and integral Kj;
components are defined by Equation 3.4 and Equation 3.5. For keeping consistent
dynamics of all system bandwidth of the fastest control loop, which is current loop,

is designed such that is 10 times slower than switching.

Kpi = 27'[‘BVI/Z'[Je (34)
K,; = 2nBW,R, (3.5)

Yet, the transfer function of real LCL filter plant will introduce complex conjugate
pole pair with low damping, which will produce oscillations of the response. The root
locus of the open-loop system of the controller and LCL plant on Figure 3-6 shows
that the system is sensitive and can have oscillations or even go to instability if forced.
The step response of the closed-loop represented by Figure 3-5 for LCL filter is shown
on Figure 3-7.
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Figure 3-6: Root locus of open loop controller-LCL plant system

3.2.2.2 Voltage compensation

However, for obtaining reference voltages on the input of the converter to be

achieved by control, the coupling terms of d and q voltage components have to be
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Figure 3-7: Step response of closed loop design for LCL filter

taken into account. That is accomplished by incorporating voltage compensation.
Substituting LCL filter with the same equivalent circuit introduced in the previous
section, voltage references of the active rectifier will be expressed by Equation 3.6
and Equation 3.7. Other components apart from voltage drop on the filter should be

included in the voltage compensation.

di,q
dt

Upd = —{R’l'rd -+ L ] —+ wLirq “+ eq4 (36)

di, ,
4) i + € (3.7)

Upg = —[Riyg+ L pn

3.2.2.3 Limit of voltage command

For the design of control loop physical constraints of the system weren’t taken into
account. Output control voltage that could be applied for step change of reference
current is limited by supply and maximum allowed ratings of components (IGBTSs,

DC link capacitor...). The maximum amplitude of reference voltage on the AC side of

the active rectifier is V; As shown on the model on figure 3-4 amplitude of the space
vector defined by d and q voltage components are limited by performing Cartesian
to Polar and then back transformation.

Still, this doesn’t prevent the windup effect of integration caused by unlimited

control effort which will build up integrator and cause high overshoots. Thus, various

anti-windup techniques to limit control output are developed. The one implemented
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for all controllers in the application will be explained in separate Section 3.5. This

section will keep the focus on the determination of output reference voltage limit.

The limit controller output applied is in range of [—%, Vgc], imposed by DC link
voltage. However, this is not completely accurate since the output of the controller
is the voltage drop on the AC line filter and not the one on converter.

One solution would be to further decrease the voltage range to minimize the
windup effect on integration. But, there is the trade-off between minimizing the
windup effect and performance of the controller. Reducing maximum voltage control
effort that could be applied can significantly slow down controller response. That is
an especially critical issue in cascade control as it can come close to the speed of the
outer loop or be even slower. That can lead to instability, as a cascade control relies

on the assumption that the inner loop is considered instantaneous with respect to the

dynamic response of the outer loop.

3.2.3 DC voltage control

The design of control of DC link voltage will consider power balance in DC link
circuit. Power flow through the capacitor will be expressed as the sum of power
injected from the grid and power coming from the load (power from permanent magnet

machine) by Equation 3.8.

1 dv3
—C—d—-p_Pp 3.8
2 dt (38)
Substituting Equation 2.9 for active power previously derived in Equation 3.8,
Equation 3.9 is obtained.
Cdv§C 3

1 :
5 dt = §Emz7‘d - Po (39)

3.2.3.1 Design of voltage controller

Relation derived in the previous section 3.9 is expressing DC voltage as a function
of 7,4 current component. Square value of the DC link voltage will be replaced with

new variable W, which will transform the problem to control of the linear system.
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Power coming from the load will be considered as disturbance of the system. After
applying Laplace transform on equation 3.9 transfer function of the plant obtained is
used for the design of the controller. Closed-loop of the control variable W (W = v2)
is shown on figure 3-8. The inner current loop is considered instantaneous with respect

to the voltage loop.

Wrer  + Kiu 3E

Kpu + — I
p s sC —‘
4

Figure 3-8: Closed loop of squared voltage (W)

The plant of the system contains just integrator. Thus, a proportional component
will provide zero steady state error tracking of step reference, but an integral compo-
nent is introduced to enable disturbance rejection imposed by load [23]. Proportional

component of DC voltage controller is calculated using equation 3.10.

C
Ky = 2nB W,z (3.10)

3.2.3.2 Saturation limit of i,; current reference

The 7,4 current component is directly controlling active power flow. Thus, refer-
ence of d current component 4,4 ,.¢, Which is output of voltage controller, is limited
by power rating of the whole system. Power elements of whole system are sized to
rated power of PM machine. Consequently, maximum reference current available can

be expressed from Equation 2.9 by Equation 3.11.

2 P,

irdMAX — gE— (311)
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3.2.4 Design of the Phase Locked Loop

This section explains the implementation of the Phase Locked Loop for provid-
ing information on the grid voltage angle required for coordinate transformations.
Principal used is one of conventional PLL solutions for three-phase systems described
in [24] called dqPLL. The block diagram of the implementation of dqPLL is shown
on Figure 3-9. It is based on abc stationary to dq0 synchronous reference frame co-
ordinate transformation, explained in Appendix A. The graphical representation of
transformation is shown on Figure 3-10, based on which d and q components of the
grid are expressed with Equation 3.12 linearized around the operating point.

Closed-loop of g-component of the grid voltage e, tracks a zero reference. For
imposing zero reference of e, voltage the component error e will be expressed with
Equation 3.28. For no steady state error tracking the output angle will match the
grid angle (6, = 0) and voltage space vector will align with d-axis. This method
assumes a balanced grid supply. [24]

e, eq = Em
—  —
abc
€p
—¥

ec | dgo %7, PI w1 o
T :
eqref =0 w""ef

Figure 3-9: The dq Phase Locked Loop

eqg=FE,cos(0—0,)=EFE,
(3.12)
eq=E,sin(0—0,)=EFE,(0—0,)
e=FE,0,—0) (3.13)

The linearized closed-loop control of the grid angle based on which PI controller
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Figure 3-10: dq0 transformation of grid voltage

components are derived is shown on Figure 3-11. From the second-order transfer
function of closed loop system, the proportional and integral components will be

calculated using Equation 3.14 and Equation 3.15.

Figure 3-11: Linearized closed loop of grid angle

47TBWPLL

K = 3.14
pPLL By (3.14)
(2rBWprp)?
K, = e 3.15
PLL Eyo (3.15)

3.3 Control of the permanent magnet machine

Mature control strategy that is one of the standards for control of AC machines

is Field Oriented Control. FOC control is the vector control strategy that enables
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separate control of the excitation flux and mechanical variable (torque and/or speed)
using coordinate transformations. This effect is achieved by performing control of
transformed variables in the rotating dq0 reference frame which is aligned with teh
rotor flux vector. As explained more detailed in Section 2.2.1, comparing all AC
machines, the position of flux vector is the easiest to determine for PM machine as
it is rotating with rotor speed. Block diagram of control structure is given by Figure
3-12. This part will focus on control of the permanent magnet machine and thus DC
link will be replaced with ideal voltage supply. For this application, the outer loop
controls rotor speed, and the controller provides the reference of ¢,,, component of
stator current. That will be further explained in Section 3.3.2 about the design of
the speed control loop. Control of the current d and q component loops is a direct
consequence of the chosen strategy for regulating excitation flux and torque respec-
tively. This application doesn’t require operation above rated speed and thus neither
implementation of flux weakening control. For sake of robustness of application only
excitation torque is used and reference of d component of stator current imd set to
zero (equation 2.24) It follow that adapted torque equation 3.16 is obtained. Infor-
mation about the position required for coordinate transformation is obtained from
an encoder. Gain K, on the figure is constant multiplication to obtained electrical
speed in rad/s from mechanical speed in rpm which is a function of the number of

pole pairs.

T = ZpU ppsimg = Kiimg (3.16)

Looking at the structure of FOC given by Figure 3-12 doesn’t surprise that many
authors refer to earlier discussed VOC for control of active rectifier as Virtual Flux
Control. This analogy will be used in further discussion on the FOC strategy for the
PM machine.
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Figure 3-12: FOC of permanent magnet machine

3.3.1 Current control loop of the permanent magnet machine

Similar to the control of active rectifier, the goal of the current control of the
permanent magnet machine is to control current components independently. Still, as
can be observed from equations 2.22 and 2.23 for stator voltage components, the d
and q axis are not completely independent of each other as coupling terms between
them are still present. Thus, the approach to the design of current control will develop
in the same manner as for active rectifier. The analogy refers to the structure of the

control loop as well, which will have the same structure as one on Figure 3-4.

3.3.1.1 Design of the current controller

The role of the current controllers is to perform independent control of stator

current components and based on error between reference and measurement generate
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voltage command. So, the coupling terms will be neglected for the controller design.
Taking it into account, closed loop system with plant obtained is shown on Figure
3-13, where x is replaced with the corresponding axis (d and ). Since the model is

assuming salient machine, d and q axis inductance values will differ.

¥

sL, + R, W

Figure 3-13: Simplified current closed loop of PM machine

By closing the loop, second order transfer function is obtained. Based on band-
width and overshoot requirements for second order closed loop system performance,
Equation 3.17 and Equation 3.18 for calculating proportional and integral parameters
of the controller are derived. Parameter ( is damping factor and directly related to
overshoot as expressed by Equation 3.19. As the fastest control loop in FOC imple-
mentation is a current loop, the chosen bandwidth is 5 times slower from switching

and desired overshoot 10%.

K, = 4nBW.L, — R, (3.17)
Ki» = (20 BW,)?L, (3.18)
M,
¢ = arctan(——2) (3.19)
s

3.3.1.2 Voltage compensation

According to the design of controllers, the output voltage of the controller in the

ideal case will be voltage drop on stator resistance Ry and self inductance L, or L,
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for corresponding axis controller. To have stator voltage as output control command
coupling terms also have to be included on the output of controllers according to

voltage equations, Equation 2.22 and Equation 2.23.

3.3.1.3 Output voltage saturation

For the big step changes of the reference value control may require high control
effort to achieve it, which cannot be provided by power system. As the consequence
of that will occur windup effect of integration in which integrator will build-up trying
to compensate for the error, and cause overshoot and slow down the system. To
prevent this voltage command has to be saturated and controller “ notified” of it,
so that windup effect doesn’t occur. That is achieved using anti-windup control
methods. The one implemented for controllers in theb whole system will be explained

in Section 3.5. Imposed by limitation of PWM, stator voltage command has to be

Vae Vi
27 2

in range of [— |. For limiting the output of controller same allowable range of

output voltage is used which didn’t account on the influence of coupling terms.

3.3.2 Speed control

The main goal of this control strategy regarding the application is to control the
speed of the rotor shaft. It is logical to start from the dynamic equation of model
describing the mechanical system (Equation 2.17), where it can be seen that rotor
speed is a function of parameters of the system and electromagnetic torque. Sub-
stituting torque with Equation 3.16, Equation 3.20 which provides relation between
rotor speed and ¢,,, stator component is derived. The conclusion is that speed of

rotor can be regulated by acting on 4,,, current component in outer loop.

d
Jd—j + Bw = Kyimg — T (3.20)
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3.3.2.1 Design of speed controller

Speed controller is acting in outer loop and for speed error input generates ref-
erence of 4,,,. Approach to the design of cascade control used is that inner loop
has much faster response, and thus can be considered instantaneous with respect to
the outer control loop. Assuming unity closed loop transfer function of inner loop,
closed loop of outer, speed loop will be graphically represented by block diagram
on Figure 3-14. By its definition rotor speed in Equation 3.20 is in rad/s. For
imposing control action of speed in rpm coefficient K is adapted (K = Kt?;—o). Fur-
thermore, load torque T, represents disturbance for the system. Based on obtained
second order closed loop transfer function and performance requirements (bandwidth
and overshoot) Equations 3.21 and 3.22 for calculating proportional K, and integral
component K;, are derived. For the design of the system coupled to the induction
machine should be considered an equivalent moment of inertia of both PM machine

and induction machine.

nref + X Kis _ K
ps+ - | S¥B W
n

Figure 3-14: Speed closed loop of PM machine

1
Kpw = (4wBW.CJ — B) < (3.21)

1
Kis = (27TBWS)2JE (3.22)

3.3.2.2 Output i,,, current saturation

Limits of the operation of PM machine are determinate by rated values assigned by

manufacturer. Providing that reference of i,,4 component is zero, maximum allowable
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value of 4,,, will be maximum value of rated current (\/ilmt), or given by Equation

3.23 if expressed as function of rated power.

Prat

.m mar — 3.23
! i Ktwrat ( )

3.4 Controller discretization

For moving the system designed in continuous domain to discrete, method for
approximation of definite integration called “Tustin” or trapezoidal is used. This
method approximates real area under function with area of trapezoid under straight
line connecting two successive samples. Written in z-domain integration will be de-
fined by relation 3.24. Transformation from continuous to discrete PI controller is
performed by substituting definition of integrator in s-domain for one in z-domain.
Relation obtained is given by Equation 3.25 where K, and K; are generic values of

proportional and integral component of PI controller in s-domain (continuous time).

1 Tz+1
Z{—} _ 3.24
S 2z2—1 ( )
Tz+1

Z{PI(s)} = K, + K;~ (3.25)

2z—-1
The same expression can be transformed in generic form given by Equation 3.26

with coefficients expressed as functions of K, and K, in the continuous time domain.

U(z)  by+byz!
E(z)  ap+az!

PI(z) = (3.26)

Rewriting equation in terms of samples, the output control command can be ex-
pressed as function of previous outputs, and current and previous errors ! as expressed

by equation 3.27.

'Notation used is referring to U(z) or u[0] as current sample value and 2~*U(z) or u[l] as the
previous sample
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u[0] = - (byel0] + bre[1] — aruf1]) (3.27)

Qg
This expression gives a tool to implement PI control action in DSP and generate
new voltage command based on previously stored samples of voltage command and
input error. Multiplication coefficients can be calculated as functions of controller

components obtained by design in the continuous domain.

3.5 Anti-Windup implementation

Anti-windup is any control method used to prevent or reduce the effect of inte-
gration of error when the output command exceeds the saturation limit. The most
convenient way to explain the applied method on a discrete controller is given by the
algorithm on Figure 3-15. After the new controller output command is calculated,
the execution of the anti-windup algorithm takes place. As explained on the figure,
in case the output command exceeds the saturation limit, the output command is
saturated. Moreover, the error will be updated for saturated control action as given
by Equation 3.28, and prevent a windup of integrator.

1

el0] = %(aou[O] — bre[l] + aju[l]) (3.28)
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Figure 3-15: Algorithm of the implementation of Anti-Windup on the discrete con-

troller
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Chapter 4

Design of application setup

This chapter will cover all aspects of the design of the application setup to be
implemented. The general idea of the complexity of the system is given by a schematic
of its main elements of and their interaction. Approach to the design will be discussed

through the three main parts:
1. Design of power setup
2. Design of PCB interface
3. Software implementation

The first part will consider the design of the elements required to provide power
flow and interface application to the grid, taking into account constraints of the
application. The design of the interface of the application to the control is including
measurements obtained from transducers and PCB interface between the power stage
and DSP providing a bidirectional flow of signals, discussed in second and third
section. The final part is a software implementation of the control strategy that will
provide control action to the power conversion stages, based on input references and

feedback signals from the system.
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Figure 4-1: Setup of application system

4.1 Design of the power stage

Design of the power stage includes all the elements that participate in transfer of
power through system, converting mechanical energy to electrical. It will include two

categories, active and passive elements of power stage.

4.1.1 Active elements of power stage

Active elements of the power stage are defined as the elements which contain

switching devices and can change state depending on applied command. These ele-

¢ 9

ments have an “ active role ” in performing control action.

4.1.1.1 IGBT module and drive circuit

For the implementation of the back-to-back converter are used two ABB three-
phase IGBT switching modules and drive circuit packages F'S/50R17KE3/AGDR-72C
S. This section will point out on characteristic of converter important for switching
operation and design of other elements in the setup. All rated values and safe operat-
ing limits of the IGBT module are defined in datasheet [25]. The IGBT module has as
well included NTC thermistor, providing information about the working temperature

of the module. That enables an additional state variable for observation and control
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of the operation of IGBT modules.

Documentation with the description of the ABB drive circuit was provided by
the company. Opto-isolation between 1/0 signals and power circuit driving IGBTSs is
predicted by design. The PCB drive requires an external voltage supply (5V and 24V).
Gate switching circuit requires both “ switch ON 7 and “ switch OFF ” command
signals, which will convert to a positive voltage gate signal for switching ON and
negative voltage signal for switching OFF the IGBT. Moreover, drive provides Status
signal from IGBT indicating if IGBT switched. Status signal is “ LOW 7 for switch
turned on (no voltage drop on the IGBT) and “ HIGH ” for switch turned off. All1/0O
signals of the IGBT module drive circuit are available on pins of connector, including

connection for external voltage supply.

4.1.1.2 Synchronization to the grid

The control must ensure synchronization to the grid to be able to regenerate power
back to the grid, which is achieved with PLL implementation explained earlier. The
PLL control implemented has to be resistant to variations of the grid such as har-
monics, voltage sags, and commutation notches. [26]. Furthermore, synchronization
must as well handle any kind of measurement noise. For additional safety, required
by project description, industrial synchronizer Synchromaz is used. [27] It will discon-
nect application from the grid if amplitude, phase, and frequency between measured

voltages are in disbalance, out of allowable tolerance set.

4.1.2 Passive elements of power stage

4 9

Design of all the elements in the power stage that have “ passive role ” and on

which cannot be applied direct control command will be explained in this section.

4.1.2.1 Permanent magnet machine

The central element of the power stage is a permanent magnet machine that will

convert mechanical energy to electrical, acting as a generator. Rated characteristics
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of the permanent magnet machine are defined according to requirements for testing
a commercial inverter and rated power of induction machine mechanically coupled
to PM machine. The PM machine that shall be used in the project is custom made

machine to comply with characteristics listed in Table 4.1.

Table 4.1: PM machine parameters

Rated power kW | 40
Rated speed  rpm | 1500
Rated voltage V| 400

4.1.2.2 Design of DC link capacitor

The DC link capacitor is one of crucial elements in AC-DC-AC conversion of
energy, which should provide stable DC voltage. Key parameters that are defin-
ing operation of capacitor and should comply with requirements of application and

provide satisfying performance are:

e Capacitance

e Rated voltage
e Current ripple
e Voltage ripple

e Hot spot temperature or power dissipation

Capacitance is the ability of a capacitor to store energy in the form of an electric
charge. DC link capacitor is a high capacity capacitor intended to store a big amount
of energy. Bulky capacitors commonly used for this kind of application are electrolytic
capacitors due to high rated capacitance values available. Still, the limiting feature
of this type of capacitor is relatively low current ripple that can be sustained, which
will further prove to be substantial for this application design. Thus, the use of film
capacitor solution with design adapted to DC link will be considered instead, with a

high range of capacitance and allowable current ripple.
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Rated voltage is the maximum allowable peak voltage value on capacitor in
normal operating conditions. Thus, the capacitor has to be designed such that it can
supply the required voltage to the permanent magnet machine and provide proper
operation of the active rectifier. As stated in [3], it is required that the voltage of
DC link is higher than peak voltage that could be generated solely by diode (passive)
rectifier to ensure full controllability of active rectifier. The modulation technique
used in this application is synchronous switching, as explained in Section 3.2.1. The
relation between the average value of AC input voltage of converter and DC link
voltage is expressed by Equation 4.1. [28] In case of overmodulation, with chosen M
of v/3, rounded value of reference voltage of DC link calculated from Equation 4.2 will
be Vicrer = 1200V. To ensure safe operation rated voltage of the capacitor should

be higher than the reference voltage.

MY _ g (4.1)

2
V3

Current ripple is another critical parameter for choosing the DC link capaci-

Vie = E,, (4.2)

tor. Switching applications introduce a high-frequency harmonics, and thus capacitor
should be able to sustain ripple current imposed. The analytical equation used to
calculate the maximum RMS value of the current ripple on the DC link capacitor is

given by Equation 4.3, from [29].

Im'pple = QIT\/M(ZL/_E + CoS QS(? - %M)) (43)

For back calculated M using Equation 4.1 and chosen reference voltage, the value
of current ripple calculated from Equation 4.3 is I e = 50,85A. Also, it is closely
matching to the one obtained by simulation on Figure 4-2 (red-obtained by simulation,

blue-analytically calculated).

Based on the previously obtained values is chosen polypropylene-based film ca-
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Figure 4-2: Current ripple through DC link capacitor

pacitor, fully described in [30]. The main parameters of interest for design are shown
in Table 4.2. The rest of the main features listed have to be calculated according to
parameters of the specific capacitor provided by the manufacturer.

Voltage ripple on the capacitor in steady state is calculated based on the capac-
itor equivalent circuit, which includes a series connection of capacitance, equivalent
resistance and equivalent inductance of the capacitor. Substituting their values and
ripple current value previously obtained in Equation 7?7 voltage ripple obtained is
Viippte = 3,37V, This is as low as (0,3%) of reference voltage and acceptable value

for the design.

1
2 fC

Veipple = Irz’pple\/(Qﬂ'fESL — )2+ ESR? (4.4)

Hot spot temperature is calculated based on the mathematical model provided
by the manufacturer, depending on losses in machine and ambient temperature. [30]

Obtained hot spot temperature is 46°C

4.1.2.3 Design of LCL filter

Because of the switching of converters high order harmonics are generated and
injected to the grid. To keep it inside allowed limits they should be attenuated
implementing filter. The filter topology used for this application is the LCL filter.
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Table 4.2: DC link capacitor parameters provided by manufacturer

Capacitance wkE | 600
Rated voltage V| 1400
Rated current ripple A| 66
ESR me | 3
ESL nH | 100
Maximum hotspot temperature °C | 95

According to researchers, the LCL filter is a preferable solution comparing to a line
L filter. the LCL filter shows better attenuation capability on high order frequen-
cies. [31,32] Also, it provides cost-effective solutions due to smaller inductance, which
implies a smaller size of inductors, for achieving the same performance. [33,34] How-
ever, due to the resonance of the circuit, the filter will even amplify harmonics at the
resonant frequency and contaminate the grid, or even cause instability. [31]. The so-
lution implemented to prevent the damping on resonant frequency for this application

is passive damping, with serious resistance connected as shown on Figure 4-3.

Y Y
Irp

YV YT |
L e

Figure 4-3: LCL topology implementation

Step by step procedure of the design of LCL filter performed is explained in [34].
With the given approach some base values used for simplifying calculation are defined.
Equation 4.5, Equation 4.6 and Equation 4.7 are defining base, per phase, values of

power, speed pulsation and input voltage respectively.
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P= = (4.5)

wp = wyat (4.6)
U,

E,=—& (4.7)

The design of the filter capacitance C is considering the limitation of reactive
power injected to the grid by introducing filter capacitance. This constraint is ex-
pressed by Equation 4.8. The chosen value is the first lower commercial value of

capacitance.

By

— 4.8
wbEg ( )

C’fmaac =T

Converter side inductance L, value will be determinate based on limit of maxi-
mum current ripple that can occur on the AC/DC converter input. Equation 4.9 is
expressing the maximum current ripple that occurs for M=0,5. [34]. Chosen maximum
acceptable current ripple is 20% of maximum current value calculated by Equation

4.10. Combining both conditions, L. is calculated using Equation 4.11.

. Vdc
o mazx 4.9
' 6fsch ( )
B,
Lo = V2— 4.10
o (410)
L, Vae (4.11)

" 6f00, 2 mas

Furthermore, grid side inductance L, will be calculated in order to limit current
harmonics injected to the grid, expressed by Equation 4.12. The equation is tak-
ing into account the relation between harmonics injected to the grid and harmonics

generated by inverter itself (k, = Zz_f) The parameter r is the relation between the
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converter and the grid side inductance.

Ly= " (4.12)

The LCL filter topology will introduce resonance in the circuit, which will cause
an effect of amplifying high-frequency harmonics. Therefore, design predicts passive
damping, introducing series resistance which will attenuate harmonics close to the
resonant frequency. Equation 4.13 is expression for resonant frequency derived for
the LCL equivalent circuit at high frequencies, shown on Figure 4-4. The resonant

frequency calculated has to be inside limits of the ten times of grid frequency and

Nyquist frequency (10fyiq < fres < fs2w)

Rc Lc Rg Lg
AN Y e Y AN

Vinv @) cf = Vgrid ()

Lc Lg ig

Vinv @) Cf ——

Figure 4-4: Equivalent circuit of LCL at fundamental frequency (upper) and at high

frequencies (lower)
Lo+ L,
S ol ] 413
“res =\ L.L,Cy (4.13)

For sufficient phase margin and high attenuation at the resonant frequency, the
value of damping resistance will be calculated according to Equation 4.14. Damping
is introducing zero which will attenuate resonance as it is shown on Bode plots on
Figure 4-5, where the blue plot is the frequency response of the filter with passive
damping.
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Figure 4-5: Bode diagram of undamped LCL filter (red) and of LCL filter with series
damping resistor (blue)
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Parameters obtained following previous discussion are listed in Table 4.3.

Table 4.3: PM machine parameters

Filter capacitance C; uwE | 35
Damping resistance Ry Q1,17
Converter side inductance L. mH | 3,2
Grid side inductance L, uwH | 500

4.2 The selection of transducers

The closed loop design described in previous chapter requires feedback signals,
obtained by measurements from power stage being controlled. Conditions to be con-

sidered for the choice of transducers are following:
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e Required measurement range of variable,

e [solation of measurement signal from the power circuit,

e External power supply.

As not predicted by requirements of the project, special requirements on mechanical,
mounting or environmental conditions. Feedback variables needed to be provided by

measurements are:

Phase current of active rectifier of phase A and phase B,

Phase stator current of phase A and phase B,

Phase grid voltage of phase A and phase B,

DC link voltage,

Speed measurement.

4.2.1 The electrical transducers

For the measurement of electric variables (currents and voltages) Hall effect based
transducers are chosen. This is a robust solution which provides electrical isolation
of signaling circuit from the power circuit. LEM transducer from DVL series is
chosen for voltage measurement and LA 205-S for current measurement. The specific
transducer is chosen based on the primary measurement range. The output signal
on the secondary side is the voltage drop on resistor connected in series with the
secondary circuit, as depicted on Figure 4-6. Thus, “ gain ”, or measurement range
on the output of transducer depends on chosen output resistance. Table 4.4 is giving
information on the input measurement range and output measurement signal obtained
from design, which will be input to the signal processing circuit of the PCB interface.

The supply for each transducer is external of +/ — 15V voltage level.
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Figure 4-6: Hall effect based measurement of LEM current transducer [4]

Table 4.4: Measurements ranges of transducers

Variable ‘ Primary measurement range ‘ Secondary signal range
Phase current [—200, 200] A [—6, 6]V

Phase grid voltage | [—1500, 1500] A [—7,5;7,5]V

DC link voltage [—2250, 2250] A [—7,5;7,5]V

4.2.2 Speed measurement

Speed measurement is obtained from incremental encoder by Kubler with param-
eters of interest for design given by Table 4.5. For quadrature encoder, which is
counting both rising and falling edges of A and B signal, resolution will be four times

bigger (4*1024 pulses per rotation).

Table 4.5: PM machine parameters

Maximum speed rpm | 6000
Number of pulses per revolution 1024
Voltage supply \Y% )
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4.3 Design of the PCB interface

The control implemented in this PM machine drive application requires a bidirec-
tional flow of information and signals, as is conceptually shown on Figure 4-1. Thus,
the application requires an interface between the power stage and DSP control. For
that purpose is designed the PCB interface, which performs different functions that

will be discussed in detail in the following sections.

4.3.1 The digital signal processor

The central element on the PCB interface is a digital signal processor, which
processes all the information obtained from the system and perform control action
executing imported code. The digital signal controller used for this project is Texas
Instruments TMS320F28335. This series is recommended for a motor drives ap-
plication by the manufacturer due to its high-performance processing, sensing, and
actuation for closed-loop real-time applications. The features of DSP that are of

interest for implementing application are [35]:
e High performance, defined with up to 150MHz system clock speed.
e Enabled interrupts with fast response and processing time.
e Control card available on-chip flash memory.
e programmable PWM output control peripherals.

e Analog-to-digital conversion with two sample-and-hold switches, switching si-

multaneously on up to 12 signals.
e cQEP feature for processing signals from the encoder.

e Supported numerous standards, particularly of interest JTAG industry stan-

dard.
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The control card is placed in the connector on the PCB and there is direct access
to all pins of the control card. Thus, the standard external supply of 5V should be
provided from the PCB. All standard electrical characteristics for safe operation are
given in [35]. The standard “ high ” voltage level of all General purpose 1/0 signals
of a microprocessor is 3,3V. Range of analog-to-digital conversion input signal is 0 to

3V. [36]

4.3.2 Input signals interface

This section relates to the processing of PCB applied on input signals to DSP
from any external source (power stage, PC). They will require a different approach
to design depending on the input port type mentioned in Section 4.3.1 and signal

interpretation and logic. Further clarification will come with the following sections.

4.3.2.1 The measurement signals processing

Analog measurement signals of electrical variables required for control action
need to be imported in microcontroller, using its analog-to-digital conversion feature.
To do so, design for processing this signal will comprise three stages as shown on

Figure 4-7.

Figure 4-7: Design of the measurement signal processing

The function of the adapting stage is to adapt the input voltage level coming from

the measurement of transducer (Section 4.2) to the voltage level allowed on the ADC
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input of a microcontroller. The design implemented is using an operational amplifier
with negative feedback. Assuming the conditions of ideal operational amplifier, the
function relating the input and output voltage of this stage will be expressed by

Equation 4.15.

Ro(Ry + Rs) Ry
Vour = 57— Vin — =V, 4.15
" Ri(R.+ Ry) R (4.15)
With chosen reference voltage V; = —5V Equation 4.15 will have the same struc-

ture as mathematical rule of transformation depicted on Figure 4-8. The minimum
and maximum value of input voltage on the figure are the minimum and maximum
value of the measurement signal coming from the transducer. Solving system of equa-
tions for defined mathematical rule of transformation, resistors can be chosen such

that circuit performs required transformation of voltage level.

VOMI’

Vour = KVip 1

min max Vin

Figure 4-8: Mathematical transformation rule of adapting stage

Verification of the design for voltage measurement performed in TINA-TI simu-
lation tool is shown on Figure 4-9. The adapting stage is adapting sinusoidal wave
varying from -7,5V to 7,5V (minimum and maximum value of voltage measurement
signal) to 0 to 3V.

The filtering stage is implemented with second order Sallen-Key low-pass filter.
Cut-off frequency must be in the range between 10 times bigger than fundamental
and half of a switching frequency. Chosen cut-off frequency for the design is 1kHz

and design is obtained using Texas Instruments software tool FilterPro.

73



o

.

v ad
&8 v45

-8
[ ! ' I I ' |
000 10.00m 20.00m 30.00m 40.00m 50.00m
Time (s)

Figure 4-9: Simulation of adapting stage

The final stage before the microcontroller input is the protection stage. As the
name is suggesting, it is intended to provide protection of ADC if the input voltage
exceeds 3V. In the worst case, the operational amplifier can be saturated and 15V
comes to the ADC input. To prevent this, a pair of series connected Schottky diodes
act as a clamping circuit, which will clamp voltage to 3V if it exceeds it. This
condition is also simulated and a result which is matching the expected behavior is
shown on Figure 4-10. The red curve is the output of the filtering stage and the green

curve is input to microcontroller clamped to 3V.
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Figure 4-10: Simulation of adapting stage

Regarding speed measurement, the encoder used requires 5V supply provided
from the PCB. Measurement is obtained by providing three pulse signals (A,B and

I),a line pulse A, B line pulse shifted from A in order to determine the direction of
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rotation and provide better resolution and I index signal which provides one pulse per
revolution for verification. These signals will be connected to GPIO inputs with the
programmed Enhanced Quadrature Encoder feature. Thus, 5V pulse signal obtained
from the encoder will be adapted to 3,3V to connect to DSP.

Measurement of the temperature utilizes simple voltage divider on NTC Thermis-
tor and additional resistor. The additional resistor is calculated such that voltage on
NTC Thermistor varies from 0 to 3V, which is brought to ADC microcontroller input
as shown on Figure 4-11. According to datasheet [25], minimum resistance measured
(corresponding to maximum temperature) is 150€2. Thus, calculated R; for obtaining

3V voltage drop on NTC is Ry = 10012.

[V [
: \é’[i]\itizge? IProtection |

v !

3V

Figure 4-11: Temperature measurement

4.3.2.2 “ Status ” input adaptation

Signal “ Status ” is a feedback signal provided by the IGBT module drive which
will indicate if each IGBT switched from connecting to drain-source circuit. As al-
ready mentioned, the “ Status ” signal will be 0OV when IGBT is on and 5V when
IGBT is off. The idea was to eventually use this signal to provide additional redun-

dancy to the system, comparing PWM output command from DSP with the “ Status

2 Y

signal which gives information about switching of IGBT. Still, the “ Status ” signal
has opposite logic to the PWM. Solution implemented uses a single logic inverter
supplied with 3,3V which will both invert signal and adapt it to 3,3V for connecting
to GPIO. So, a signal on the top graph of Figure 4-12 obtained from the drive will

covert to signal on the bottom graph, for input to DSP.
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Figure 4-12: Processing of “ Status ” signal

4.3.2.3 Analog control inputs

Implemented solution for setting speed reference input to control is employing
potentiometer, which will vary the voltage on pin connected to ADC input from 0
to 3V. The potentiometer is connected to 3V reference supply from the PCB. This
input on ADC will be later scaled in the execution of the program such that it sees
it as real value in rpm.

Another function to be implemented is Reset button, to provide additional safety
measure command for the microcontroller. “ Reset ” is a push-button connected to
general purpose I/0 pin of the microcontroller. As standard for GPIO signal of DSP
is 3,3V, push-button will e connected such that when pressed will short GPIO input
to 3,3V supply and send “ Reset ” signal.

4.3.2.4 Communication interface for importing and executing code

The design will also have to provide a solution for importing code to the DSP,
which will execute control action. The DSP has embedded Flash memory on chip,

providing great benefit for users to store code internal to the chip. Texas Instruments
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proposes few solutions for Flash programming interface. [37]. The Code Composer
Studio On-Chip Flash Programmer is a plugin for Code Composer Studio that enables
Flash programming using any emulator that supports C2000 and interfaces directly
with Code Composer Studio. More about Flash programming will be explained in the
Software implementation section. The chosen solution utilizes the JTAG standard.
The JTAG emulator used to connect to a portable PC through USB connection is
XDS100v2. For providing communication with emulator a PCB must have a 14-pin
header, connected as shown on Figure 4-13. Description of the pin header signals, also
connected to corresponding DSP pins, is given in [38]. Emulation enables execution

of code directly from RAM, or from Flash memory.

™S [ 1 2 | TRST
TDI| 3 4 | GND

PD (Vee) | 5 no pin (key)t
TDO | 7 8 | GND
TCK_RET| 9 10 | GND
TCK| 11 12 | GND
EMUO | 13 14 | EMU1

Figure 4-13: JTAG emulator-header pin connection

4.3.3 The gate output command signal interface

The PWM signals, generated by control implemented in DSP, will have to be
adapted such that IGBT module drive “ understands ” it and generate appropriate
gate voltage command. As mentioned in Section 4.1.1.1 talking about IGBT module
and drive, gate drive circuit requires both gate “ turn ON 7 and “ turn OFF ” signal
for each IGBT. For “ turn OFF 7 of IGBT, drive will generate negative voltage pulse
on IGBT gate (lower graph). Figure 4-14 depicts how from “ turn OFF ” input
command signal (upper graph) is generated gate signal on IGBT. Thus, “ turn OFF
” input command signal of the switch will be equivalent to “ turn ON 7 command
signal of the complementary switch of the leg and the same signal will be used for

this two type of commands. It is required for the PCB to provide command signals

for both the grid side and machine side inverter. To do so, six PWM signals will be
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utilized in a manner shown in Table 4.6. The position of each IGBT in the converter

is marked as shown on Figure 4-15.

“Turn OFF”
command

1 J‘
0 j
Gate signal

LT

Figure 4-14: “ turn OFF 7 gate voltage command generation

IGBT 1 IGBT 3 IGBT 5

St S

M

A

IGBT 2 IGBT 4 IGBT 6

Figure 4-15: Notation of IGBTs placement in converter

These signals are not passed directly to the header connection to the IGBT module
drive. Instead, the signals are first brought to buffer (one for grid side converter and
one for machine side converter) which amplifies and pass through signals if enable
signal is provided. This feature is used for having additional control on the system

in case a fault occurs.

4.3.3.1 Fault signals

Enable signal of the buffer will be used such to let command signals to get to

output header pins, or to interrupt them in case that fault occurs. Function table
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Table 4.6: Gate signals generation

Gate command signals \ PWM output signals from DSP
Machine side converter

IGBT 1 ON PWM1A
IGBT 1 OFF PWM1B
IGBT 2 ON PWM1B
IGBT 2 OFF PWMI1A
IGBT 3 ON PWM2A
IGBT 3 OFF PWM2B
IGBT 4 ON PWM2B
IGBT 4 OFF PWM2A
IGBT 5 ON PWM3A
IGBT 5 OFF PWM3B
IGBT 6 ON PWM3B
IGBT 6 OFF PWM3A
Grid side converter
IGBT 1 ON PWM4A
IGBT 1 OFF PWM4B
IGBT 2 ON PWM4B
IGBT 2 OFF PWM4A
IGBT 3 ON PWM5A
IGBT 3 OFF PWM5B
IGBT 4 ON PWM5B
IGBT 4 OFF PWM5A
IGBT 5 ON PWMGA
IGBT 5 OFF PWM6B
IGBT 6 ON PWM6B
IGBT 6 OFF PWMGA

of the buffer is given on Figure 4-16, where input A is PWM command signal from

microcontroller and output Y command signal passed to the IGBT drive.

INPUTS QUTPUT
OE A Y
H X z
L H H
L L L

Figure 4-16: Function table of buffer [5]

The logic scheme is implemented with the analog logic circuit, using available

information provided by input signals, as shown on Figure 4-17. In the first level,
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logic is making sure that none of the two switches in the same leg are switching at
the same time, which would cause a short circuit on the capacitor. Output of that
stage goes directly to the Trip zone which will trigger the error in the microcontroller.
Output from the first stage, Undervoltage and overvoltage on DC link capacitor signal
are brought to the “ OR ” gate. When any of those faults occur it will trigger enable
on the buffer and bring all the commands to high impedance state, connected to
pull-down resistors. This is the case of machine side converter fault signals. The only
difference for the grid side converter is that Undervoltage condition is not included,

and the third pin is connected to the ground.

Status 1
Status 2
Status 3

Status 4 § >L Trip zone

Status 5

Status 6

Ovenoltage | Enable

Undervoltage

Figure 4-17: Faults logic implementation

The Undervoltage and overvoltage inputs are implemented as shown on Figure
4-18. Comparators are checking if adapted DC link voltage value (0 to 3V) is higher
than allowed overvoltage limit, or lower than allowed Undervoltage limit and give
5V output in case of exceeding limits. Limits are imposed by choosing resistors of
the voltage divider that have to correspond to value in 0 to 3V range. Referring to
real measurement value, the low limit is as low as 600V to ensure that fault does not
trigger in case of voltage dips imposed by load disturbance, but not to allow control
action of the machine side converter for low DC link voltage. The high limit is 1415V

which allows voltage peaks, but ensures that voltage doesn’t exceed the maximum
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allowable voltage of the DC link capacitor.

+
Overvoltage

5V .
Ry =
R: =
Vdc ADC

5V

-
At
i +
w
<

Figure 4-18: Undervoltage and overvoltage of DC link

4.3.4 Power supply and indications

All integrated circuits used in previously explained designs for signal processing are
expected to have ideal behavior. To do so they will require stable power supply with
suitable voltage level and sufficient current available from the power supply for normal
operation. The PCB is utilizing a few different voltage levels. Voltage levels provided
from the external power supply are 24V, 15V, -15V, 5V and ground. Additional
voltage levels required for design 3,3V, 3V and -5V are provided from voltage reference
IC’s, powered by external 5V voltage level. The 3V supply of protection stages of the
measurement processing part is using Zener for being able to sink current through

Schottky in case the output of the filtering stage exceeds 3V (Figure 4-7).

Indications for user implemented by this design are LEDs, which will signalize
presence of all voltage levels supply (24V, 15V, -15V, 5V, 3,3V, 3V, -5V) and will

have red warning light if any of enable signals or under/overvoltage detects fault.
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4.4 Software implementation

An integrated development environment that supports TI microcontrollers, which
is a programmed control strategy, is Code Composer Studio. Its design includes vari-
ous tools to develop and debug embedded applications. It utilizes C/C++ compiler.
In addition, controlSUITE™ provides a specific set of software tools and documen-
tation for the development of projects for C2000™ microcontrollers. It contains all
required routine files as compiler, command files, libraries, as well as example pro-
grams. User is able to easily import files in the project and modify them. The
development of a program for C2000™ microcontrollers is following the same general
structure depicted with the algorithm on Figure 4-19. Depending on requirements
of the project, the program will utilize different peripherals with specific configura-
tion and define code branches executed inside interrupt routines called from the main
program loop. The following section will comment on their configuration required to

implement designed control of this application. B.

4.4.1 Configuration of peripherals

This section will discuss the configuration of available peripherals [39] of the DSP
used to implement control strategy. Access to features from Code composer envi-
ronment is done by programming assigned bit fields to each functionality within the
register, allowing configuration of specific peripheral, which is the most intuitive ap-
proach for programming peripherals. The description of all bit fields within registers
to access features of each type of peripherals, with included examples, is given by
manuals [6,7,40,41] and won’t be further discussed in this section. Instead, the focus
will be on the description and logic of functionalities that will be implemented by

configuring peripherals.
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) ™,
( Resat ]I
~ — Boot ROM
+ DSP2833x_CodeStartBranch.asm
Sequence ™ /= Used to re-direct code execution from the boot
Boot entry point to the C Init routine.
¥ / = Code can be configured to disable the
f WatchDog if the WD is timing out before main()
/ is reached

{
DSP283%_CodeStartBranch.asm J + Assigned tothe BEGIN section by the linker.
Disable WD (Optional) » Located at (000000 for Boot to MO

Branch to C Init Routine » Located at (x33FFFG for Boot to Flash
C Init Routine
¥ _-= The Compiler's boot.asm which is
| Clnit |A/ automatically included with the runtime

library. This will set OBJMODE to 2&¢

Init PLL, Tum on Peripheral Clocks and set the
-~ clock pre-scalkers

{ | mitiaize SysemControl |4 picapie the Watchiog
Configure GP1O Pins to their peripheral function
/ of as an input or output as required by the
| Initalize GPIO |4/ example.
Initalize the entire PIE Vector Tablke with pointers
y _ to default Imerrupt Service Routines (ISRs) found
— in DSP2832x_Defaultlsr.c. It is useful for debug
| Initialize PIE Vector Table purposes to have the entire table inftalized even if
the ISR is not going to be used.
y
- . Remap PIE vectors used by the example to ISR
| Initalize Peripherals |\\ functions found within the example program.
/ Initalize the peripherals as required by the
Example Specific Code example.
Enable Interrupts 'v\
} Enable the required PIE and CPU interrupts.
Any additional code required for the example.
Additional Functions and
Interrupt Service Routines

Figure 4-19: General program flow algorithm

4.4.1.1 PWDM configuration

Prior to the configuration of any type of peripherals, it is needed for specific GP1O
to be initialized as 1/O peripheral. The PWM control of both converters, based on
conclusion derived in Section 4.3.3 about hardware design, will be achieved using
six PWMs. For implementing synchronous switching method, the time-base counter
of PWM module is set to synchronous up-down count, which will count from 0 to
defined counter period (TBPRD) and back to 0. For synchronous switching one

triangular cycle (up and down count) will correspond to the switching period. Thus,
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the counter period will be a number of counts of PWM counter! up to the half of
a switching period (pick of the triangle on Figure 4-20. For the DSP system clock
configuration of 15 0MHz and switching frequency of the module of 4KHz, the counter
period calculated will be 12750.

Changing switching states of PWM is performed by setting actions based on
counter compare register (CMPA). The CMPA is counter compare register which
value will be compared to PWM counter value and when they are matching PWM
will change state based on configuration. As shown on Figure 3-2, the EPWM1
is configured such that EPWM1A will be set (EPWM1A=1) when PWM counter
matches compare register on up count, and cleared when it matches on down count
(EPWM1A=0). State of EPWMI1B control signal can be configured the same way
as EPWM1A using second counter compare, or can be synchronized with EPWMA 1
as it is case in this configuration. Setting polarity control to active high complemen-
tary, FPWM1B will be signal complementary to EPWM1A, as shown on Figure 4-20.
When the polarity synchronization feature is enabled, there is additional possibility
of configuring dead-time. This is configured by setting falling-edge delay (FED)
and rising-edge delay (RED) that are depicted on Figure 4-20.

| |

. | . |
EPWM1B. — FED | —»| j{FED

' | ' |

Figure 4-20: Generation of PWM signal [6]

Synchronization between PWM commands, to ensure proper operation of convert-

)

ers, is implemented using ¢ Master/Slave ” mode for which, for each converter, one

EPWM is set as “ Master” and the rest of two as “ Slave ” synchronized to “ Master

Frequency of PWM counter is the same as of a system clock, set to 150MHz
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7. For machine side converter EPWM1 is “ Master 7, and EPWM2 and EPWMS3
are “ Slaves 7, while for grid side converter EPW, is “ Master 7 and EPWMJ5 and
EPWMG6 “ Slaves ”.

The sub-module that provides additional safety feature to the control is pro-
grammable Trip zone, triggered from combination of six trip zone peripheral signals.
It has possibility of both cycle-by-cycle trip and one-shot trip on fault conditions. For
sake of this application, two trip zone signals are used (771 and TZ2) as one-shot trip.
The first one TZ1 will act on machine side converter (EPWM1, EPWM2, EPWM3)
and the second one TZ2 will act on grid side converter (EPWM4, EPWM5, EPWMG6)
in a way that all upper switches are switched on, and lower ones switched off.

The important function of the PWM module for the application design is that any
event which occurs on PWM can trigger CPU interrupts and ADC start of conversion

(SOC), used for synchronization of calculation of control action and switching.

4.4.1.2 ADC configuration

The analog-to-digital conversion module has an essential role in importing in-
formation on feedback measurement in DSP. It comprises of 12-bit ADC converter
with dual sample-and-hold, able to sample two ADC signals simultaneously. It has
a capacity of 16 channels that can perform in simultaneous or sequential sampling
mode. Simultaneous sampling is performed in two sequences of 8 channels, which is
a default setting. [7] Block schematic of the ADC conversion is shown on Figure 4-21.
The ADC input signals ADCINA(O and ADCINBO( are sampled in the same instant,
converted and placed in ADCRESULTS register, which are following ADCAIN1 and
ADCINB1 until the last. Information of which system variable is connected to which
specific ADC input for conversion and where is stored in ADCRESULT register is
provided in Table 4.7. Selection of the inputs is done in the way that phase A and
phase B variable of same three-phase system, line motor current of phase A and B
for example, are converted in the same instant (ADCINAO and ADCINBO). That is
done to eliminate error due to phase shift from sampling in different time instant. B.

It can be seen that only first sequence is used for all required conversion signals.
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; SYSCLKOUT
System High-speed <
control block prescaler C26x
ADCENCLK HALT HSPCLK
AGZS;Q vy v v Result Registers
ADCINAD, » Result Reg 0 70A8h
. Result Reg 1
. > A |—> =
12-Bit —\| Result Reg 7 70AFh
ADC
module —1 Result Reg 8 70B0h
ADCINBO
. » S/H-B >
.
ADCINB7>—p— Result Reg 15 70B7h
A IE 4
SIW ADC Control Registers |« sW
ePWMx SOCA—»—] SOC Sequencer 1 Sequencer 2 SOC 4 ePWMx SOCB

GPIOIXINTZ
ADCSOC,

Figure 4-21: Block schematic of ADC conversion in simultaneous sequencer mode [7]

Table 4.7: ADC conversion of system variables

System variable ADC input | Position in results register
Line motor current-phase A ADCINAO ADCRESULTO
Line motor current-phase B ADCINBO ADCRESULT1
Line grid current-phase A ADCINB1 ADCRESULTS3
Line grid current-phase B ADCINA1 ADCRESULT?2
Phase grid voltage-phase A ADCINB2 ADCRESULT5
Phase grid voltage-phase B ADCINA2 ADCRESULT4
Temperature of machine side converter | ADCINA3 ADCRESULT®6
DC link voltage ADCINB3 ADCRESULT7
Reference speed ADCINA4 ADCRESULTS
Temperature of grid side converter ADCINB4 ADCRESULT9

Start of conversion event on ADC of first sequence is set by SOCA interrupt generated
by /textitEPWMIA. Start of the ADC conversion will take place each time PWM

counter is equal to counter period (pick of the triangle on Figure 4-20).
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4.4.1.3 Flash programming

In case that user doesn’t prefer to execute program from RAM, or doesn’t have
sufficient space available for code inside RAM, the code can be stored inside internal
Flash memory of the DSP. For storing the application code, Flash memory must go
through an erase, program, and verify procedure without interrupting. That implies
stable supply of the DSP. In case of interrupting this procedure there is possibility
that Flash memory would be permanently locked. For the programming in Flash, the
application project will need a corresponding linker file which performs memory map-
ping. The time-sensitive parts of code that perform control action, such as interrupts,
are copied in RAM during run time and executed. This is performed by creating a
separate linkable section from code objects. Furthermore, functions defined in linker
command file employed in memcpy function for coping number of characters, with
load specific part of code from flash to RAM. This function has to be executed prior
to the initialization of the flash. Procedure is used for executing interrupt routines

inside RAM memory.

4.4.2 The user-specific program

The complete control action calculation is executed inside interrupt routines called
from main flow of the program, while the main loop is running in infinite time loop.
The idea of implementation is that control action is calculated inside ADC interrupt
at half of current switching period, and based on it the calculated EPWM command
applied in succeeding switching period (PWM counter equals 0). Global variables
are initialized prior to entering main loop. That includes initialization of duty cycles
and ADC interrupt counter to zero, and variable that delay is active (Delay=1). The
code written for ADC interrupts routine is the following logic algorithm shown on
Figure 4-22. The ADC interrupt won'’t enter control loops until PLL control reaches
steady state. According to simulation, that time is less than 5ms (around 20 interrupt
counts).

The Bits to Units function performs transformation from digital value, obtained
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fr om 12-bits conversion, to the real measurement units based on formula given by
Equation 4.16. The variables V,,,, and V,,;, correspond to maximum and minimum

value of measurement range on primary side of transducer.

Vmaa: - me .
Units = ——— Bt Vinin 4.16
nits 1005 its + (4.16)

The Control of active rectifier includes functions of a voltage and current con-
trollers, voltage compensation, saturation of voltage reference and coordinate trans-
formations. The Machine control includes functions of the speed controller and
current controllers, as well as voltage compensation, saturation of voltage saturation
and coordinate transformation. All controllers are implemented on the same princi-
ple as explained in Section 3.5 for corresponding controller parameters obtained from
control design.

Units to PWM is the function that will calculate required “ duty cycles ”
needed to be applied to counter compare register CMPA of corresponding EPWM to
obtain voltages imposed by reference from control action, implemented according to

Equation 4.17. In equation V,,,, is DC link voltage measurement in Volts and PRD
is period of PWM calculated in Section 4.4.1.1.

Ve
duty = (7, L 40,5 PRD (4.17)

Moreover, in the middle stage of project development, the TestPCB code is de-
signed to provide PWM reference based on three-phase sinusoidal voltage command,
for testing PCB and peripheral initialization. Comparing to the closed-loop control
code explained previously, the test code will not have any control of calculation and
sinusoidal voltage references will be generated inside TIMFERQ interrupt instead. The

TIMERO interrupt will be executed every 100us.
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Chapter 5

Simulations of the control system

This chapter comprises of two parts. The first part summarizes the results of
simulations obtained for the control design of active rectifier, intended to be imple-
mented in operating conditions of system application. On the other hand, due to
lack of data for PM machine to be used in the application, the control of the PM
machine connected to the system could be neither designed, or simulated for the im-
plementation of the system. Still, for the verification of the methodology used for the
control design of PM machine, the second part of the chapter will discuss the simu-
lation of the control strategy developed for PM machine model from Matlab library.
The parameters of the rest of the system are redesigned and adapted to the rated
conditions of the PM machine model used. Both are following the same approach,
which is the development of the control in continuous time and then adapting it for
discrete implementation in DSP. For the verification of the discrete control functions
in simulations Embedded Coder Support Package for Texas Instruments C2000 Pro-
cessors is used. Parameters used in continuous time simulations, calculated based on

developed control strategy discussed in Chapter 3, are provided i Appendix B.

5.1 Simulation of the control of active rectifier

The mplementation of PLL

The core of the vector control design is an accurate estimation of the position of
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vector defining coordinate transformation. The control of active rectifier is developed
with respect to the position of the grid voltage, and thus control strategy relies on
accurate position estimation of the PLL. Figure 5-1 shows simulation results of the
PLL control response for the three-phase balanced system. Graph b on the figure
shows that the response of grid voltage E,4 and E,, are according to the design of the
PLL in Section ??. The PI controller of PLL is imposing zero E,, component, while
Eyq is aligned with voltage space vector and equals to the amplitude of grid phase
voltage (E,4=326,6V). Angular velocity on Graph c of the grid is reaching 2750rad/s
speed. On Figure 5-2 there is a disbalance in the grid simulated by voltage dip of
20% in phase C, applied at 0,1s of simulation time. From Graph d ca e see that the

estimation of the grid position is still stable.

a) 3-phase supply voltage b) Grid voltage components E_, and E
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Figure 5-1: Response of PLL control for three-phase balanced system

5.1.1 Control performance in the continuous time

To qualify the response of the control of active rectifier, Figure 7?7 is showing the
transient response of the control for achieving DC link voltage reference. The control
action on switches is applied at 0,005s of simulation time, when PLL control reaches

steady state, until when converter behaves as a diode rectifier. Thus, it requires less

92



400

a) 3-phase supply voltage
- : ° -

b) Grid voltay ts E d E,
) Grid voltage componsnts €, and €,

300

200

100

Voltage (V)
°

-100

-200

-300

-400
0

002 004 006 008 01 012 014 016 018 02 0 002 004 006 008 01 012 014 016 018 02
Time (s) Time (s)

c) Frequency of grid W,
T T T

d) Position of voltage space vector
T s T :

Angular velocity (rad/s))
N
R
g

S n
@
3

0 002 004 006 008 01 012 014 016 018 02 0 002 004 006 008 01 012 014 016 018 02
Time (s) Time (s)

Figure 5-2: Response of PLL control for three-phase unbalanced system

control action to achieve reference voltage, with an overshoot of about 2,17%. Voltage

is safe bellow the limit of the capacitor (Vjeq = 1400V).
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Figure 5-3: Control of active rectifier in continuous time

The information of the parasitic resistances of LCL filter inductors designed wasn’t
provided, and thus low values on resistance were assumed. The higher values of
resistances system is more damped and provides a slower response to given reference,

but better disturbance rejection.
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Current ripple on the DC link capacitor

Another indicator for the validation of DC link capacitor design is that it has to be
able to withstand maximum current ripple passing through. Thus, lifespan given by
the manufacturer due to the influence of temperature on the capacitor is guaranteed.
The RMS value of the current ripple obtained by the simulation of control in the
continuous domain is given by Figure 5-4, for the maximum load, applied at 0,15s of
simulation time. The RMS value of ripple obtained for maximum load is less than
the maximum RMS of ripple given by the manufacturer in [30], which is 66A. Thus,

the capacitor will withstand the current ripple for normal operating conditions.

Figure 5-4: The RMS value of current ripple through DC link capacitor

The effect of the LCL filter

All the applications using switching converters connected to the grid will generate
high-frequency current, which will pollute the grid, and is not acceptable by regula-
tions. Thus, the effect of the LCL filter on reducing harmonic distortion should be
verified. Figure 5-5 shows the reduction of the distortion from current measurements
on the converter input side, on Graph a, to the measurements of the grid side, Graph
b. Graph b clearly contains waveforms closer to the pure fundamental frequency.
Better validation of effect is obtained by the Fast Fourie Transform analysis of the
grid side phase current measurement, shown on Figure 5-6. The transform window

considered is during no-load conditions, giving the highest THD of 7%.
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Figure 5-6: THD of phase current injected to the grid

5.1.2 The discrete time implementation

settling time, as it looses on bandwidth due to the discretization.

Anti- Windup of current controller
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After adapting simulation with functions implemented in C code, the discrete time
control is compared with the continuous time one, to verify if it achieves close enough
performance. Comparison is done for time response of the DC link voltage, shown

on Figure 5-11. It shows good performance with slightly higher overshoot and longer

To point on the efficiency of the Anti-Windup strategy implemented for the current
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Figure 5-7: DC link voltage response-continuous and discrete implementation

controller, the simulations for a high value of 4,4 current reference (i,4=400A) with and
without Anti-Windup are performed. The results are given by Figure 5-8. Imposing
high step reference without Anti-Windup results in a controller requesting for the
high voltage command (Graph b), which is saturated due to constraints on the power
stage. That causes a windup effect on the current controller (Graph a) resulting
in huge overshoot and undershoot until it gets to steady state. On the other hand,
implementation with Anti-Wind up saturates output command of controller and back
calculates error. Thus. voltage command is almost equal to saturation voltage (Graph

d) and consequently, the response is faster and there is no windup effect on integrator

(Graph c).

Response of the discrete control implementation with maximum load

Final simulation was the test of the system performance with applied maximum
load step, from zero up to the maximum current load (corresponding to the maximum
power of application), at the 0,2s of simulation time, shown on Figure 5-9 (Graph
b). System is using the highest allowable i,4 current (from 0,2s to 0,4s) to reject load

disturbance (Graph a) until it reaches steady state.
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Figure 5-8: Performance of the Anti-Windup for 4,4 current controller

5.2 Simulation of the control of PM machine

5.2.1 Control of the PM machine in continuous time domain

For the development of the control of the PM machine prior to connecting the
whole system, control was developed and verified assuming ideal voltage source in-
stead of the capacitor, supplying machine side converter. The control response
achieved for the continuous domain design is shown on Figure 5-10. Rated speed
reference is applied to the control at 0,2s of simulation time speeding up with maxi-
mum torque available proportional to the stator current i, (Graph d) while i44 follows

zero reference. With the applied maximum step of load torque from zero to rated at
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Figure 5-10: Control of PM machine in continuous domain

5.2.2 Control of the PM machine in discrete time domain

After substituting the continuous time control functions with ones in discrete time

written in C code, comparison of their speed response obtained from simulations is

given on Figure 5-11. Comparing to continuous time response discrete time one will
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have higher overshoot during rise time and for disturbance rejection as well. Finally,

Speed time response In continuous and discrte implementstion

Speed (rpm)
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Figure 5-11: Time response of rotor speed-continuous and discrete implementation

the machine side converter supplied from ideal DC voltage source is substituted with
a back-to-back converter supplied from the balanced three-phase grid voltage supply,
which joins both control of DC link voltage and control of speed of PM machine. The
results of the response obtained are shown on Figure 5-12. Graph a is showing speed
response for the given rated speed reference applied at 0,2s of simulation time and
further transient occurred due to disturbance rejection at 0,4s. Control of the grid
side converter maintains stable DC link voltage (Graph b) with transients at 0,2s and
0,4s as a result of applied reference of speed, or withdrawn current required to speed

up, and of applied load torque, due to increase of the current required to sustain the

load.
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Figure 5-12: Control of the system in discrete implementation
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Chapter 6

Experimental validation

This chapter will cover all stages through experimental testing of the design of
PCB interface and the DSP configuration to achieve control of the output of IGBT

module.

6.1 Testing of the PCB interface

This section will discuss on verification of the PCB design prior connecting to the

rest of the setup. For the verification of the PCB design three parts are to be tested:

e Voltage supply
e Measurement processing stages

e Fault states

First version of PCB design (Figure 6-1) had problems with the footprints of
the components to be mounted. The holes for headers of the external inputs from
measurements and voltage supply were smaller than recommended, but still could be
mounted for the purpose of testing.

During testing the voltage supply to the complete circuit, both external and pro-
vided from local voltage references, the voltage drop occurred on -5V supply from the
voltage converter. This voltage was used for reference voltage to the operational am-

plifier of the adapting stages of measurement processing circuits. As voltage reference
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was stable prior to empowering operational amplifiers, the conclusion was that the
voltage converter is not capable to supply enough current to the operational ampli-
fiers, as it is limited to 50mA. Bypassing this voltage converter with external voltage
supply that was confirmed, as required current withdrawn by operational amplifier
was about 120mA.

Furthermore, 3V voltage reference connected to the clamp Schottky diodes was
not able to sink current and thus is replaced with 3V Zener for the second design of
PCB.

Testing fault circuit, “OR” circuit of final circuit happens to be replaced with
“AND” due to mistake with ordering components. Also, resistors had to be added to
limit the current through LED diodes, as some of them got burned.

Figure 6-1: First version of the PCB design

Second design of the PCB to be tested is shown on Figure 6-2. Green LED
lights are signalizing that all voltage supply levels are present in the circuit. Red
LED lights are signalizing enable warning signals, which doesn’t allow PWM signals
to pass through a buffer. Since terminals of the PCB are not connected to the IGBT

7

module, the absence of voltage from “ Status ” signals is equivalent to the signal
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" it as fault state (short circuit on

of closed switch. As fault circuit “ understands ’
DC link) it will signalize error and block signal through buffer. This shows proper

operation of fault circuit.

Figure 6-2: Second version of PCB design

The Zener diode used for 3V reference for the protection circuit already mentioned
did not supply required voltage level because the series resistor limiting current from
supply was too high and current wasn’t sufficient to reach 3V on characteristic. This
solution is replaced on spot with programmable voltage reference according to the
feedback connection design circuit on Figure 6-3. Implementation done on the PCB
is shown on Figure 6-4.

Due to the missing connection between negative reference and output of opera-
tional amplifier in filtering stage (Figure 4-7), coming from missing connection point
in the PCB design file done in Altium, amplifier was getting saturated. By shorting
those two connections with solder problem was solved.

The measurement processing stage was tested by imposing the sinusoidal input
from signal generator, modeling measurement signal from the transducer. The signal

is applied to AC voltage measurement input with maximum input voltage range
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Figure 6-4: Implementation of programmable voltage reference on PCB

[—7,5V = 7,5]. Two tests were performed, the one with sinusoidal input varying in
given maximum measurement range (7,5V amplitude) and the second one sinusoidal
input varying in the higher range for the testing protection stage (15V amplitude).
Results obtained from the first case are shown on Figure 6-5. While the second
case, for the higher input, is shown on Figure 6-6. Voltage on the peaks of the
measurement is converting to below 0V and above 3V. This could occur due to the
forward voltage drop on Schottky diode while conducting. Series resistor, that limits
the current through Schottky diodes, should be resized for taking into account the
highest possible forward current which will take place when the amplifier is saturated.
The resistor used would limit forward current to 80mA, which would give a forward
voltage of around 500mV according to the datasheet of diodes in [42]. This should be
proved by repeating the test of the circuit without the protecting stage and/or trying

with another series resistance.
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Figure 6-5: Performance of the measurement processing design for maximum mea-
suring range

Ple-Pk[1]=4.40u Max[1]=3

Tipo Limpiar

Figure 6-6: Performance of the measurement processing design for exceeding maxi-
mum measuring range

6.2 Testing configuration of DSP

In this stage of testing, the aim is to verify if the PWM command generated by
running the imported program has expected features defined by configuration. Prior
to it, the connection between portable PC, with installed Code Composer Studio soft-
ware environment and developed C code project of the application, and DSP board

in slot of PCB interface was tested. The emulator was detected and the debugging
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code in RAM was successful. Also, an adapted version of the program was imported
into flash memory, passing through all required procedures (erase, program, verify).
Then, results obtained shown on Figure 6-7 are EFPWMI1A and EPWM1B comple-
mentary outputs. Given the closer look on Figure 7?7 showed the dead-time between

them imposed by DSP.

M &.00us/

Ple-Pk[1]=4.24Y

Figure 6-8: Dead-time generated between EPWMI1A and EPWMI1B complementary
outputs from DSP
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Figure 6-9: Output voltage waveforms on output of IGBT module generated by DSP
command

6.3 Control of IGBT module

The final stage of the testing was to connect the PCB interface with the IGBT
module and verify if the output of the converter could be controlled as expected.
The IGBT module was supplied from the DC voltage source with 20V. The output
voltages on two phases on passive balanced L load were measured. The waveforms
obtained for imposed three-phase voltage command from DSP is shown on Figure
6-9. This shows that the synchronization of EPWM outputs is well configured and

the desired output can be obtained based on set voltage reference.
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Chapter 7

Conclusions and future work

7.1 Conclusions

The subject of the thesis is the implementation of speed control of a permanent
magnet machine fed up from back-to-back IGBT converter connected to the grid.
Moreover, the system provides bidirectional power flow and will regenerate power
back to the grid. Thesis aims to provide a systematical approach to the problem of
the design from the idea up to the realization and practical implementation of the
system. This is brought to the realization by following defined project objectives.

At first, the thesis addresses the problem of the design of power elements that
provide bidirectional power flow through the application itself. Thus, it covers the
sizing of the PM machine for providing the required power and speed range for testing,
the DC link capacitor to sustain the DC link voltage reference and the LCL line filter
for filtering high-frequency harmonics injected to the grid.

The theoretical basis required for the modeling of system dynamics is covered in
the thesis. The problem of the application system control is decomposed into two
parts, control of the three-phase active rectifier and control of a permanent magnet
machine. The derivation of the control strategy is accounting for physical constraints
of the system imposed by design and power system requirements. In particular, it
gives a detailed explanation of the calculation of controller parameters and the Anti-

Windup method used for improving controller performance.
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The design of the closed loop control is verified through simulations in the Simulink
simulation environment from software package Matlab. The control of the active
rectifier is simulated for the parameters of the power system design obtained with
the realization of the first objective. Moreover, the verification of the whole system
control through simulations is completed for the resized system. Examination of the
control performance is done by a comparative simulation of both continuous and
discrete time implementation.

Besides, the thesis covered the complete process to the design of the interface
elements defined with the objective of the thesis. That includes the design of the
measurement transducers, the PCB interface between DSP and power stage, and
configuration and control implementation in the DSP program.

Following the objectives, the developed design of the PCB interface is implemented
and experimentally tested. The further adaptation to the design is proposed and
validate. The experimental validation is concluded with the successful testing of the
synchronization between the DSP and the IGBT module.

The final assembling of the setup could not be completed as some components
required by design were not available for implementation before the project deadline.

Consequently, experimental validation of the whole system could not be achieved.

7.2 Future work

The scope of the thesis in a way implies extensive tests and experiments and
on-spot adaptations to optimize system and connect in a single functional unit. As-
sembling of the power stage and tests required for verification of the designed system
are left for future work of the project due to the lack of time for completing the
project. The initial idea was to do experimental validation of the setup through three
stages. The first stage was verification of the control of the IGBT module in an open
loop, providing voltage references, that are already verified. The second stage would
test the closed loop control of active rectifier with connecting passive load instead of

the PM machine. Thus, the grid side converter control would work in closed loop,
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and the machine side converter controlled in the open loop. Finally, the proposed
test on the third stage would be the closed loop control of both active rectifier and
PM machine, connecting complete setup.

On the other hand, the future work to be proposed in this chapter will also go
beyond the defined scope of the project to extend the range of possibilities of imple-
mented application. The proposals of the future work that might be an enhancement

to the application are:
e A more efficient PWM method as a space vector could be considered.

e Passive damping resistor used for attenuating resonance frequency of the LCL
filter could be replaced with active damping control strategy, which could at-
tenuate just resonance frequency comparing to passive one that also affects high

frequencies.

e The switching behavior of the converter could be simulated and analyzed on a
model with real IGBTs parameters. Specifically, it could be studied on optimal
dead-time implementation for providing safe operation and minimum harmonic

distortions (especially on higher frequencies).

e Even though not required by the project task, the range of the application
could be extended for higher speeds by implementing flux weakening and MTPA

control strategy.

e The monitoring of the application could be improved y replacing analog inputs
to the DSP ad control ad measurements itself with interactive display or appli-
cation using some of the available communication protocols of DSP (SCI, 12C,

CAN), providing more accurate ad user-friendly configuration of setup.
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Appendix A

dq0 Transformations

In general, many control strategies relay on transformation of stationary abc ref-
erence system to rotating dq0 reference frame. Form can slightly vary depending
on convention used such as amplitude invariant, power invariant, 3/2 convention or
similar. Just amplitude invariant convention will be discussed and used in thesis.
Transformation is performed in two steps, Clarke and Park transformation. The
Clarke transform converts the time domain components in abc reference frame to the
orthogonal a0 stationary frame. The Park transform converts the components in

the a0 frame to the rotating dq0 reference frame.

The Clarke transformation applied is called cosine-based transformation for which
in t=0 a-axis of three phase abc reference system is aligned with a-axis of the two-
axis af0 stationary frame. Mathematical law relating two transformations is given
by equation A.1. Relation between components of stationary a0 and rotating dq0
reference frame obtained by the Parke transformation is given by equation A.2. In
order to simplify computation these two transformations are connected into one direct
abc-to-dq0 transformation given by set of equations A.3. Inverse transform, derived

by inversion of matrix is in form of matrix A.4.

2t b 1 11T = fut il (A1)
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fs = fd + fq = (fa +jfﬁ)€_th

fa coswt  cos(wt — %”) cos(wt + 2?”) fa
=—|—sinwt —sin(wt — &) —sin(wt + & )
1 3 3 3
1 1 1
fo 2 2 2 fe
Jfa coswt —sinwt 1 [ fa
fo| = |cos(wt — %ﬂ) — sin(wt — %W) 1|7,

fe cos(wt + &) —sin(wt + &) 1] |fo

(A.2)

(A4)

However, this transformation is conservative to amplitude, but not to the power.

For system to be consistent and value of power equal in both system (FPup. = Pago)

power in dq0 reference frame should be calculated using equation A.5.

3
P_vgi, + vpip + vole = E(vdid + v4i4)
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Appendix B

The Parameters of the control

simulation

B.1 Simulation of the control of active rectifier

Table B.1: The parameters of the control of active rectifier

Phase lock loop

Bandwidth BWPLL 20 Hz
Proportional gain Kyprr 0,7695
Integral gain Kiprr 48,35
14 current controller
Bandwidth BW, | 400 Hz
Proportional gain K 9,3
Integral gain K 1508
Limit of voltage amplitude AW 4 600V
DC link voltage cotroller

Bandwidth BW, | 40 Hz
Proportional gain K, | 0,000154
Integral gain K; 0,0077
Upper limit of output current AW vqup | 81,65A
Lower limit of output current AW v, down | —81,65A
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B.2 Simulation of the control of complete system

Table B.2: The parameters of the control of permanent magnet machine

1sq current controller

Bandwidth BW, | 400 Hz
Overshot M, | 10%
Proportional gain Kpq 2,57
Integral gain K,;q | 5700,7
Limit of voltage amplitude AW i, | 280V
isq current controller
Bandwidth BW, | 400 Hz
Overshot M, 10%
Proportional gain Ky, 2,88
Integral gain K, | 6300,8
Limit of voltage amplitude AW g | 280V
Speed controller
Bandwidth BW, | 80 Hz
Overshot M, | 10%
Proportional gain K, | 0.432
Integral gain K | 183,74
Upper limit of output current AW _speed_up | 58,35A
Lower limit of output current AW _speed_down | 58,35A
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Table B.3: The parameters of the control of active rectifier

Phase lock loop

Bandwidth BWPLL 20 Hz
Proportional gain Kyprr 1,54
Integral gain K,pr1 96,7
Current controller
Bandwidth BW, | 400 Hz
Proportional gain K, 6,26
Integral gain K;; | 1005,3
Limit of voltage amplitude AW i 280V
DC link voltage cotroller

Bandwidth BW, 40 Hz
Proportional gain Ky, | 0,000308
Integral gain K; 0,00314
Upper limit of output current AW vgup | 48.99A
Lower limit of output current AW _v,_down | —48,99A

117






Bibliography

1]

Muhammad H. Rashid. 9 - three-phase controlled rectifiers. In Muhammad H.
Rashid, editor, Power Electronics Handbook (Fourth Edition), pages 233 — 273.

Butterworth-Heinemann, fourth edition edition, 2018.

Ph.D Jun Kang. Sensorless control of permanent magnet motors.
Control engineering Journal, 57(4), april 2010.

Salyvan Lechat Sanjuan. Voltage oriented control of three-phase boost pwm con-
verters (design, simulation and implementation of 3-phase boost battery charger.
Master of science thesis in electric power engineering, Chalmers University of
technology, Department of Energy and Environment, Division of Electric Power
Engineering, 2010.

LEM. Isolated current and voltage transducers, Characteristics - Applications -
Calculations. Publication CH 24101 E/US (05.04 e 15/8 ¢ CDH.

Texas Instruments. SN6JHCS367, SN74HC367 Hex Buffer and Line Drivers with
3-state outputs, 1 1996. Revised 09/03.

Texas Instruments. TMS320x2833x, 2823x Enhanced Pulse Width Modulator
(ePWM) Module, 10 2008. Revised 05/09.

Texas Instruments. TMS320x2833x Analog-to-Digital Converter (ADC) Module,
9 2007. Revised 10/07.

Texas Instruments. TL431 / TL432 Precision Programmable Reference, 8 2004.
Revised 11/18.

S[cott] D. Sudhoff Plaul] C. Kraus, Ol[leg] Wasynczuk. Analysis of Electric Ma-
chinery and Drive Systems. IEEE Press, 2002.

Z. Chen. 4 - an overview of power electronic converter technology for renew-
able energy systems. In Markus Mueller and Henk Polinder, editors, Electrical
Drives for Direct Drive Renewable Energy Systems, Woodhead Publishing Series
in Energy, pages 80 — 105. Woodhead Publishing, 2013.

Xutao Li, Saijun Yuan, Di Zhang, Cunxi Bai, Huibiao Yang, Zhiguo Hao, and
Jingdong Xu. The simplified model of back-to-back pwm converter. IOP Con-
ference Series: Materials Science and Engineering, 452:042030, 12 2018.

119



[12]

[13]

[14]

[15]

[16]

[19]

[20]

[21]

[22]

23]

Shamim Keshavarz. Design and evaluation of an active rectifier for a 4.1 mw off-
shore wind turbine. Master of science thesis, Chalmers University of technology,
Department of Energy and Environment, Division of Electric Power Engineering,
2011.

Jacek Gieras and M Wing. Permanent magnet motor technology: design and
applications. 07 2013.

D. Y. Ohm. Dynamic model of pm synchronous motors. 2000.

W. L. Soong and T. J. E. Miller. Field-weakening performance of brushless
synchronous ac motor drives. IEE Proceedings - Electric Power Applications,
141(6):331-340, Nov 1994.

Wenye Wu, Xiaoyong Zhu, Li Quan, Yifeng Hua, and Qing Lu. Comparative
study of ipm synchronous machines with different saliency ratios considering evs
operating conditions. Progress In FElectromagnetics Research M, 71:19-29, 01
2018.

M. Barcaro, N. Bianchi, and F. Magnussen. Permanent-magnet optimization in
permanent-magnet-assisted synchronous reluctance motor for a wide constant-
power speed range. [EEE Transactions on Industrial Electronics, 59(6):2495—
2502, June 2012.

J. Zheng, W. Zhao, C. H. T. Lee, J. Ji, and G. Xu. Improvement torque perfor-
mances of interior permanent-magnet machines. CES Transactions on Electrical
Machines and Systems, 3(1):12-18, March 2019.

D. Graovac and V. Katic. A method of pwm rectifier control in voltage linked
ac/dc/ac converter. In MELECON ’98. 9th Mediterranean Electrotechnical Con-
ference. Proceedings (Cat. No.98CH36056), volume 2, pages 1032-1036 vol.2,
May 1998.

Abdelmalek Boulahia, Khalil Nabti, and Hocine Benalla. Direct power control
for ac / dc / ac converters in doubly fed induction generators based wind turbine.
2012.

D. C. Moore, M. Odavic, and S. M. Cox. Dead-time effects on the voltage
spectrum of a pwm inverter. IMA Journal of Applied Mathematics, 79(6):1061—
1076, Dec 2014.

M. Liserre, F. Blaabjerg, and S. Hansen. Design and control of an lcl-filter-
based three-phase active rectifier. IEEE Transactions on Industry Applications,

41(5):1281-1291, Sep. 2005.

Slobodan N. Vukosavic. Digital Control of Electrical Drives. Springer, 2007.

120



[24]

[27]
28]

[29]

[30]

[31]

[32]

[35]
[36]

[37]

[38]

[39]

Zunaib Ali, Nicholas Christofides, Lenos Hadjidemetriou, Elias Kyriakides,
Yongheng Yang, and Frede Blaabjerg. Three-phase phase-locked loop synchro-
nization algorithms for grid-connected renewable energy systems: A review. Re-
newable and Sustainable Energy Reviews, 90:434 — 452, 2018.

Infineon Technologies AG. IGBT Inverter, 10 2013. Rev. 2.3.

J. Svensson. Synchronisation methods for grid-connected voltage source convert-
ers. [EE Proceedings - Generation, Transmission and Distribution, 148(3):229—
235, May 2001.

Circutor. User’s manual-Synchromaz.

X. Lu, H. Cha, and F. Z. Peng. Optimizing capacitance in spwm con-
verter /inverter for series hybrid electric bus systems. In 2009 IEEE Vehicle
Power and Propulsion Conference, pages 852-858, Sep. 20009.

X. Lu, H. Cha, and F. Z. Peng. Optimizing capacitance in spwm con-
verter /inverter for series hybrid electric bus systems. In 2009 IEEE Vehicle
Power and Propulsion Conference, pages 852—-858, Sep. 2009.

AVX. Capacitors for Power Electronics, 10 2013. Rev. 2.3.

A. E. W. H. Kahlane, Linda Hassaine, and M. Kherchi. Lcl filter design for
photovoltaic grid connected systems. 2015.

H. Jeong, K. Lee, S. Choi, and W. Choi. Performance improvement of lcl-filter-
based grid-connected inverters using pqr power transformation. IFEE Transac-
tions on Power Electronics, 25(5):1320-1330, May 2010.

Mojgan Hojabri. Design, application and comparison of passive filters for three-
phase grid-connected renewable energy systems. 10:10691-10697, 01 2015.

A. Reznik, M. G. Simoes, A. Al-Durra, and S. M. Muyeen. [cl filter design and
performance analysis for grid-interconnected systems. [FEEE Transactions on
Industry Applications, 50(2):1225-1232, March 2014.

Texas Instruments. TMS320F2833x Device Overview, 7 2007. Revised 04/19.

Texas Instruments. TMS320x2833x Analog-to-Digital Converter (ADC) Module,
9 2007. Revised 10/07.

Texas Instruments. Flash Programming Solutions for the TMS320F28xxx DSCs,
8 2008. Tim Love and Pradeep Shinde.

Texas Instruments. JTAG/MPSD Emulation, 12 1994. 2617709-9741 revision
A.

Texas Instruments. TMS320x28xz, 28xzx DSP Peripheral, 6 2003. Revised 05/09.

121



[40] Texas Instruments. TMS320x2833x, 2823z System Control and Interrupts, 9
2007. Revised 03/09.

[41] Texas Instruments. TMS320x2835z, 2823z Enhanced Quadrature Encoder Pulse
(eQEP) Module, 8 2008. Revised 12/08.

[42] Infineon. BAT64-Silicon Schottky Diodes, 10 2005.

122



