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Este trabalho apresenta uma estratégia de controle de tensdo aplicada em
inversores trifasicos de Fontes Ininterruptas de Energia (Uninterruptible Power Supply,
UPS). As carateristicas principais da estratégia proposta sdo: Erro zero em regime
permanente na frequéncia fundamental, imunidade aos disturbios das cargas
desequilibradas e compensacdo harmdnica seletiva. Duas topologias (eixos de referéncia
sincrono e estacionario) sdo apresentadas e comparadas. O comportamento dindmico
obtido nas simulagBes e ensaios experimentais, num prototipo de 5kVA, validam as
abordagens tedricas propostas, assim como 0s modelos matematicos introduzidos nesse
estudo. Os resultados experimentais observados corroboram com os resultados previstos
analiticamente, apresentando alto desempenho na resposta dinamica quando comparado
ao minimo requerido pelas normas internacionais (IEEE e IEC).
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This work proposes a voltage control strategy applied to three-phase UPS inverter.
Main characteristics are: zero steady state error for the fundamental frequency, immunity
to load unbalance and selective harmonic compensation. The fundamental-frequency
control was performed in stationary and synchronous frames. These topologies will be
analyzed and compared. Results obtained in simulations and experiments confirm
theoretical approaches and mathematical models presented along this document. In
addition, results shows a high performance dynamic response compared to the

requirements set by standards such as IEEE and IEC.
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Chapter 1 - Introduction

This chapter presents a general approach to objectives that motivated this research.

It is also introduced a description of each chapter and document organization.



This work proposes a new control strategy in order to provide a high performance
behavior in output voltage of three-phase UPS inverters. There were taking into account
several restrictions, such as international standards and industrial requirements. Thus, in
order to guarantee and excellent performance and at the same time ensure suitable

implementations on industrial equipments.

A wide research in the state of art of these kind of controllers were performed. Using
this information, a brief resume is presented in this work, making a simple classification
which provide to reader a quickly and organized way to know previous works, different

control proposes, its main features and results.

The proposed control strategy is presented in two different approaches (synchronous
and stationary references plane). A deeply analyses and performance comparison are
included in this work. In addition, some theoretical discussions were also performed such
as mathematical models, simplified electrical representations and methodologies to
calculation of controller parameters. Those theoretical analysis were validated through
simulation and experimental results. The excellent performances achieve by proposed
control strategy were presented at the International Conference and Exhibition on Power

Electronics, Intelligent Motion, Renewable Energy and Energy Management, 2014.

Below are presented some reasons that had impulsed this research as well as principal

objectives and how this work will be presented to the reader.

1.1. Problem identification

The Main objective of Uninterruptable Power Supplies (UPS) is to ensure a power
backup to critical loads/processes. Besides this feature they are also used to support
sensitive load such as telecommunications, medical or manufacturing equipment where
high power quality is required. This high quality has to be ensured by the inverter stage,
which must ideally provide a perfect sinusoidal voltage waveform with a constant

magnitude value regardless of the load connected to its output.

Similar high performance aspects are also expected on UPS input, where power
quality must be ensured on the connection point with electrical network. In addition,
merge of new complex and sensitive process or technologies force to a continuous

improvement of UPS systems. Several technical norms and international standards have



been published, describing very strict requirements for such systems. Furthermore,

industrial applications have become more demanding.

Another important aspect is the system complexity. Through improvement of
powerful digital systems, new functionalities are increased to conventional UPS
equipment’s. For instance: inclusion of measurement modules, Human-Machine

Interfaces (HMI), communication modules, smart protections, among others.

Manufacturers also demand suitable implementations, in which compact hardware

and flexible configuration features represent an advance from the economic point of view.

Motivation

The above features present a restricted scenario, where high power quality is
demanded but at the same time low computational cost is encourage, i.e., the aim is to
create a digital control system in which several functions are included but, at the same

time fast dynamic performance is expected.

Different approaches have been proposed to pursue such demands. Nevertheless,
continuous development of technology and control theories could represent an interesting
background. Also, high performance expectations in UPS output could demand studies
and implementations of several new concepts, applicable to some other power electronics

areas as well.

1.2. Objectives

The aim of this document is to achieve a suitable voltage control scheme applied to
inverter stage of an UPS system. This control strategy must accomplish the high
performance expectations demanded by international standards, as well as industrial

applications.

Theoretical discussions are expected to support a methodology to calculate the
controller parameters. In addition, simulation and experimental results must validate the

effectiveness of the proposed control strategy and confirm theoretical approaches.



1.3. Description of the Following Chapters

This document is divided in 4 principal parts: i) introduction to UPS inverter
problems, ii) development of two control strategies to achieve high performance voltage
control, iii) comparison between the proposed strategies and iv) conclusions of the main
contributions. In addition, three appendices with mathematical concepts and development
process of mathematical models are presented. Following a brief description of each

chapter.

In chapter 2, it will be presented an introduction to UPS systems, focusing on the
inverter stage and loads” features. International standards will be studied in order to obtain
specific control requirements. It also included a review of inverter voltage for UPS

inverters.

In chapter 3, it will be presented a control strategy to solve each drawback introduced
to voltage waveform due to disturbance of current load. Its main features are: Dual control
loop in fundamental frequency based on synchronous PI controllers, resonant harmonic
compensators and a current output filter capacitor feedback loop. The mathematical
model, theoretical analysis, simulation and experimental results will be presented.
Contributions to this chapter were published and presented at the international conference

[1].

In chapter 4, it will be presented a control strategy that can offer a dynamic behavior
similar to the strategy on Chapter 3. However, it is proposed replacing the synchronous
Pl by Stationary P+Resonant controllers. The plant’s mathematical modeling and a

detailed analysis of behavior in a closed-loop system will be discussed.

In chapter 5, it will be performed a comparison between voltage control topologies
presented in Chapters 3 and 4. This chapter allows identifying which is the most suitable
strategy for implementation of an output voltage controller of a three-phase UPS inverter.

Chapter 6 presents a summary of major contributions of this document and some

suggestions for development of future work.

Appendix A, displays mathematics postulations taken to the Clarke and Park

transformations used in this document.

Appendix B and C, develop the mathematical expressions presented in chapters 3

and 4 respectively.



Chapter 2 - Background and Review of
previous Research

In this chapter, it will be presented an introduction to UPS systems. It focuses on
inverter stage and loads’ features/disturbances. International standards will be studied in
order to obtain specific control requirements. Finally a review of inverter voltage control

will be presented.



UPS systems involve different functional blocks, providing robust and flexible power
supply for critical loads. In this way, it is important to understand principal features of
these blocks before dealing with UPS inverter control. These aspects include internal and
external elements which restrict the normal operation of the inverter stage. Below, the
inverter topology used in this work, as well as the different loads, will be described.

UPS Scheme

Despite several UPS topologies reported in literature, Figure 2-1 present a high level
UPS block diagram used in this work. Main aspects of this UPS topology are: i) the load
has two options to be directly powered, ii) DC power for the inverter stage is controlled
on arectifier stage, iii) the load is an external agent for the UPS system, being in principle,

an unknown factor for the inverter controller.

Alternative
Electrical
Network
Static
" > Load
Electrical ope Switch
<—»| Rectifier [« > Inverter >
Network 2
!
Battery
UPS

Figure 2-1. High level UPS block diagram.

As mentioned in chapter 1, the main purpose of this study is to achieve a high power
quality on inverter stage, thus a three-phase inverter circuit topology is shown in Figure

2-2. Principal aspects of this circuit topology are found to be:

e DC voltage. From the inverter stage point of view, DC power can be
considered perfectly controlled by the rectifier stage. In this way, it could be

represented as a battery bank.

e DCJ/AC converter. This block describes a three-phase two level converter that

will be triggered with a SPWM scheme.

e LC output filter. This second order low-pass filter is added to eliminate high

switching frequency from the DC/AC converter.

e Output transformer. This block has several functions: i) offers a galvanic

isolation for the load, ii) increases synthesized voltage from the DC/AC
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converter to load voltage rating, iii) its leak impedance is used as part of the
output filter, iv) provides a neutral point to connect single phase loads. In
addition, the transformer topology can be used to reduce load imbalance
effects, e.g. zig-zag topologies help to equilibrate the current demanded by
an unbalanced load.

e Static switch. This component allows fast electrical switching between the
alternative source and the voltage synthesized by the inverter.

Alternative
Electrical i
Network —
R} L i Load
—— 3¢, 2¢, or 1¢
] Y1E s i
— — % :
— Vac L v —
“\/\_rrﬂ'\_ i -
. C I+
i — —I_y

Figure 2-2.Inverter circuit topology.
2.1. UPS Loads

As mentioned before, the load is an unknown factor for the UPS inverter stage.
Nevertheless, there are limited types of options and its principal characteristics and
disturbances on the voltage waveform can be studied. The UPS load options are
summarized in two main categories (linear and nonlinear loads). Figure 2-3 shows
different connection options for linear-loads, where Z,, represents load impedance. This

could be: pure-resistive, or inductive/capacitive in series or parallel connection.

1]
1

Z1 | |22 “1
Z1 | |22 | |23

7 | =
23 —i- =

a) b) 2 @
......... optional

Figure 2-3.Test linear loads, a)Three-phase (start connection), b) Three-phase delta
connection, ¢) Two-phase, d) Single-phase.

i
RS .




2.1.1. Load Connection disturbances

The connection and disconnection of loads represent a great disturbance for voltage
waveform magnitude. Figure 2-4 presents the effects of a three-phase linear load when
connected to a non-controlled three-phase inverter. This disturbance occur regardless of
the three-phase connection (see Figure 2-3a or b).

Voltage sag shown in Figure 2-4 will be mathematically explained later on chapters
3 and 4.

1,50 Connection

-1.00

-1.50 -

Figure 2-4. Voltage sag due to connection of a three-phase linear load.
2.1.2. Unbalanced Load Disturbances

An unbalanced load produces some imbalance on voltage output and at the same time
introduce some harmonic pollution. Figure 2-5 shows these drawbacks produced by a
two-phase linear load. It could be noted in Figure 2-5b that the 3rd harmonic is the biggest
pollution introduced by this kind of load. These effects also appear when single-phase

loads are connected into a non-controlled three-phase inverter.

10.0
0.00 +— " —
0.50 [1]2|3|4|5|6|7|&8]9]10]11

a) b)
Figure 2-5. Distortion due to connection of a two-phase linear load, a) voltage
waveform, b) harmonic spectrum.




2.1.1. Nonlinear loads disturbances

Nonlinear loads are shown in Figure 2-6, where nonlinear inductive and capacitive
loads are presented in their three-phase form. Nonlinear behavior is represented by a

diode rectifier block, but could be an SCR or TRIAC as well. In these cases normally an

inductance is added in series to minimize input di/dt'

A Nonlinear load represents a large harmonic pollution for UPS inverter. This highly
distorted current significantly affects the output-voltage waveform. In addition, the
capacitive nonlinear load produces a large current peak at connection when the capacitor
is discharged. Pre-charge schemes are usually implemented to avoid that as shown in
Figure 2-6¢, allowing the capacitor to be charged through a limited current. Effects of a

three-phase nonlinear load (Figure 2-6b) are presented in Figure 2-7.

Rioaa L Lin RChTQ
in
- — —nPnn
= — - —
Lload C Rload ¢
— — —n
a) b) c)

Figure 2-6.Non-linear loads, a) Inductive type, b) Capacitive type, c) Capacitive pre-
charge circuit.

Note: Nonlinear loads presented in Figure 2-6 can be applied to single and two-

phase schemes as well.
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Figure 2-7. Distortion due to connection off a capacitive three-phase nonlinear load, a)
voltage waveform, b) harmonic spectrum.



2.2. Output-Voltage Constraints in UPS inverters

UPS systems are widely studied equipments and their principal behaviors are defined
by some international standards such as IEEE and IEC. Limits or constraints established
by these standards will be highlighted in this chapter as control requirements. This section
presents a summary of the principal features on IEEE519-1992 and IEC62040-3
standards, focusing on inverter behavior characteristics. In addition, there will be

considered some specifications required by industrial manufactures and clients as well.

Note: the aim of this section is not to create a technical standard guide or
explanation. Following descriptions are principal dynamic aspects covered by these
international standards, and it will considered in this work as UPS inverter voltage

control requirements.

2.2.1. Transient Dynamics

Transients” dynamics on inverters voltage control for UPS systems are specified in
detail by IEC62040-3 standard. Figure 2-8 shows the over and under-voltage transients
limit allowed in the output voltage of an UPS inverter, when a connection or
disconnection of a rate power load occur [2], i.e., the control topology must stabilize in
less than 100ms with up to 30% overshoot.
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Figure 2-8. Transient dynamic restrictions.
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2.2.2. Frequency Behavior

Frequency behavior of inverter output voltage is specified in both IEEE519 and
IEC62040-3 standards. These constraints are especially important when a nonlinear load
Is connected to UPS inverter. In the following section, the main requirements for the

voltage controller performance are described.

Total Harmonic Distortion

Table 2-1 presents the THD allowed on the international standards and some

technical Norms. These THD limits are expected in steady-state conditions.

Table 2-1. THD limits.

IEC 62040 — 3 8%
IEEE 519 5%
N-2760 3% (linear)
5% (non-Linear)

Note: N-2760 is a technical norm who defines the UPS specifications’ demanded by

the Brazilian multinational energy corporation PETROBRAS.

Individual Harmonic behavior

The maximum value for each harmonic is also specified by IEEE519 and IEC62040-
3 standards. Figure 2-9 resumes the first 21st harmonic magnitude constraints. These

harmonic values represent percent RMS value of fundamental-frequency component.

6ﬁ R
— [ IEC62040-32011
g 5 — e e IEEE 519-1992
£ ar
[ R
2 3
2
S 21
°
0 W S S S e e Y s
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Harmonic Number
Figure 2-9. Harmonic limits.
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2.2.3. Synchronization

Transfer static-switch shown in Figure 2-2 demands synchronization between
alternative electrical network and voltage synthesized by UPS inverter. This in order to

ensure fast load power transfer.

Frequency variations are expected in some industrial applications. Especially, where
weak electrical networks are formed by variant electrical sources such as, wind and solar
powered plants. In addition, connection and disconnection of parallel backup system can
produce large frequency variations. Table 2-2 presents some synchronization constraints,
based in some manufacture specifications to attend critical frequency variations, i.e. the
inverter output-voltage should be synchronized with alternative electrical network as long

as the frequency value falls within the specification shown in Table 2-2.

Table 2-2. Synchronization requirements.

2% frequency rate (IEC62040-3)

Frequency span
5% frequency rate (N-2760)

Frequency slew-rate 1Hz/s (N-2760)

Note: frequency slew rate shown in Table 2-2 represents the maximum allowed
variation rate in frequency value, i.e. maximum dw/dt in whish the inverter should

synchronize with the alternative electrical network.

2.2.4. Computational Effort

Computational effort is not an important factor from the international standards point
of view. Nevertheless, as can be seen in Figure 2-1 UPS system involves different
functional block, which implies several control loops (rectifier control, battery charge,
inverter and rectifier synchronization, etc...). In addition there are others features offered
by UPS equipment such as: measurement, protections, Human-Machine Interface,
communication modules, among others. Thus encourage to consider computational effort
as an important constraint for each functional block, in order to achieve a suitable DSP
implementation, i.e., low computational effort will be considered as a fundamental feature

for inverter control strategies evaluation.
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2.3. UPS Inverter Voltage Control review

This section’s aim is to present a brief introduction of some control schemes used in
output voltage control for UPS inverters. To facilitate presentation, they were classified

under 5 principal categories, as follows:

2.3.1. Classic Control Schemes

Classic Control Schemes are based on output-feedback control theory. This kind of
controllers has been used since early XX century. Normally used for linear time-Invariant
Systems (LTI). Nevertheless, through the need to control sinusoidal signals, it has been
evolved with some theoretical analysis which allows accomplish for these kind of

applications.

RMS Control

RMS schemes for UPS inverter control achieve tracking reference magnitude.
Nevertheless, this kind of controller presents a noticeably slow response under load step
changes (several cycles of the output waveform). In addition, nonlinear loads could
greatly distort their output voltage waveform.

RMS scheme are normally applied to fundamental-frequency control in UPS
inverter. While another strategy is used on with harmonic distortion and imbalance, e.g.
in [3] RMS topology was proposed for fundamental-frequency control. At the same time
a selective FFT algorithm was implemented for harmonic compensation. Thus achieving
a THD=2.24%. In [4] a fundamental RMS control is combined with a multi-loop state-
space based model control. In this case the UPS inverter under nonlinear load got a
THD=3.8%.

Instantaneous Multi-Loop Stationary Control

Using additional voltage feed-forward loops and high gain values it is possible to
handle sinusoidal waveforms in LTI controllers. This results in controlled system with
almost zero steady-state error. In addition, involving current feedback loop it is possible
to decrease significantly inverter-output impedance. Thus achieving good performance,

especially on nonlinear loads.
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Studying the physical system of UPS inverter shown in Figure 2-2, it was noted that
the mathematical model of the LC filter was directly analogous to a DC motor model.
Therefore it is possible to implement well known control techniques for this kind of
system. This principle is show in [5], where several state-space model-based controllers
for UPS inverters are deeply analyzed.

More recently, P+Resonant controller was implemented to an UPS inverter control
in [6]. This kind of controller ensures elimination of steady-state error by inclusion of a
P+Resonant on the fundamental-frequency. Transient responses were improved by
adding a PID controller with capacitor-current feedback, thus achieving a THD = 1.49%

under nonlinear load and an excellent transients response.

Note: LTI controllers can handle near to zero steady-state error for sinusoidal signal
by using high gain values, but this gets the controlled system near to instability [5].

Instantaneous Multi-Loop Synchronous Control

Synchronous reference frame controllers ensures zero steady-state error for
sinusoidal waveforms. At the same time it is possible to use multiples SRF on specific
harmonic frequency. This concept was implemented in [7], reducing significantly voltage

THD and ensuring zero steady-state error.

2.3.2. Predictive Control

This kind of control topology has many classes of controllers that have been found
in many power electronics applications [3]. Those controllers use system models to
predict the future behavior of controlled variables. Allowing to obtain optimal actuation
according to a predefined optimization criterion [8]. Usually they provide a very fast

dynamic response and constraints as well nonlinearities can be easily included.

Deadbeat Controllers (DB)

DB controllers are able to reduce state variables error to zero in a finite number of
sampling steps. Usually giving the fastest dynamic response for digital implementation
[3]. Nevertheless, despite fairly good dynamic response of DB controllers, their steady-
state performance is largely dependent on the accuracy of system modelling. Which will

negatively impact their performance under parameter variations.
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A deadbeat control application on UPS inverter is presented in [9], using disturbance
observer in order to reduce model mismatches. This control strategy presents a

THD=4.1% under nonlinear capacitive load.

In [10] a DB was combined with a repetitive controller achieving a better
performance on steady-state, a THD=1.44% was obtained in this case. (Repetitive-control

concept it will be explained later in this chapter).

Model Predictive-Based Control

Model Predictive Control (MPC), uses a model of the system to predict specific
variable states on a limited horizon of time, then a cost function is used as criterion to
select the optimal future actions [8] [11]. This kind of controller allows include
constraints and nonlinearities in the design stage of the controller. On the other hand, this
topology involves several computational costs and presents a variable switching

frequency scheme.

In case of voltage control for UPS inverters, there are some proposals using this type
of controllers. In [12] a model reference controller (MCR) was used to obtain the desire
plant dynamic, whereas a repetitive control minimize periodic distortions. This approach

achieved a THD=2.01% under nonlinear load.

In [13] a synchronous reference dq frame internal-model-based controller was
proposed. A predictive PD compensator was also included, getting an excellent
performance with THD =1%.

2.3.3. Learning and Adaptative Control Schemes

The principle of Learning control schemes are based on the fact that almost all AC
loads exhibits cyclic behavior. Thus allowing conceive a control strategy which updates
its action using last cycle information. This improve steady-state behavior of the system,
but their dynamic performance is weak [6]. Therefore, they are normally accompanied by

a controller with faster dynamic response [3].

Repetitive Control

Repetitive control theory provides an alternative to minimize periodic errors that
occur in a dynamic system. The repetitive action improves steady-state response of
control system when reference signal and disturbances are periodic [14]. Several
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approach of this kind of control has been proposed for voltage control in UPS inverters.
There are normally in hybrid control schemes, some implementations examples of this

technique are found to be:
e Discrete-time plug-in repetitive control plus servo controller [15].
e Deadbeat, plus repetitive control [10].
e One-sample-ahead predictive controller plus repetitive integral action [14].
e Tracking controller plus repetitive controller [16].

e Self-tuning repetitive controller with adaptative parameter tuner [17].

Iterative Learning Control

Iterative learning control (ILC) is a set of methods that iteratively adjust the control
command as the control task is repeated, with the aim of converging to zero tracking
error. These schemes accomplish this task without full knowledge of the system [3]. In
[18] two proposals (direct and hybrid) Iterative Learning control were implemented on a
UPS inverter. Obtaining a THD = 1.65% under nonlinear load.

Neural Networks Controllers

Neural Network (NN) is an interconnection of a number of artificial neurons that
simulates a biological brain system. It has the ability to approximate an arbitrary function
mapping and can achieve a higher degree of fault tolerance [19]. In addition, it is possible
to performed training stage by simulations, thus reduce the computational effort on the
implementation stage. A voltage control applied to single-phase UPS inverter was

proposed in [19]. Getting a THD = 2.4% under nonlinear loads.

B-Spline Network

Unlike the feed-forward NNs, there is no nonlinear function in the proposed B-spline
network, which reduces the stress of computation. Inverter voltage control based on B-
spline network was proposed in [20]. In addition a PD controller was added to improve
transients response and harmonic rejection, getting a THD=1.47% under nonlinear loads.
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Neuro fuzzy

In [20] an integration of the Artificial Neural Network (ANN) and Fuzzy-Logic (FL)
is proposed to output voltage control in a three-phase UPS inverter. This neuro-fuzzy
inference system (ANFIS) can function to provide more accurate solutions under different
operating conditions and nonlinear loads. Simulation result presented in [20] gets a
THD=1%. Nevertheless, experimental results presents in this paper did not reported THD

value.

2.3.4. Nonlinear Control Schemes

Hysteresis Control

Several hysteresis-type controllers have been presented for UPS inverter control.
Although these controllers present great transients response, it can suffer from relatively

high and variable switching frequencies.

Sliding Mode Control

This method alters the dynamics of a nonlinear system by application of a
discontinuous control signal, i.e. forcing the system to "slide™ along a cross-section of
system's normal behavior. Using this scheme a three-phase inverter voltage control is
proposed in [21], where large uncertainty in parameters and external perturbations were
included. Despise robustness features presented by this proposal, dynamic response and

THD behavior wasn’t enough to be considered as high performance.

2.3.5. Optimization Method

H_,, Method

Hoo method finds the controller who solves a mathematical optimization problem.
Hoo techniques have the advantage over classical control techniques in that they are
readily applicable to problems involving multivariate systems with cross-coupling
between channels. That’s why it could be considered as a suitable option to perform a

voltage control for UPS inverters.

In [22] a Hoo method was used on a system based on resonant controllers to ensure
tracking of sinusoidal reference signals and to reject harmonic disturbances from the load.

Some restrictions were added to the control strategy such as: i) limited precision and
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dynamic range of data representation in the DSP; ii) delay from the digital implementation
of the control law; iii) limitation on the amplitude of the control signal. Thus achieved a

THD = 0.98% and an excellent transients responses as well.
Note: Hoo method is known to provide optimal performances but frequently at the

high cost of prohibitively large control gains [22].

2.4. Partial Conclusions

e Load effects, IEEE519 and IEC62040-3 standards were analyzed in order to

obtain control requirements for UPS inverters.

e Was presented a brief review of voltage control schemes applied to UPS

inverters. Thus allow to identify:

o Hybrid control strategies are strongly suggested in order to achieve high
performance in both transient response and frequency behavior, i.e. uses more

than one control theory to attend the control requirements.

o Current feedback loops involving output filter are used in several control

proposal in order to decrease inverter output impedance.

o Several mathematical approaches proposed by authors uses load current as a

system disturbance, in order to evaluate the control effectiveness.

o Digital controllers, mathematical model base methods and predictive control
presented good performances. Nevertheless they exhibit strong relation with

system physical parameters.
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Chapter 3 - Synchronous Double Frame
Voltage Control with Selective Harmonic
Compensation

In this chapter it will be presented a control strategy to solve each of the drawbacks
introduced to voltage waveform due to disturbance of current load. Its main features are:
Dual control loop in fundamental frequency based on synchronous Pl controllers,
resonant harmonic compensators and a feedback loop of the capacitor current of the
output filter. The mathematical model, theoretical analysis, simulation and experimental
results of the control strategy will be presented. Obainted results confirm the feasibility
of implementing the proposed control strategy. Detailed development of mathematical

expressions presented in this chapter are shown on appendix B.
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3.1. Control Topology Overview

The proposed control topology presented in this chapter was designed analyzing
problems due to different loads in the waveform on output voltage of the inverter. The
control topology is based on different widely-studied techniques and theories, applied to
solve each problem (voltage drop, imbalance and harmonic pollution), in order to achieve
high performance expectations presented on Chapter 2. Figure 3-1 shows a general

diagram of the topology proposed in this chapter.
Proposed control strategy main aspects:

e Positive and Negative- voltage control “P&N Control”. Which regulates the

fundamental-frequency component.

e Resonant harmonic compensation “Series and Parallel HC”. Used to

minimize the harmonic pollution.

e Capacitor-current feedback. Which minimize the inverter output impedance.

Synchronous Voltage Control

Alternative
Electrical
Network W/aﬂ i, v,
v Vo
P&N Series Three-Phase Load
Synchronization »| Control HC | pwm Inverter 03
Circuit 2] abc

T

Parallel
HC

Figure 3-1. General block diagram of the proposed synchronous control topology.

3.1.1. Fundamental-Frequency Voltage Control in

Synchronous Reference Frame

The main goal of P&N control block in Figure 3-1 is ensuring a constant magnitude
on voltage vectors V,, V, and V. , against perturbances caused when connecting or
disconnecting any load. For unbalanced two-phase or single-phase loads, this block must

also ensure reduction or elimination of fundamental negative-sequence component.

20



P&N Synchronous voltage control

The idea of using a double control loop (positive and negative-sequence) has been
proposed and widely discussed on issues such as: synchronization of converters on
unbalanced networks [23] [24] [25], current control in grid connected converters [26] [27]
[28], voltage control in AC power supplies [7], among others. Analyzing the
characteristics of these proposals it can be conclude that: i) Positive-sequence control can
ensure zero error in magnitude of voltage vectors. And ii) providing a zero reference in
negative-sequence controller would be possible to eliminate consequences of unbalanced

loads.

The outline of a PI controller on a synchronous reference axis (SRF) is adopted in

this chapter in order to ensure zero steady-state error for fundamental frequency.

As expressed in Chapter 2, UPS inverter must operate under variable system
frequency. Thereby the information of frequency and phase will be provided to the park’s
transformation blocks as an input coming from a synchronization circuit (PLL.). Thus
allowing the controller adapts to frequency variations. Figure 3-2 presents a detailed
diagram of the proposed dual voltage control loop for the fundamental frequency.

P&N Control

refay
d—
vO
af+ i u
> e_]g _‘1,5’1+
|
q
v refq+
e8| sequence * (" Uap,
Separator refy_ R
d —
0,w > el m
— anﬁ_ afi-
q
refy_

Figure 3-2. Detailed block diagram of proposed fundamental-frequency controller.
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As reported in [23] there is a strong relation between control efforts on each of the

control loops (Positive and Negative-sequences). There are two option to avoid that:

e Understanding the cross-coupling and integrating decoupling loops between
sequences [23] [26].

e Use a scheme based on an electrical sequence separation [29] [30] [25].

The modular approach presented in the second option, can facilitate theoretical
analysis and mathematical model calculations. For that reason that alternative will be

adopted in this work.

Sequence Separator

At early 30’s Lyon extended the use of the Fortescue’s symmetrical components to
time-domain [31]. More recently, P. Rodriguez used this method to realize a positive-
sequence calculator as an essential part of a new high-performance PLL [32]. The

positive-sequence component can be determined in terms of alpha-beta variables as
Va+ _1 1 —q1 [Va
Up+ T2 q 1 Vgl (31)

where: o
q=e J7 = —j

In a similar way, the negative-sequence component is found to be

=20 6
Vp-1 2l—q 1][YVs] °

There are different technigques to implement the "™ operator used in (3.1) and (3.2).
As mentioned in the chapter 2, an UPS inverter must operate under variable system
frequency. This requirement restricts the number of possible solutions implementing the

q” operator. A simple solution is using two second-order generalized integrators for

quadrature-signals generation, generally known as DSOGI-QSG [32].

Above concepts of symmetrical components in time-domain and DSOGI-QSG are
combined to create a sequence separator as shown in Figure 3-3. The control block
identified as SOGI-QSG is detailed in Figure 3-4.
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Figure 3-3. Block diagram of sequences separator based on DSOGI-QSG.
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Figure 3-4. SOGI-QSG Block diagram.

Transfer functions of DSOGI-QSG presented in [32] are found to be

!
v K
W - __ 2 and

V)  SPtkwstw? a (3.3)
qv(s __ ke? (3.4)
v(s) s2+kws+w? ’

where, w is resonance frequency and k is the damping factor. A value of k = V2 is

suggested in [32] to achieve a critical-damped response.

Synchronization Circuit

As presented in chapter 2, estimation of frequency and phase its necessary due to the
possibility of having an inverter output voltage synchronized with an alternative network.
A common way suggested by authors is using a Phase Locked Loop (PLL). A
comprehensive study and comparison of several types of PLL’s is presented in [33]. This
study shows that a simple SRF-PLL meets the requirements presented in Chapter 2.

Figure 3-5 presents a general block diagram of this PLL.
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A dynamic analysis of this PLL based on the instantaneous power theory is presented
in [34]. Internal PLL parameters can be calculated based on dynamic characteristics

desired for "wt". Mathematical relationship presented in [34] is found to be
K; = w? and (3.5)
K, = P (36)

where K, and K; are the proportional and integral parameters of internal P1 controller

respectively, while w,, and ¢ are the frequency pass-band and damping factor of desired

dynamic response of PLL respectively.

SRF — PLL
A 4
dpP—>
v abc > o—jé
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_ ki |+ 1 9
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+ S + S
* w
Uq (l)ff e

Figure 3-5.PLL block diagram.

3.1.1. Current feedback loop

As shown in the Figure 3-1, a capacitor current feedback loop was included into the
proposed control strategy. This current information can reduce significantly the output
impedance of the UPS inverter [5]. Improving in this way the voltage-control
performance, especially to nonlinear loads. A comparison between this two current loops
is performed in [6] showing that capacitor information has more advantages compared to
inductor information current. Effects of this feedback on the proposed control strategy

will be detailed on chapter 4.

3.1.2. Voltage Harmonic Compensation

Unbalance, non-linear loads and three-phase inverter topology itself produce some
harmonics pollution. Considering this and to meet international standards, the proposed

strategy control includes a scheme of harmonic compensators.

24



Many authors recommend using resonant harmonic compensators in parallel with
fundamental-frequency controller as an efficient method for selective compensation of
each harmonic [35] [36] [37] [38] [39]. Another advantage in this type of harmonics
compensator is that it doesn’t significantly affects the dynamics of fundamental-
frequency controller [40]. These behaviors are not only flexible and modular, but

facilitate theoretical analysis to calculate controller parameters.

Resonant Harmonic compensator (HC) is a topology based on cosine model of
Laplace transformation. When used in a closed control loop adds to system an infinite
gain at a specified resonance frequency, ensuring zero steady-state error, i.e. if there is
any harmonic component of same frequency than HC internal frequency, the control-

effort increases its response as necessary to eliminate it.

Transfer function of resonant HC is found to be

__ KpS
HC = 25 @)

S2+w?
Where, K; and w;, represent the gain and resonance frequency respectively. As
described in [41], is possible to represent this expression as two first order equations.

Figure 3-6 shows HC implementation diagram.

backward

Figure 3-6. Resonant HC block diagram.

Series Harmonic Compensation

As presented in chapter 2 unbalanced load introduces 3" harmonic. However, trough
research it was experimentally demonstrated that conventional parallel HC configuration
doesn’t effectively reduces 3 harmonic. On the other hand, when placed in series whit
fundamental frequency controller it could successfully compensate this harmonic. Figure
3-1 shows this proposed 3" harmonic compensator as “series HC” block. Figure 3-7

shows in detail the internal topology of this block.
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Series HC
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Figure 3-7. Proposed series harmonic-compensator block diagram.

Note: U,,. signal, represents the control effort of the fundamental-frequency

controller.

Parallel Harmonic Compensator

Nonlinear load introduces into the voltage waveform some harmonic content. As
presented in chapter 2 the most representative distortion is given by 5" and 7" harmonics.
Usually, parallel harmonic compensation schemes achieve the reduction of this harmonic
pollution. Nevertheless when capacitor current feedback is used in control topology (see
Figure 3-1), this kind of HC becomes instable in closed loop. This fact was experimentally

observed through this work.

The proposed solution adopted in this work was the implementation of parallel HC
scheme but using just the negative sequence information from output voltage. In order to
improve the signal-noise ratio of the 5" harmonic. At the same time it was a natural choice

due to 5™ harmonic normally has negative component nature.

It will be shown later in this chapter that just 5" harmonic compensation is enough
to keep THD value within the international standards. That’s why 7" harmonic will not
be compensated in order to reduce the computational cost of the proposed control

strategy.
3.1.3. Double Synchronous Voltage Control with
Selective Harmonic Compensator and

Capacitor Current Feedback Topology

Using information presented above, Figure 3-8 shows a detailed diagram of the

proposed voltage-control strategy for UPS inverter.
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Figure 3-8. Proposed synchronous control topology detailed block diagram.
3.2. Theoretical Analysis and Mathematical Modeling

Representing the dynamics of all plant’s component can be an arduous task and the
results can lead to very complex models. Hence, reduced models based on approximations
are encouraged to obtain mathematical expressions that are suitable for performing
theoretical analysis. UPS inverter has several components and dynamics that can be
expressed in an approximate way and some others that can be ignored at all. Detailed
descriptions of approaches taken in this chapter are presented below.

3.2.1. Analytical Approaches

It’s necessary to identify the main components of UPS inverter that significantly
affect output-voltage dynamic. Which is the control objective or “variable of interest”.
Following, are analytical approaches and theoretical assumptions, taken into account to

build an equivalent circuit, as shown in Figure 3-9 and a mathematical model in (3.13):

e Output transformer will be described using the equivalent simplified
electrical model, i.e. magnetization circuit, hysteresis and saturation of the

core will be ignored.

e Inductance leak and resistance of transformer will be grouped on the
secondary side using equivalent windings ratio [13].
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Inductance leak of transformer will be considered as output filter inductor.
Transformer windings ratio will be included as gain in transfer function.

DC/AC converter will be modeled only as a fundamental-frequency source

with variable magnitude, i.e. nonlinear and dead-time effects will be omitted
[5]-
DC voltage Dynamics of inverter will not be included in model.

Resistance, capacitance and inductance magnitudes of output filter will be

considered as constants.

 Will be considered constant, i.e. frequency variation (Aw) is small enough

compared with its nominal value.
The resistance of the output filter capacitor will be ignored.
Load current will be modeled as a system perturbation [5] [6] [42] [27].

First-order derivatives of couplings terms in (3.8), (3.9), (3.10) and (3.11) will

be ignored as shown in Figure 3-8.

[ [
RL L _l) _O)
+ + ilc I
Vi v, / Load
— | C |

Figure 3-9. Per phase equivalent UPS inverter circuit.

Figure 3-9 shows an equivalent electrical representation for each phase of the

inverter, where:

“v;” is the synthesized fundamental-frequency magnitude in each phase of
the inverter.

“R,” and “L” represents the resistance and inductance value of output filter,
respectively.

“C” is the output-filter capacitance value.

“i.”, “ic” and “i,” represents instantaneous currents flowing in each phase
through inductor, capacitor and load, respectively.

“v,” represents instantaneous output voltage in each phase of the inverter.
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3.2.2. Mathematical Modeling

Temporal representation of UPS inverter dynamics in synchronous reference plane,
for both positive and negative sequence can be achieved by a voltage and current analysis

on circuit shown in Figure 3-9. These dynamic representations are given by

d*vyq dveqg diog
Vigs = LC# + RLC% + (1= w’LC)voq, + L ;’; +

Riioa, = 20LC 2% — wR,Cupq, — wlipg, . (3.8)

Vigs = LC =22 @’ ”"‘“ + RLC”“""’+ +(1-

s (3.9)

Rpipg+ + ZwLC%+ + WR,CVyqy + WLiyg,
Vi = LCEYot= 4 R C ol 4 (1 — wLC)voq_ + L7+
Ryigs + 2wLC"“;% + WR,CVyq_ + ®Liyg (3.10)
Vi = LCE o0 4 RCE 4 (1 - 0PLC)vpg_ + LT 4

s (3.11)
Rpioq —2wLC =—wR;Cv,q — wLi,g

Where:

e “V;,” and “Vl-q” represents voltage synthesized by the converter in “d” and

“Q” components respectively.

e “Voq” and “V,,” represents voltage in the output filter in “d” and “q”

component respectively.
e “w” is the reference-axes angular frequency.

e The symbols "X,.™ and "X_" represents positive and negative-sequence

components respectively.
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Highlighted part in (3.8), (3.9), (3.10) and (3.11) indicates the existence of cross-
couplings terms between reference axes “d” and “q”. This can be ignored during the
mathematical modeling due to decoupling inner loops in control topology as shown in
Figure 3-8. Thus a single transfer function is enough to describe the behavior of output

voltage.

Without coupling terms, voltage dynamic information is the same as shown in (3.8),
(3.9), (3.10) and (3.11). Using the Laplace transform in above temporal expression is

found to be

Vin = LCS?V,,, + R,.CSV,,, + (1 — w?LC)V,, , (3.12)
wheren={d, q, d_ q_}.

The objective of mathematical modeling is to obtain dynamics of the system

(transformer + output filter + capacitor current feedback). Henceforth, known as “plant.”

Plant
i ’
P 0
u + ower LS Output ~ Ol_Jtput >| Load
Converter Transformer Filter

Figure 3-10. Proposed mathematical block diagram.

It is possible to understand the main characteristics and calculate the appropriate
control parameters by knowing dynamic behavior of the plant. Transforming the natural
dynamics of the plant, into a dynamic that satisfies all the requirements imposed by
international standards. All of this within the allowed margins of control-effort and

ensuring system stability.

The transfer function of the highlighted area of Figure 3-10 is giving:

G(s) = Gy, (s) — G, (s) , (3.13)
where,
Vo _ Kiny
Gy, () =7 = LCS2+(RL+K,)CS+(1-w2LC) (3.14)
_ & — LS+R;, 3.15
Gr, (5) o LCS?+(RL+Ko)CS+(1-w?LC) ' 519
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and:

Kiny = KoKtrans (316)

K, = Ve (3.17)

Gy, (s) Represents transfer function of output-voltage in relation to control

efforts.

G, (s) Represents the transfer function of output-voltage in relation to

disturbance caused by load current.
“U” represents control-effort.
“Kirans represents transformer winding ratio.

“Vac,, ~ represents magnitude of DC-voltage link, expressed in per unit value.

“K,” represents gain of DC/AC converter.

“Kin,” represents system output gain (converter + transformer).

3.2.3. Controller calculation

Using information from mathematical model presented above it is possible to

analytically obtain parameters for fundamental-frequency controllers. The aim of this

methodology is to achieve a controlled system, which satisfies specifications of

international standards, and some design criteria as well. Constraints and design criteria

are listed below:

Control-effort value must remain within =1 to avoid over-modulation of the

inverter. (Linear operating range of inverter).
System dynamics should respond in less than 100ms. (IEC standard).

Broad gain-margin (GM> 6dB) [41]. Guarantees control-loop stability
against not considered changes in model gain. One of the most important in
the case of a UPS inverter is the DC-voltage variations. Which have direct

relation to DC-AC converter gain, as shown in (3.17). (System stability).
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e Wide phase margin (PM> 30°) [41]. Guarantees control-loop stability against
additional not considered delays coming from model approaches,

conditioning circuits and sensors. (System stability).
e System dynamics must have none overshoot (Design criteria).

Temporal and frequency behaviors of open-loop model presented in Figure 3-11
doesn’t meet the above requirements. Henceforth a Pl controller block was added into

proposed voltage-control topology.
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Figure 3-11 Plant behavior, a) step response, b) Bode diagram.
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Fundamental-component Controller

Closed-loop system in synchronous reference plain is described by:

H(s) = Hy,(s) —H; (s) , (3.18)
where
HVO (S) - Z_Z - LC52+(RL+KO)I;ZIIE:1(:)2LC+KoGp1(S)) ' (3-19)
HI" () = IZ_{; - Lcsz+(RL+KO)C(SLiEf—LZ)2LC+KOGp,(S)) ' (3.20)
ANd Gpy gy = 22 (3.21)

“K,” and “K;” represents proportional and integral controller gains respectively.

The effect introduced by controller and closed loop are found to be in (3.18). It is
important to note that disturbance dynamic is directly affected by controller action as
shown in (3.20), i.e. Controller action affects the value of inverter-output impedance.

Therefore, the controlled system is less sensitive to load connection [26].

"Robust response time tuning algorithm™ offered by Matlab was the most suitable
option to calculate parameters of fundamental-frequency controller, given specifications
and design criteria outlined at beginning of this section. This method tuning the PI gains
to achieve a good balance between performance and robustness. Temporal behavior of
controlled system is shown in Figure 3-12, while Figure 3-13 shows the frequency
behavior. The controlled-system characteristics are found in Table 3-1. Results exhibit

the capability of a tuned controller to ensure the system into the imposed requirements.
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Figure 3-12. Step response of tuned PI controller under reference change.
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Figure 3-13. Bode diagram of close-loop behavior with tuned PI1 controller.

Closed-loop bode diagram shown in Figure 3-13 is a system approximation around

the angular frequency of synchronous reference. Higher and lower frequencies may vary

from the actual plant behavior. To avoid bringing instability to real system it is important

to give a wide stability range in the theoretical calculations.

Table 3-1. Resume of the close loop behavior of the mathematical model.

Harmonic compensation

K, 0
K; 50.93
Phase Margin  86.8°
Gain Margin ~ 15.7dB
settling time  33.5ms
Over-shoot 0%

Maximum 0.51
control effort

Resonant compensator does not significantly affect the dynamic of the fundamental-

frequency controller [35]. Another important feature is a highly selectivity, so they can

be treated as independent blocks. Compensator gain does not significantly affect other

compensating dynamic. A deeper explanation of these HC blocks will be presented in

Chapter 4.
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This document does not propose calculation of gain values of HC blocks. Instead,
values adjustment can be carried out in both simulation and experiment. An initial value
of 0 is assigned to each HC gains and gradually will be increased. This adjustment is

perform by observing the magnitude of each harmonic in frequency spectrum.

3.3. Simulation Results

Proposed simulation in this paper has as main objective to provide a rapid prototyping
system for control strategies in order to validate theoretical hypotheses. Also, it is possible

to test the discrete form of control topology before code is implemented in DSP.

Transient electromagnetic Simulator PSCAD was the selected tool to perform
theoretical validation. This software offers a fixed step simulation, with properties of
interpolation in power switching transitions. In addition, it offers a dynamic interface that

facilitates analysis and comparison on different waveforms.

In general, there are two ways to perform control algorithms made during theoretical
discussions: The first one is using generic blocks offered in PSCAD and setting a very
fast simulation time, considering it as an approximation of continuous-time control. The
second way is using the ability of PSCAD to communicate with source code in C. This

allows discrete time approximation of proposed control topology.

Figure 3-14 shows electrical circuit of simulated three-phase inverter using a breaker
set to configure different types of loads. Values in this simulation represent a very close
approximation of those used in a real prototype. Table 3-2 summaries parameter values

used in simulation.
Note: Voltage-battery dynamic won’t be considered during simulation stage.

Table 3-2. Simulated parameters.

K, le-5
K; 50.93
K, 150
K, s 300
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Figure 3-14. Three-phase inverter simulated circuit.

36



3.3.1. Continuous Time Domain

As discussed in last section, one part of the simulation stage was dedicated to emulate
a control topology in continuous time. This represents the most appropriated way to
validate theoretical discussions, since there were carried out in continuous domain. The
importance of this simulation is to assess effectiveness of proposed topology without

considering effects of discrete approximations.

It is possible to neglect effects of discretization control blocks performed by
simulator if a fast integration period is set. An integration period 97 times faster than

sampling period was used in this simulation.
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Figure 3-15. Simulated synchronous voltage control using PSCAD functional blocks.

Figure 3-15 shows a block diagram with main modules of simulated controller. In
addition to control blocks and signal conditioning, there are dead-time blocks on trigger
signals. On the other hand, positive/negative sequences, were built using parallel type PI

controllers. Finally, HC blocks were simulated using second order transfer functions.
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The instantaneous behavior of inverter output-voltage is shown in Figure 3-16.

Instead of comparing sinusoidal waves, magnitude of alpha-beta vector was chosen, this

|Tdﬁ’)l = /vaz +vg? . (3.22)

Figure 3-16 shows that controlled system responds without overshoot and stabilizes

magnitude is given by

at a time of approximately 30ms. This shows great similarity to expected settling time
(33.5ms).

110 Reference = \outlVagnitude

1.00 i P -

0.90

0.80 1

0.70 1

voltage [pu]

0.60 1

0.50 1

0.40-
irelsl 01950 ~ 02050 = 02150 = 02250 = 02350 = 02450 = 02550 02650
Figure 3-16. Synchronous voltage control response on reference step (simulation).

Results shown in Figure 3-16 are very close to expected results. However, changing
reference magnitude is not a relevant scenario in voltage control of UPS inverters.
Therefore, primary analysis should be assessing output-voltage behavior on connections
with different kind of load (Figure 3-17, Figure 3-22, Figure 3-23 and Figure 3-24).

Figure 3-17 shows the response of controller to connection and disconnection of
nominal three-phase load. In this scenario the system successfully retrieves the magnitude
of output voltage without overshooting and settling time of 30ms approximately. This is
an expected result as presented in (3.20), dynamics of disturbance is the same as output-

voltage dynamic (3.19).
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Reference = VoutMegnitude
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Figure 3-17. Synchronous voltage control response on connection and disconnection of
a three-phase linear load (simulation), a) Reference and output voltage, b) load currents.
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3.3.2. Discrete Time Domain

The final goal of this controller is to be implemented in a DSP system as mentioned
in chapter 2. Thus, discretization of all control blocks is a necessary task that can be
performed using several types of mathematical approximations. This process can
introduce quantization errors and delays to the system. To avoid those issues, simulation

tools can be used to test discrete codes and algorithms.

Hardware in the Loop (HIL) is usually adopted to perform discrete code evaluation.
However, this option involves a communication protocol between DSP and simulator,
which significantly decreases simulation speed. This work proposes an alternative system

to improve simulation time.
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Hardware in the Loop Alternative Option

“\\JC[{?

Figure 3-18. Double function of proposed program code structure.

Using high-level programing languages such as C and C++ makes it possible to
conceive a structured programming, separating peripherals configuration and control

algorithms. This allows using the same tested code in simulation and real prototype.

The Figure 3-19 shows the flowchart of proposed programming structure.
Highlighted area shows the common code for both simulation and implementation in
DSP. This highlighted area represents 70% of program code. Figure 3-20 shows
simulation blocks used in PSCAD for discrete approximation of proposed controller. In

this case C language and GNU Fortran compiler were used.
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Figure 3-19. Proposed program structure flowchart.
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Figure 3-20. Simulated discrete synchronous voltage control using PSCAD interacting
with C code.

Control Behavior of the Proposed Discrete Approximation

Figure 3-21 presents the instantaneous open-loop behavior of output-voltage

magnitude. Thus it is possible to observe effects of different loads on wave forms.

Reference = VoutMagnitude
1.20
1.00 +
é 0.80
% 0.60
S 0.40 _ s > > —> —>>
(>3 0.20 - Three- Two- Single- Pre-Charge Nonlinear
Phase Phase Phase Nonlinear three-phase
0.00 -
timelsl 0300 ' 0400 = 0500 = 0600 0700 0800 0900 1000 1.100

Figure 3-21. Instantaneous behavior of three-phase inverter in open loop (simulated
output voltage).

Behavior of synchronous controller with different kind of loads is presented in Figure
3-22. Proposed controller retrieves voltage value back to its reference value in unbalanced
loads cases. Nevertheless, plant behavior now seems to describe an underdamped
dynamic. However, a more detailed analysis shows that exhibited oscillations
corresponds to twice electrical-network frequency, which means negative-sequence
component as seen in Figure 3-22d. In addition, oscillation only exists during time it takes

negative-sequence controller to eliminate such disturbance as shown in Figure 3-22a.

Figure 3-22c shows dynamics of positive-sequence component, which behaves

according to theoretical calculation. Figure 3-22d shows dynamic behavior of negative-
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sequence controller, which does not have a similar dynamic compared to the one
established by theoretical calculations. This difference is due to small value of negative-
sequence magnitude. This turns signal to noise ratio as a major disturbance to control
system. However, negative sequence controller is able to reach voltage reference in less
than 100ms with an overshoot lower than 10%, which is within requirements set by IEC
and IEEE standards.
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Figure 3-22. Three-phase inverter instantaneous behavior with synchronous voltage
control (simulation), a) Output voltage, b) Load current, ¢) Positive-sequence output
voltage, d) Negative-sequence output voltage.

The Figure 3-23 shows output-voltage harmonics spectrum using different types of
loads. Nonlinear load represents the worst case scenario for harmonic pollution. However
a proposed synchronous controller regulates harmonics values according to IEC and IEEE

standards as shown in Figure 3-23e.
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Transient behavior of total harmonic distortion (THD), is not mentioned by
international standards. However is possible to observe through simulation the
instantaneous value of THD variable as shown in Figure 3-24, the proposed synchronous

controller achieves regulating value of harmonic distortion in less than 100ms.
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Figure 3-23. Output-voltage harmonic spectrum with synchronous voltage control
(simulation), a) none-Load, b) Three-phase linear load, ¢) Two-phase linear load, d)
single-phase linear load, e) Three-phase none-linear load.
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Figure 3-24. Harmonic compensators transient response, output voltage THD.

Results obtained in simulations denote that theoretical analysis is consistent through
tests. This means discretization of control blocks successfully achieves continuous-time

analysis.
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3.5. Experimental Confirmation

Experimental validation scenario

e 3.6kVA prototype of three-phase inverter.

e Control system was implemented in DSP "Concerto F28M35H52c™ chip

from Texas Instrument.

e Data collection and measurement of electrical variables was performed using

an oscilloscope "Tektronix TPS2024", and a power quality meter "ION7650”.

e DEBUG tools provided by "Code Composer Studio V6.0.1" were used to

capture some internal measurements on DSP.

Main features of prototype are summarized in Table 2-1.

Table 3-3]. Prototype setup.

Power 3.6kVA
Switching frequency 5kHz
Input voltage (DC) 130V
Output Voltage (AC)  220Vzpys
Output frequency 60Hz
K, 0.000001
K; 50.93
K3 10
K, 100

Reference voltage step

Figure 3-25 shows vector magnitude of alpha-beta component (3.20). This value is
calculated online and accumulated as a vector in the DSP. This figure shows that
controlled system behaves according to results specified by design criteria, i.e. no
overshoot and settling time of approximately 30ms. This result validates theoretical

method of controller parameters calculation. In addition it shows strong similarity to

results presented by simulations.
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Figure 3-25. Synchronous voltage control response on reference step.

Connection and Disconnection of Nominal Load

Figure 3-26 shows Inverter Behavior to connection and disconnection on linear and
balanced three-phase load. This experimental results show that proposed fundamental-
frequency control rejects load perturbations within calculated dynamic criteria.
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Figure 3-26. Synchronous voltage control response on connection and disconnection of
a three-phase linear load, a) output voltage magnitude, b) load currents.
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Unbalanced Load

In order to analyze the behavior under unbalanced load a two-phase linear load was
connected on the inverter output. This load represents 66% of the inverter nominal power.
Figure 3-27a presents the instantaneous alpha-beta vector magnitude. It is possible to see
on this figure that none second harmonics are present. It means that the controller
effectively eliminated the negative sequence component.
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a) b)
Figure 3-27. Synchronous voltage control with unbalance linear load, a) output voltage
magnitude, b) load currents.

s

Despise of result shown in Figure 3-27 it is interesting to present how significant is
the contribution of controller to get this results. That’s why Figure 3-28 presents a
comparison of inverter behavior under unbalanced load when controller is turn on and
off. It is important to mention that only P&N control and Series HC blocks where used

in this test. It means that 5 harmonics will be in open loop.

Figure 3-28a shows that unbalanced load affects significantly the inverter voltage
when control is turned off, i.e. voltage amplitude decrease on those phases where load are
connected. Also phase angle is shifted more than 6° of the ideal 120°. On the other hand,

when controller is turned on, an almost perfect balanced voltage appears in Figure 3-28b.

The effects of the proposed series HC tuned for 3" harmonics is presented in Figure
3-28c and Figure 3-28d. where it is possible to see how 3™ harmonic is completely

eliminated when controller is turned on.
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Nonlinear Load

As mentioned in chapter 2. Rectifier with output capacitor is a nonlinear load which

represents the biggest challenge to control system for an UPS inverter. Figure 3-29a

shows the voltage waveform when this type of load is connected. The output voltage THD

in this case is 2.6% which is below than specified by the IEC and IEEE standards.
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Figure 3-29. Synchronous voltage control with none-linear load, a) output voltage, b)
load currents, ¢) voltage harmonic spectrum. d) Voltage and current THD.
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As performed in last section, it is interesting to observe the contribution of the parallel
HC block to reduce 5th harmonic. For this reason Figure 3-30 shows a comparison of
harmonic spectrum when parallel HC block is turned on and off. It is possible to observe
that 5th harmonic is reduced almost 73%. It’s worth mentioning that 7th harmonic
increases when controller is turned on but still accomplish IEC and IEEE restrictions.
That’s why proposed control topology doesn’t include any harmonic compensation tuned

in 7th harmonic.

VY2 Harmonics 04/17/2010 9:27:13

L Wb HARMONICS

THD: 54%
THD Even: 01%
THD Odd: 54%

(B =ty []

a) b)
Figure 3-30. Controller contribution under nonlinear load a) Harmonic spectrum
(controller Off), b) Harmonic spectrum (controller On).

3.6. Partial conclusions

e Calculated parameters for fundamental frequency controller were
successfully established with expected dynamic. A response with a 19.1%

error in settling time was achieved.

e Inverter output voltage remains balanced despite the connection of an

extremely unbalanced load.

e HC in the proposed topology gets the harmonic magnitudes significantly

below from requirements imposed by the IEC and IEEE standards.

e Thereis alarge difference in values of harmonic compensating gains between

simulation and experimental results.

e Although voltage derivatives and current terms were ignored in decoupling
loops, results show no significant impact of the inverter behavior (compared

with theoretical analysis).
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e Dynamics of positive sequence voltage behaves according to theoretical

calculation of controller parameters.

e Dynamics of negative sequence voltage does not present a similar dynamic
to theoretical calculated. However, negative sequence controller is able to
reach voltage reference in less than 100ms with an overshoot lower than 10%,

which is within requirements set by IEC and IEEE standards.

Contributions to this chapter were published and presented at the international

conference [1].
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Chapter 4 - Stationary Voltage Control
with P+ Resonant Controller and
Selective Harmonic Compensation

In this chapter a control strategy that can offer a dynamic behavior similar to strategy
on Chapter 3 will be presented. However, said strategy is proposed by replacing the
synchronous PI by Stationary P+Resonant controllers thus, giving an extra advantage by
working all control blocks in the same reference axis. This allows the mathematical

modeling of the plant and a detailed analysis of the closed-loop behavior of the system.

The experimental and simulation results demonstrate the effectiveness of the
proposed strategy. Detailed development of the mathematical expressions presented in

this chapter are shown on appendix C.
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4.1. Control Topology Overview

The control strategy proposed in this chapter as in previous chapters, is based on
solving each problem presented in the behavior of the output voltage caused by the
connection of different types of loads. As seen in Figure 4-1, the resonant compensators
and the capacitor feedback current was preserved from the proposal presented in Chapter
3. The fundamental frequency control has been redesigned using a Resonant Proportional
controller in alpha-beta stationary axis. Thus achieving zero steady-state error for tracking
sinusoidal reference signal [43] [44] [45] [35]. A detailed analysis of stationary
fundamental-frequency voltage control will be presented below.

Stationary Voltage Control

Alternative

Electrical ube abe

Network /ap i 5

C [
Vait Vo be
U + ¥ Series Three-Phase
. )( [24
Synchronization | SiN(wt), w| P+Resonant HC Inverter Load
Circuit Cos((ut)ﬁ + PW Mg
e o 1,
Parallel Us

HC

Figure 4-1. Proposed stationary control strategy high-level block diagram.
4.1.1. Stationary P+Resonant Voltage Control

The main goal of the fundamental-frequency controller is to ensure constant
amplitude in the output-voltage signal and a reduction or elimination of the negative-
sequence component caused by the connection of unbalanced loads as well. Reference
signals and voltage measurement are sinusoidal waveforms, representing an
instantaneous time varying magnitude. Classical control systems (LTI) do not have an
adequate response for these kind of signals and do not allow zero steady-state error [40].
In addition, when they are forced to track sinusoidal references, they normally use large
gain values that may lead the system to instability [5] [40].

Problems presented above can be solved using control systems in synchronized
reference axes as shown in Chapter 3. However, as presented in [44] [46] [43] [47] [48]
[45] [35] [40] [37], it is possible to conceive a system with infinite gain in a specific

frequency using sine or cosine model of Laplace transform, as seen in (4.1) and (4.2)
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respectively, i.e. it is possible to emulate the behavior that provides an integrator in a
constant signal, with sinusoidal type entries, thus ensuring zero steady-state error for an
input signal whose frequency is equal to the resonance frequency of the controller.
Henceforth the resonant proportional controller will be called as P+Resonant. The

Laplace form is found to be

w
Fsy = (4.1)
and
—_5 4.2
Fe = s2+w? (42)

Cosine form (4.2) is preferred since absence of zero at S = 0 in (4.1) causes a
relatively slow response [44], further enhances system stability [39]. The transfer

function of the P+Resonant controller is found to be

k,S
C(S) =K, + 2 , (4.3

§24+w?

Where:
e w is the resonant frequency.
e k, and k, are the proportional and integral gains.

There is a relation between synchronous PI controller shown in Chapter 3 and
P+Resonant controller [47] [48]. Transfer function of P+Resonant controller including

this relationship is given by

2k;S

52+ w?

P+Resonant controller in alpha-beta stationary axes replaces the two synchronous Pl
controllers, which compensate positive and negative sequences [38]. Furthermore, it is
possible to treat each axis independently, since they don’t have cross-coupling [40].
Given the characteristics described above it is possible to include P+Resonant as the
fundamental frequency controller in voltage control strategy for three-phase UPS
inverter. Figure 4-2 presents a block diagram of scheme used and Figure 4-3 presents the

frequency response.
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Figure 4-2. Proposed fundamental stationary voltage controller detailed block diagram.
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Figure 4-3. P+Resonant controller frequency behavior.

Discrete implementation

The transfer function of P+Resonant controller shown in (4.4) which describes a
second-order system with a dominant frequency w. It can be approximated in discrete
time by several methods such as: zero-order hold, first-order hold, forward Euler,
backward Euler, Tustin, Tustin With prewarping, zero-pole matching and invariant

impulse, among others.

Each of these methods can lead to different effects, such as displacement of poles
and zeros, i.e. the shift in resonance frequency can reduce controller effectiveness to

ensure zero steady-state error.

A detailed analysis of these approximation techniques used in resonant controllers

are performed in [39] .Which points that the most suitable discrete representation of
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P+Resonant controller is achieved when expressing transfer function(4.4), as an iteration
of two first order transfer functions. In addition, it is encouraged to use two different
methods of approximation (forward-Euler and Backward-Euler), as presented in Figure

4-4. Difference equation is given by
{Y(n) =2k Tsun_q) + TsV(n1) + Yn—1) + kplUm) (4.5)

Viny = =0’ TsY(ny + V(n-1)
where:

e T, represents sample period.
e yand u are output and input respectively.
e (m)and (n— 1) represents current and previous sample respectively.

e  represents controller resonance frequency.

fordward

+ .7'C1 X1 +
Uu— >
h

X2 I LX)

backward
Figure 4-4. P+Resonant controller block diagram.

4,1.1. Stationary Voltage Control with Selective
Harmonic Compensator and Capacitor

Current Feedback Topology

Based on information presented above it is possible to construct a control strategy
using the P + Resonant controller in alpha-beta reference axes, and applied to handle
output voltage of a three-phase UPS inverter. The harmonic compensators
(series/parallel) and capacitor feedback current have the same characteristics as described

in Chapter 3. Figure 4-5 presents a detailed block diagram of proposed control topology.
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Figure 4-5. Proposed stationary voltage control topology detailed block diagram.

. Figure 4-5 presents a diagram where in “parallel HC block” was incorporated in a
component sequence separator block in the input of HC. The purpose of this block is to
only use the information of the negative sequence for removal of the 5th harmonic.
Improving the Signal Noise Ratio (SNR), i.e., from the viewpoint of the 5th harmonic,
the positive sequence of fundamental component represents a magnitude hundreds of
times greater than amplitude of interest.

An additional advantage of using resonant controllers within the proposed control
topology is that now, the whole system is in the same reference axis. This facilitates
theoretical analysis, especially interaction between fundamental-frequency controller and
HC blocks.

Below a detailed analysis of open and closed-loop model of the proposed control

strategy are presented.

4.2. Mathematical Modeling and Theoretical Analysis

As mentioned in previous chapter, the main idea of this section is to perform a
mathematical description of the output voltage behavior. To perform this analysis an
approach described in Section 3.2.1 will be used. It is possible to obtain the mathematical
model of the system relative to the stationary alpha-beta axes using the per-phase
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equivalent circuit shown in Figure 3-9. In addition a detailed study of the closed loop

system can be achieved.

4.2.1. Mathematical Modeling

It is possible to find temporal representation of UPS inverter dynamics in stationary
reference plane. This can be done performing a voltage and current analysis in per-phase

equivalent circuit, and then using Clarke transformations. The expression is found to be

d?von
dt?

dvon
dt

dign .
4 Ryion (4.6)

Vip = LC + R, C + Vo, + L

where n={a, B, a_ p_}

and:
e “v;,” represents synthesized voltage by DC/AC converter (system input).
o “I7,.” represents output filter voltage. (system output).

e Expressions "x," and "x_" represents positive and negative-sequence

components respectively.

Using Laplace transform in (4.6) is possible to find transfer function of inverter
output voltage as shown in (4.7). Figure 4-6, presents poles and zeros diagram of this
mathematical model. An effect of load current on inverter output voltage in (4.7). Can be
observed. This effect describes voltage sag when there is a current demanded by load.
The open-loop transfer function is found to be

Vo = Gpo(S)Vo — Gip(S)], (4.7)
where
_ Kiny 4.
Guo(s) = (LCS2+RCS+1) (4.8)
and
] _ (R+LS) 4.9
Gio(s) = (LCS2+RCS+1) (4.9)
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Figure 4-6. zeros and poles diagram (stationary model).

Current Capacitor Feedback

Current-capacitor information can be added to the open-loop Transfer function
including current-capacitor feedback into (4.6). This mathematical expression is found to
be

VOOL = GvooL SWo — GiOOL )Mo (4.10)
where
— Kiny 411
GVOOL(S) LCS2+RCS+1+Kn,CS ( )
and
_ B (R+LS) 4.12
Giog, () = LCSZ+RCS+1+KinpCS (412

Figure 4-7 shows pole-zero diagram of inverter model when current capacitor
feedback is taken into account. This graph shows that introduction of current capacitor in
the control loop shifts the poles of the system closer to origin. Moreover, since reference
signal is not a constant signal it is important to know the plant frequency response. This
behavior can be seen in Figure 4-8.
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Figure 4-7. Stationary zeros and poles diagram.
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Figure 4-8. Stationary frequency behavior (open-loop), a) output voltage, b) load current
disturbance.

Figure 4-9b shows the inverter dynamic behavior from an input step change, when
there is no load connected. Figure 4-10c shows the inverter dynamic behavior when a
load is connected into steady-state system. This dynamic behavior shows that the plant
has a positive gain and also that the output voltage presents magnitude decrease when the
load is connected.
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Figure 4-9 and Figure 4-10 shows the qualitative behavior of the plant. Nevertheless
it is possible to express the model of the plant (4.10) in the canonical representation,
which allows to find some quantitative characteristics such as system gain (4.13),
damping ratio (4.14), natural frequency of system (4.15), disturbance gain (4.16) and zero
cutoff frequency introduced by disturbance (4.17). The mathematical expressions are

found to be:
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K, =~K (4.13)

(=—F . (4.14)
2L c
w, = % , (4.15)
K, =R, (4.16)
and
w, =L (4.17)

L
It is important to highlight that the inverter and disturbance gain vary respectively to
their frequencies. However information presented in (4.13) and (4.16) are important
because they allow the identification of the system parameters that are related to said gain
values. But also is important to note that impact of disturbance in open loop is

proportional to the inductor-resistance value.

4.2.2. Controller Parameters

Unlike Chapter 3, this chapter does not propose the calculation of the controller
parameters. Instead, information presented by the authors in [43] who demonstrated a
relationship between the parameters of a synchronous Pl controller and a stationary

P+Resonant controller will be used, i.e. k,, and k; values used in this chapter correspond

to those calculated in section 3.2.3.

4.2.3. Close loop behavior

Fundamental-Frequency Voltage Control

Information presented in Section 4.2.1, allow us to understand dynamic and
frequency behavior of the plant. However it is important to evaluate the impact of closed-
loop system in output voltage behavior. Closed-loop mathematical model of the plant,

including fundamental-frequency controller is found to be

Voer = Groe, (Vo — Gioe, (S)lo (4.18)

where
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Koy (K S?42K,5+K 0% )

G s) =
UOCL( ) CLS4+(Kim]+R)CS3+(1+Kinvkp+CLw2)Sz+(2kiKinv+CKinvwz+CRw2)S+wz+Kl-m]kpm2 (4.19)
and
G (S) . (R+L8) (s*+0?)
LocL CLS* + (K +R) €53+ (14K gk +CL ) 52+ (2Ki Ky + CR 0+ CR0Z) S+ +K ki (4.20)

Figure 4-11 shows root locus of the controlled plant. In this diagram it can be
observed that a pair of complex conjugated poles were introduced by controller. The
effect of the aforementioned poles are shown in Figure 4-12, where a gain value of the

controlled plant at controller resonance-frequency equals 1.
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Figure 4-11. .Stationary control root locus diagram.
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Figure 4-12. Stationary control bode diagram.

Fundamental-frequency voltage control also has an effect on the transfer function of
the disturbance (4.20). This is called by some authors as "system stiffness" [5] [6], i.e. it
Is possible to determine the robustness of inverter voltage control by observing the

dynamic behavior in disturbance transfer function.|

Harmonic Voltage Compensation

Effect of series and parallel harmonics compensation described in section 4.1 are
represented in block diagram of Figure 4-13. Resonant 5th harmonic compensator was
added in parallel to the fundamental-frequency control. A resonant 3rd harmonic
compensator was added in series to controlled plant, as described in section 3.1.2.
However, to facilitate the mathematical analysis, the following simplifications were

considered:
e Only HC action will be considered on "parallel HC" block.

e HC series will be considered in its alpha-beta reference. This assumption
doesn’t affect analysis as demonstrated in Appendix C, dynamic information

between stationary references axes “abc” and “af” is the same.

e Gains of HC will be considered as “1” for theoretical analysis. Its values will

be both adjusted in simulation and prototype experiments.
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Figure 4-13. Fundamental control and harmonic compensation high level bloc diagram.

Using information of Figure 4-13 and the theoretical assumptions presented above

the mathematical model is found to be

Voc, = Goo (V5" = Gio (), (4.21)
where:
Goo(5) = G (4.22)
UMy = Kiny (KpS® + (2K; + kypKy3)S® + (35k,w? + 2k;k 13)s* +
(68k; + 26k, ky3)w?S® + (259k,w? + 50k;k,3)w?S? + (450k; +
25k, Ky3)wtS + (225k,0°)) (4.23)

deny, = LCS® + (kiny + RDCS” + (35CLw? + Kinyky + CKinpkys +1)S° +

35CRw?

(2k; = kys + kpkys +35Ce? + ) KinwS® + (350 + 2Kinykikrs —

Kinpkrskrs + 259CLw* + 35K, ky@? + 26CKip, k3 w?)S* + (259Cw2 +
2
% + 68k; — 10k, + 26kpkr3) Kiny@?S? + (259w* + 225CLw® + (4.24)
259K inpkpw* + 25CK ;i krsw* + 50K kiky30? — Kipykyskysw?)S? +
(225CK @ + 225CRw® + 450K, k;0* — Ky kers w* +
25Kinpkpkrz0*)S + (22508 + 225K;,,k,0®)

__ numy,
GiO (S) - den,o I (425)
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num;, = + + w + w + w + w +
1o = LS7 + RS® + 35Lw2S5 + 35Rw2S5* + 259Lw*S? + 259Rw*S?
225L0w5S + 225Rw® (4.26)

and

den;, = deny, . (4.27)

Figure 4-14 shows the root locus diagram of the controlled system. This graph
exhibits two pairs of pure complex conjugate poles. Giving the system a resonance
characteristic at those specifics frequencies. In addition, these new poles and zeros do not
significantly alter the root locus shown in Figure 4-11.

The effect introduced by both HC is highlighted in Figure 4-15. The series
compensator (3w) ensures a controlled system gain for this frequency, reducing unbalance
load effects mentioned in Chapter 2. While the parallel compensator (50) has a strong

selective attenuation or rejection for this specific frequency.
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Figure 4-14. Root locus (stationary control+harmonic compensation).
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4.3. Simulation Results

As Chapter 3, PSCAD was the selected tool to perform simulations and verifying
theoretical analysis. Simulated circuit is shown in Figure 3-14. Controller-parameters and

harmonic-compensators gains are shown in Table 3-2.

Continuous Time Domain

The fundamental-frequency controllers and HC were implemented using second-
order transfer functions. Simulator Integration period was set 97 times faster than

controller sample time.
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Figure 4-16. Simulated stationary voltage control using PSCAD functional blocks.

Figure 4-17 shows the dynamic behavior of output voltage vector (3.22) with a
connection and disconnection of the three phase load. The proposed control strategy

achieves rejecting load-disturbance within limits of time and magnitude.
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Figure 4-17. Stationary voltage control response on connection and disconnection of a
three-phase linear load (simulation), a) reference and output voltage, b) load currents.
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The unbalanced load behavior is shown in Figure 4-18, where a two-phase load is

connected to the system and the proposed control scheme successfully eliminates the

negative sequence component. While at the same time it presents zero steady-state error.
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Figure 4-18. Stationary voltage control response with unbalanced load (simulation), a)
reference and output voltage, b) load currents.

Discrete Time Domain

The implementation of the proposed control system in digital form was performed

using discrete approximation methods using backward and forward Euler. It was also

used the simulation scheme proposed in section 3.3.2. Where, code written in C language

is shared by simulation and DSP.

As can be seen on Figure 4-19a resonant voltage control with the stationary reference

axes alpha-beta, successfully achieved tracking reference despite connection of any type

of load.
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Figure 4-19. Three-phase inverter instantaneous behavior with stationary voltage
control (simulation), a) Output voltage, b) Load current, ¢) Positive sequence output
voltage, d) Negative sequence output voltage.

The frequency behavior of the controlled system can be observed in Figure 4-20,
where harmonic spectrum for each of the simulated loads is presented. Transient behavior
of harmonic compensation on connection of each type of load is presented by Figure 4-21.
It should be noted that even in the worst case scenario, simulation of proposed control
strategy is able to maintain value of each harmonic within the limits set by standards such
as IEEE and IEC.
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4.4. Experimental Confirmation

The same experimental validation scenario presented in section 3.5 will be used. A
summary of the main features of prototype are presented in Table 3-3.

Figure 4-22 shows the dynamic response of the proposed voltage control when a
change is made to reference signal. In this condition, controlled system behaves without
overshoot and settling time of approximately 40ms. It presents a similar behavior to the
design parameters specified in section 3.2.3. This result validates relationship between
parameters of synchronous PI controllers and P + Resonant shown in [47], i.e. using the
calculated values from the synchronous PI controller it is possible to obtain a desired

dynamic output in stationary P+Resonant controller.
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Figure 4-22. Stationary voltage control response on reference step.

Disturbance rejection of the proposed control topology can be seen on connection
and disconnection of a three-phase linear load as shown in Figure 4-23a and Figure 4-23b
respectively. In addition, this type of load presents an interesting challenge for a control
scheme from the point of view of a disturbance. Since the inverter requires nominal power
with almost instantaneous dynamics (ignoring small inductances of wires and resistors).
The proposed controller can eliminate effect of disturbance, showing same dynamics
observed at reference exchange (Figure 4-22). This result validates theoretical analysis
shown in (4.20).
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Figure 4-23. Stationary voltage control response on connection and disconnection of a
three-phase linear load, a) output voltage magnitude, b) load currents.

Performance of the proposed control voltage with unbalanced loads is shown in
Figure 4-24. Where the magnitude vector of output voltage shows a minimum variation
and does not exhibit oscillatory behavior of 2m. Which means the controller effectively
eliminates the negative-sequence component introduced by unbalanced loads. In addition,

output voltage vectors a, b, ¢ are shifted 120° with only a £1° error.

Figure 4-25 shows the performance of the proposed control strategy under nonlinear
loads. Figure 4-25a shows output-voltage steady state, under a highly distorted current
form demanded by the load Figure 4-25b.

Figure 4-25c shows harmonic spectra of inverter output voltage. Total harmonic
distortion factor (THD) is 1.8%, which is within the allowed margin of 5% restricts by
IEEE and IEC standards.
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Figure 4-25. Stationary voltage control with none-linear load, a) output voltage, b) load
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4.5. Partial conclusions

Inverter output voltage remains balanced in spite of the connection of an
extremely unbalanced load.

e HC blocks in the proposed topology gets harmonic magnitudes significantly
below from requirements imposed by IEC and IEEE standards.

e The dynamic behavior exhibited in the simulation and experiments, validates
theoretical assumptions and mathematical models introduced in this chapter.

e P+Resonant controller was able to obtain similar dynamic results compared

to theoretical calculations. Thus using values of k, and k; calculated for
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synchronous PI controller, i.e. no overshoot, with a 21.8% error in the settling

time.

Voltage control based on P+Resonant controllers can handle both positive
and negative-sequences components, without any sequence separator

scheme.
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Chapter 5 - Performance Comparison
between Stationary and Synchronous
Voltage Controllers

In this chapter, it will be performed a comparison between voltage control topologies
presented in Chapters 3 and 4. It will be compared temporal and frequency behavior under
different types of loads, using only experimental results of both control strategies. Study
results presented in this chapter, allows to identify which is the most suitable strategy

implementing a controller output voltage of a three-phase UPS inverter.
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5.1. Comparison of Experimental Results

5.1.1. Transients response

To compare transient response of the controlled plant it will be evaluated the system
reaction to a change in reference signal when there is no load connected to inverter. In

this comparison, experimental results shown in chapter 3 and 4 were performed using the
same values of k,, k;, k,3 and k,.s.

To compare three-phase results it will be used vector magnitudes of output voltages
(3.22). These quantities were measured internally in DSP and data were exported for post-
treatment in MATLAB.

Result are shown in Figure 5-1 where it can be observed that synchronous-voltage
controller is 0.5x faster under reference changes compared to stationary-voltage

controller and applied to three phase UPS inverters.
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time[s]

Figure 5-1. reference step comparison (experimental results).

Step response in reference signal represents a major information of system dynamics.
In case of UPS output-voltage control, usually the reference is a constant value. Therefore
is important to compare controller’s behavior under disturbance exerted by load

connection and disconnection. The result of this comparison is presented below.

Disturbance rejection

This comparison was performed when a three phase linear load is connected or
disconnected from inverter’s output. Since, it represents to system, an instantaneous rated
power demand. Result is shown in Figure 5-2, this graph shows that stationary topology

presents a better performance, i.e. on connection/disconnection it shows a lower voltage
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sag/drop. Although, both topologies shows the same dynamics. It is also possible to see

that both control topologies are within IEC limits.
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Figure 5-2. Disturbance rejection comparison (experimental results), a) load conection,
b) load disconection.

5.1.2. Behavior with Unbalanced Loads

Performance evaluation of unbalanced load was made using a two phase linear load.
Since this load demands more than 60% of inverter rated power and also represents a

huge imbalance to system.

In Chapters 3 and 4, both control topologies successfully achieve removing negative-
sequence component introduced by unbalanced load. As shown in Figure 5-3 both
inverter output-voltage achieves tracking the reference without second harmonic
fluctuations. However, a detailed analysis of output-voltage signal shows that stationary
topology decreases 33% the high frequency variations around the reference point, i.e.

stationary controller presents higher attenuation at high frequency variations.
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Figure 5-3. Temporal Comparison with unbalanced load (experimental results), a)
synchronous voltage control, b) stationary voltage control.

5.1.3. Behavior with Nonlinear Loads

Frequency behaviors of proposed topologies compared in the frequency spectrum are
shown in Figure 5-4. This figure shows that stationary scheme presents a harmonic
content lower than exhibited by the synchronous one, especially in the 2nd, 3rd and 7th
harmonics, which can be quantitatively compared using THD value of output voltage.
Table 5-1 shows that synchronous voltage control presents a THD 44% higher compared

to stationary voltage control.
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Figure 5-4. Frequency comparison for unbalanced linear load (experimental results)
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Table 5-1. Inverter output voltage THD.

Stationary 1.8

Synchronous 2.6

5.1.4. Computational Effort

Comparing detailed block diagrams of both proposed strategies Figure 3-2 and
Figure 4-5, there is a significant reduce on the number of elementary blocks in case of
stationary scheme. Figure 5-5 shows how this complexity decrease the processing time.

In this case, synchronous topology is 1,84x more processor demanding.

This is a very important factor to consider developing a UPS. Since mentioned in
Chapter 2, inverter control represents only a portion of total UPS control. Therefore,
processing time becomes a very important criterion to ensure the entire control structure

can be implemented within the DSP sampling period.

10

N Stationary Control
[ ISynchronous Control |

Processing time [us]

Figure 5-5. Processing time.
5.2. Partial conclusions

o Proposed synchronous control strategy presents a better behavior to changes in the
reference signal, being able to stabilize the system 1.5x faster than the stationary

Control strategy, at the same time presents a lower oscillation in the transient part.

e The proposed stationary control strategy showed a better ability to reject
disturbances exerted by load connection and disconnection.
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Both proposed control strategies, successfully manage to eliminate the negative-
sequence component when an extremely unbalanced load is connected to the output

of the three phase inverter.

In steady state, stationary control strategy presents a behavior with less harmonic
pollution of high frequencies, reducing up to 30% the content of high frequency

noise in the output voltage of the inverter.

In presence of nonlinear loads the stationary controller has a better performance,

showing a THD 44% lower than strategy presented by synchronous control.

Processing time demanded by stationary strategy is 44% lower than synchronous

strategy.

Based on obtained results and requirements for controlling three-phase UPS
inverter, it may be concluded that proposed stationary control strategy presents the

best performance.
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Chapter 6 - General Conclusion

This chapter presents a summary of major contributions of this document and some

suggestions for development of future work.
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6.1. Conclusions

IEEE519/IEC62040-3 standards and the PETROBRAS technical norm N-567 were
analyzed in order to obtain control requirements for UPS inverters. These transient
and frequency constrictions provided the necessary criteria for controller

calculations with the proposed methodology.

It was presented a review of voltage control schemes applied to UPS inverters. Thus
allowing to identify main features of control proposal found in the state of art.

The dynamic performance of the fundamental frequency controller, shows a high
accuracy between simulation and experimental results, thus allowing to use the
same gains calculated by the theoretical analysis. On the other hand, performance
of the harmonic compensator presents several differences between the gain values
used in simulation and experimental prototype. Nevertheless, the methodology
proposed in this work allows such differences, due to the proposed online
adjustment process.

Dynamic behavior exhibited in simulation and experiments, validates theoretical
assumptions and mathematical models introduced in this work. This also validates
the proposed methodology to calculate the parameters of fundamental-frequency

controller.

Based on experimental results presented in chapter 5 and the requirements for
controlling three-phase UPS inverter presented in chapter 2, it may be concluded
that proposed stationary control strategy presented in chapter 4, presents a superior
performance in comparison with synchronous control strategy presented in chapter
3, i.e. it presents a lower THD (44% lower), the high frequency noise was reduced
to 30% and the processing time was reduced to 44%. It also shows a better ability

to reject disturbances exerted by the connection and disconnection of loads.

Despites of the load type connected into the UPS inverter, the harmonic
Compensator scheme presented in this work gets the harmonic magnitudes

significantly below from requirements imposed by the IEC and IEEE standards.

This study presents a new control strategy for voltage control of UPS inverter. It

was able to achieve high performance behavior without need of high gains of
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controller parameter, i.e. controlled system isn’t close to unstable region as

demonstrated in chapter 4.

6.2. Future Research

The gain value of resonant harmonic compensation reported large differences within
simulation and experimental values. It’s encouraged to pursuit a methodology to calculate
not just controller parameters as presented in this document, but HC parameters as well.
In addition, as reported in chapter 4, there are some facilities for theoretical analysis

where all control blocks are referenced to same mathematical plane.

This document encouraged to evaluate the dynamic impact due to sequence-separator
in "parallel harmonic compensator” block and maybe deploying alternatives options

demanding lower computational cost.

Control strategies shown in this study were based on solving the problems caused by
different types of loads. However, using mathematical modeling presented in Chapter 4
is possible to create a control topology based on the minimization of system stiffness

(4.12) while ensuring zero steady-state error.

Control based on optimization of internal model can open a new line of research.
Where not only controller parameters are calculated but, simultaneously optimized
physical parameters of inverter. Looking for suitable performance, reduced size, weight

and cost.
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Appendix A. Fundamental Concepts

This appendix displays mathematics postulations of the Clarke and Park transformations

used in this work.
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Al. Stationary Alpha-Beta Reference Plane (Clarke’s

transformation)

Figure A-1, shows the representation of non-normalized Clarke transform used in
this work.

cos 0

sin 6
0
¢ a) b)
Figure A-1. Alpha-Beta Reference Plane, a) vector definition, b) vector projections.

Given a system defined by

v [ V, sm(oot) ]
a |Vbsm wt—? B (A1)
VC | V.sin (wt + )J

and projecting the axes "abc" on alpha-beta axes as shown in Figure A-1, the Clarke

transformation matrix is found to be

v, 1 =Y - /2]
Vs =§| 0 \/§/2 \/_/2 (A.2)
I EVREVAR VA ¢

In the case of three wire balanced system the transformation matrix can be simplified as

(A3)

Va 21 _/2 _/2
[Vﬁ]=5l0 V3, V3,
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Clarke’s Inverse Transformation

Using transformation matrix (A.2) and calculating its inverse matrix, it is possible to

find the “abc" axes from information provided by axes “alpha-beta”. This expression is

given by
o [
v|=|""2 Y2 1|y (A4)
Ve l_1/2 _\/§/2 1|Yo

A2. Synchronous d-g Reference Plane (Park

transformation)

Figure A-2 shows the convention adopted in this work for representation of Park

transform.

b I3

Figure A-2. d-q Reference Plane.
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Defining alpha-beta and dq vector as

Vg = Vo +jV5 (A5)
And
Vag =Va+jV, (A.6)

it is possible to define vector ﬁq) as a 0 rotation of vector @) in the o direction, this

expression is found to be

Vag = (Vo + jVp)e™* (A7)
where,
e 19 = cosh — jsinh . (A.8)

Using definitions of “dq” vector 0 and (A.7), the relationship between vector V4 and V4

IS given by

Va+jVy = (Vy +jVp)e7®
(A.9)
Va +jVy = Vgcos@ — jV,sin6 + jVgcosO + Vgsing

Grouping similar terms direct Park transformation is found to be

Vd] _ [ cos0 sin@] [Vu]
V, —sin® cos0!|Vg| - (A.10)

Inverse Park transformation

It is possible to define the WB vector as a 0 rotation of the Evector in opposite

direction of w, this expression is given by

Vag = (Va + jVy)e’® (A11)
Where,
e/% = cos + jsinf . (A.12)

Using definitions of vector alpha-beta (A.5) and (A.11) is possible to find a direct

relationship between V,, and V5 vectors as
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Vo +jVg = (Va + jV,)e’?
(A.13)
Vo +jVg = Vycos0 + jVgsing + jV,cos0 — V,sind

Grouping similar terms of expression above, it possible to find that inverse Park

transformation is given by

[Va]:[cose —sine] [Vd]
Vg sin@ cos@ 1|Vq] - (A.14)
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Appendix B. Mathematical Development
of Expressions of Chapters 3

This appendix displays detailed development of mathematical expressions presented in

chapter 3.
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B1. Temporal Dynamic in “abc” stationary reference

plane

Voltage and current analysis in one phase of the inverter is found to be

Vin = Vrin t Vin T Von (B'l)

and

(B.2)

ln = len T lon

where, “n” represents {a, b, c} phases. Moreover, capacitor current and inductor

voltage is given by

Vip = L% (83)

Using Ohm's law, voltage on inductor resistance is given by:

‘Ucn = Cdzz_n URLn = iTLRL . (B'4)
Using Ohm's law, voltage on inductor resistance is given by
Vrin = InRy (B.5)

thus replacing resistance inductor voltage (B.4) and inductor voltage (B.3) on the

voltages analysis (B.1) we obtain that

i

i n
Vin = lnRL + L dt + Von
. . d .. .
Vin = RyCien + on) + L g Gien + ion) + Von - (B:6)

Replacing capacitor current 0 in (B.6) we obtain (B.7) which represented temporal

dynamics of synthesized inverter output voltage in “abc” phases.

dv d dv
vin = Ry, (cﬁ+ ion) + L—(Cﬂ+ ion) + v,

dt at\~ dt
dv ) d?v di
Vip = RLCd—z" + Rpipn + LC dt‘z’” +L d;” + Vpp
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d*v,,

dt?

dvon dion .
+RLCW+von + L at + Ryion (B.7)

Vin = LC

B2. Temporal Dynamic in “d-g” Synchronous

Reference Plane

Positive Sequence Component

As presented in Appendix C1, the system in alpha-beta reference axis can be defined

as a vector in dqg synchronous reference axis as

qu+ = (Va4 +jvgs)e? (B.8)
and
tag, = (ia+ +jigs)e ™ (B.9)

Taking the analysis of positive-sequence voltage in alpha and beta axis (C.7) and
(C.8) respectively, and replacing in to the positive sequence vector definition (B.8). It is
possible to find dynamic response of voltage vector in synchronous reference axis, this is

given by

dvoa+ di

+ Voqs + L7254 Ryl ) +

—_— d?v, a
Vg, = {(LC=22 4 RC

dvop+ diop, : —-jo
" + Vops + L " +RLlﬁ+)}e J

2
j (LC a o8t 1 R,C

—_—

d? , —F d
Vidg, = LCE(voaJr + jvops)e I + RLCE(VW+ +
: _i : _i dif. ” iy
]v03+)e jo + (voa+ +]voﬂ+)e je +LE(10“+ +]loﬂ+)e jo 4+ (B.10)
RL(ioa+ +jioﬁ+)e_j0
Zero order terms of (B.10) can be defined by (B.8) and (B.9), while (B.15), (B.17)

and (B.19) resolve the terms of first and second order. Procedure for finding these

expressions will be presented below.

By deriving definition of voltage vector in dg (B.8) we obtain

dv d .
% = E [(voa+ +jvoﬁ+)e_]9]
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AVodg+ _ dVoa+
dt dt

-jo _ -jo ;a0 | .dVopy _jg . —jo ;48
Voa+€ ]dt+] dt e JVop+€ ]dt

As a6 _ w, then
dt

AVodq+ d(”oa++jvoﬁ+) o0 _

dt dt ja)voa+e_j9+a)voﬁ+e‘j9 - (B.11)

Based on definition of vector dq (B.8) and (B.9) we can express
(a+jBe " =(d+jq) .
Using Euler's identity:
acosf —iasinf + Bsinf + jBcos6 = (d + jq) (B.12)
Associating a with d and g whit g in (B.12) is obtained
a(cosf —jsinf) =d

d=ae® , (B.13)

and
B(sin@ + jcosO) = jq

q=pe® (B.14)

Substituting expressions for d and g components (B.13), (B.14) into (B.11) we can
obtain the voltage of first order equation in (B.10),

AVodg+ __ d(voa++jvoﬁ+) e_jg
dt dt

— jWVoq, + WVsq,

d(voa++jvo[2+) e_]'g _ dvoaq+

— (B.15)

T jov,g, — @V,

Similarly as voltage analysis, current can be also performed, i.e., deriving current
vector defining in dg (B.9) we obtain

dlodq+

a % [(i0a+ +jioﬁ+)e_j9]
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dlodq+ diga+ -0 . —i0 .do _diOB+ —ig . _ig .do
—=—p Jo _ ] e ] hatdl —98T 5 jo __ i e j @&
dat dt oat J e tJ dt Jlop+ I3

As a6 _ w, then
dt

dlodq+ d(iooq. +jioB+) —i0 .. —i@ . —i0
dt at e ](uloa+€ + a)loﬁ+€ . (B]_6)

Substituting expressions for d and q components (B.13), (B.14) into (B.16), we can
obtain the voltage of first order equation in (B.10)
dm d(ioa++jio[3+) —jo

_ o i
i I e JWlog, + w

0q+

d(ioa++ﬁo[§+) e_jg diodg+ odq+

pn tjwiyg, — wiyg, . (B.17)

To find the second order term of equation (B.10) can be based on the definition of
second derivative of voltage vector dqg (B.8),

d*v,,,. d?
V00 L (e, + 005, )]

d?*v d(d .
—2™ = getar (oes +vop)e I}

dzvodq+ _ i dvoa+ e_jg — v e_]g + dvoﬁ+ -
dt? dt\ dt JDPoar I =g dt
+ wv,pe”’ )
A Voaq+ _ A“Voay o0 4 .d2v0ﬁ+ 00 _ 20 AVoa+ o—Jf
dt? dt? ) " qre J dt
dv . . .
+2 ;:H e 10 — w?v,,, e —ja)zvome‘fe

dzvodq+ — dz(voa++jvﬁ+) e_]e _sz Avog+ e —-jo + 2(1) OB+ e_]e —_
dt? dt? dt dt
(B.18)

2 -jo _ ; -jé
W Vg€’ _](U Vop+€ g

As can be seen from equation (B.18), it contains second-order term in equation
(B.10). Isolating the second order term it is possible to find
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dz(”oa+‘j”ﬁ+) e Jo _ dzvodq+ + ]2(1) dvyg+ e — 2w dvgp, e Jo +
dt? dt? dt dt (B.19)

2—
W™ Vydq+

Using definitions of the voltage terms with zero, first and second order, equations
(B.8), (B.15) and (B.19) respectively, as well as definitions of current with zero and first-
order, equations (B.9) and (B.17) respectively, and replacing temporary definition of

voltage inverter dg (B.10) we obtain

dzvd+ dv +
qu+=LC( dizq +]2a) °"‘+e 19—2w—;f e 19 +

AVodg+
22— odq+ —_—
w vodq+) +R.C (d_ +jWVoa+ — wvoq+) + Vodq+ +

di odq+ . —
L (—d + jwioa, a)loq+) + Rleq+

P— daz Uodq+ dvodq+ | ——
Viaq, = LC Ti7 +R,C T Voag+ T @ LCvodq+ +

j20LC 22 670 — 2L eI0 4 jwR, Coqs —  (B.20)

lodq+

WR,Cvyqy + L + jwLisg, — wlisg, + RLEI)J,

Equation (B.20) has two terms of first-order (alpha and beta components of the
inverter output-voltage vector), these terms can be found by deriving definition of d
component (B.13) and g component (B.14).

dvdotd+ — %(voa_l_e—je)

dv, dvyg —j . —ij
% = %e J — JWVyq+€ 7
Using definition of d-component, (B.13)

dvoa+ jo — AVod+

ac © o TJ0Voas (B.21)

Also is possible to deriving (B.14), obtaining

d d -
—Z"f * = g (Vopre™)

Avog+ _ dvoB+

i0
—jwv,g.e” )
dt dt J@Vop+
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Using definition of g-component, (B.14)

dv, ;
arel? = ThE o (822

Replacing (B.21) and (B.22) into (B.20) can be found

N d*voq dVodg+
Uldq = LC dU ar + RLC :i ax + vodq+ + w chOdCI‘l' +

]ZwLC( Yod+ +]wvod+) Za)LC( Pog+ +]a)voq+) +

odq+

JoRCVoqy — WR CVpgy + L + jwlisg, —

a)LiOq+ + Rleq+ ,

N d?v, o
Traq, = LC Z dat R, ¢ Lodar —2 4 (1 + W?LC)Vggqs +

J20LC T — 207 LCV gy + jOR, CVoqy — 20LC 205 —
(B.23)
+ jwlisg, — wliyg, +

lodq+

202LCVog4 — WRLCVyqy + L

Rleq+

Finally, as (vg, = vaq — jv,) and (1qg = iy — jig), then it is possible to associate the
component "d" with the real terms, and "g" component with the imaginary terms of
equation (B.23). Thus, in order to obtain the temporal representation of the positive
sequence voltages in the reference axes d and q, equations (B.24) and O respectively.

These temporal representations are found to be

dvod+

Vigs = LCd Tl 4 R, C

+(1-w LC)v,,d +

di,, o
L=% 4 Ryi,q, ZwLC% — @R, (g, — (B.24)
ooLioqu ,
and
d> Voq+ dvoq+ 2
Vig+ = LC +RC—F+ (1 - w*LO)vyg, +

dl,, . dvoss (B.25)
L—"+Ryipg: + 20LC—"+ wR CVyq, + wLiyg, .
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Negative Sequence Component

The negative sequence component in the synchronous reference axis can be found
following the same procedure of the positive component presented in last section. But, it
has to be applied the definition of d-q voltage vector expressed in (B.26) and the definition
of d-q current vector expressed in (B.27). The result of this procedure is shown in (B.28)
and 0, in which the system dynamics is the same as the positive component, only the sign

of the coupling between both phases is inverted. The expressions mentioned above are

found to be
Vaq_ = (Va- +jvp-)e’® (B.26)
lag_ = (la- +Jig-)e’’ | (B.27)
d? Vod_ d”od_ digg_
Via- = LC + RLC + (1 w LC)UOd +L +
" (B.28)
Riisqg + ZwLCT"‘ + wR Cv,q_ + wli,,
and
2 .
Vig. = LC%= + RCTU= + (1 wPLC)v,q +L72=+
. (B.29)
. vod_ -
Rjioq —2wLC —wR;Cv,; —wLi,;

B3. Synchronous Mathematical Model with Capacitor

Current feedback

Taking the temporal dynamics of the voltage analysis in d and q reference axes,

(B.24) and 0 respectively, and ignoring the coupling between axes, it can be found

d*von
dt?

dvon

=LcEn 4 R cEom 4 (1 - wPLC)v,, + Ld N 4 Ryion - (B.30)

Where n= {d+ q+ d_ q_}
Then, expressing (B.30) in the Laplace domain it can be found

V; = LCS?*V, + R,CSV, + (1 — w?LC)Vy + LSI,, + R, I,,, . (B.31)
Now, considering the capacitor current feedback, the converter gain and the

transformer turns ratio, “I.”, “Kin,”, “Kirans” respectively, we can express
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Vi = (U - Ic)Kinv ) (B.32)

where “U”, is the system input which comes from the controller effort and “I.”,

represents the capacitor current in dg.reference axes. In addition, defining
Kinv = KoKtrans (B.33)

using the definition of current in the capacitor 0 and substituting in (B.32), it can be

found
V= (U - CSVO)Kinv . (B.34)

Substituting (B.34) into (B.31), we can obtain the transfer function that describes the

three phase inverter in dq reference axes, this transfer function is found to be

Kiny(U — CSV,) = (LCS? + R,CS + (1 — w?LC))V,y + (LS +
RL)Ion )

Vo= Kinw U— (LS+Ry) I
O (LCSZ+(RL+K,)CS+(1-w?LC)) (LCS2+(RL+K,)CS+(1-w?2LC)) OT (B.35)

Then, it is possible to express (B.35) as

G(s) = Gyo(s) — Go(s) (B.36)
Where,
Gro(s) = % - LCSZ+(RL+KIf,i)1ZJS+(1—w2LC) : (B.37)
and
Gro(s) = [1,_: - LCSZ+(RL+f(i—;CR;+(1—w2LC) ' (B.38)
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Appendix C. Mathematical Development
of Expressions of Chapter 4

This appendix displays detailed development of mathematical expressions presented in

chapter 4.
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Cl. Temporal Dynamic in “alpha-beta” stationary
reference plane

Using none- normalized Clarke transformation to voltage alpha axis, it can be found

z(va —%vb —%vc) (C.1)

’U =
a 3

Replacing the dynamic expression of voltage in the reference axes "abc" (B.7), into

the transformation of Clarke for "alpha" axis (C.1), it is possible to obtain

2 .
Vig = 2 <(LC 200 1 R CTE 4 g + LI 4 Ryl ) —

d? voc

(e dop 4 RLCEL 4 vy, + L2 4 Rle) — 2 (Le e

RLC 2 4 vy + L2 + RLLOC)> ,

=10 (va =g —3u)] + RO [ (e =30 -
I AT oY i
Ry (ia =31y —3ic)|.
Using the definition (C.1), it is possible to find the temporal response of the inverter
voltage in the reference alpha axis. This expression is found to be

d oa di oa
- +voa +L ; +RLloa ' (C.Z)

= LCd e 4 R CS

Moreover, using the non-normalized Clarke transformation to beta axis

v =22, - L) (C3)

taking the dynamics of the output voltage (B.7) and substituting in (C.3), it can be

found

vig = g(f (Lc dd’t’;”’ + RLCZL 4+ vy + LS 4 Ry ) —

\/§ d ocC d oc d'OC 7
S(Letle 4 R C T gy, 4 L2 +RLLOC)) ,

104



< (oS me 2 (- T

dt? 2 2
E(?vb—?w)]ﬂ%[%(?ib—?ic)h& e
Zio)]

Using the definition (C.3), the temporal analysis of the inverter voltage reference axis

beta is found to be

dzvolg
dt?

vig = LC + RLCdZ:” + Vo5 + L £+ Ryip . (C.4)

Positive Sequence Component

Using the method of symmetrical components in the time domain, it is possible to

find the positive sequence alpha-beta as

p=5@—ap) =;(@+jp) | (C5)
By = %(qa +pB) = %(—ja +B) (C.6)

where, q = e‘jg = —j. Replacing the definition alpha voltage (C.2) in the expression

of positive component (C.5) it can be found

Avog

di .
20 1 1 +Lf+ Ruioa) +

Vig, = <(LC ou | p, ¢ Loa

J (L
via_,_ = LCE[ (voa +jUOB)] + RLCE[E (an +j1703)] +
%(an +]voﬁ) + L% E (ioa +ﬁoﬁ)] + RL E (ioa +jioﬁ)]

Using the definition of positive component for alpha expressed in (C.5), it can be

C 05+ 03+L +RL13)> ,

found the positive sequence component to the analysis of voltage inverter in the alpha

reference axis, and this expression is given by

d? vou+

v,-a+ =LC

Voa diog .
+ RLC * + v0a+ +L dt+ + RLla+ . (C?)

Moreover, replacing the voltage definition beta (C.4), in the expression of positive

component (C.6) it can be found
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dloa

vig, = %(-1 (LC I vou | RLC 208 4 vy + L2 + RLla)

d? UOB dvoﬁ

+R,C

(Le= +v B+L—+RLLB)> ,

Uiﬁ+ = LCW[E (—jvoa + voﬁ)] + RLCE [E (—jvoa + voﬁ)] +
1 . d [1 .. . 1 ‘s .
E(—]voa + voﬁ) + LE [E (—]loa + loﬁ)] + R, [E (—]loa + loﬁ)] .
Using the definition of positive component for alpha expressed in (C.6), it can be
found the positive sequence component of inverter voltage in the alpha reference axis,

and this expression is given by

d%v,
v,-,;+—LC vﬂ+

dv, di, .
+R.C—* +vop, +L— "+ Ryig, . (C.8)

+

Negative Sequence Component

Using the method of symmetrical components in the time domain, it is possible to

find the negative sequence alpha-beta as:

_=2(a+qp) =(a—jp) | (C.9)
po=2(—qa+p) =Ga+p) , (C.10)

where, q = e""Tz_r = —j. Replacing the definition of alpha voltage (C.10) in the
expression of negative component (C.9) it can be found

Vi = <(LC ox | R, C 208 4 e + L1+ RLia) -

d UOB

j (LC

Vig_ = LC@[ (voa JUOI?)] +R.C dt[ (v"“ Jvoﬁ)]
%(poa —]voﬁ) + LE [E (loa —]loﬁ)] + R, [E (loa —]loﬁ)]

Using (C.9) it can be found the expression that defines the negative sequence

+R,C °ﬁ+ Vop + L ﬁ+RLzB)>

component to the inverter voltage in the alpha reference axis. This expression is given by

d? Voa_ dvog_

dt

d'oa_ -
v, = LC +R,C + Voq + L=2= + Ryiq_ . (C.12)

Replacing the voltage beta definition (C.8) in the expression of negative component
(C.10) it can be found
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dvyg
dt

dipg
dt

+ Voo + L2+ Ry ) +

1. d?
Ul'ﬁ_ = E(] (LC d:;a + RLC
d?v dv
dtZB +R.C—

0B dioﬁ i
(LC . +voﬁ+L7+RLlﬁ)> )

Vig_ = LC;—:2 E (jvoa + UOB):I + RLC% E (jvoa + voﬁ)] +
> (Vou + Vop) + L2 |5 Gioa + fop) | + Re [5 Gloa + iop)] -

Using equation (C.10), it can be found the expression that defines the negative
sequence component to the inverter voltage in beta reference axis, this expression is given
by

2

d°V,.p_
Viﬂ_ = LCT + RLC

dV.g_ di,g .
dt + VOB_ + LT + RLl[?_ (C12)

C2. Stationary Mathematical Model

Taking the temporal dynamics of the voltage analysis in the inverter on a and 3
reference axes, equations (C.7), (C.8), (C.11) and (C.12) we obtain:
2
n

d“ vy, dv,
Vin =LCF+RLCW+v0n+L

di _

Wheren ={a, B, a_ [_}
Expressing the dynamic equation of the output voltage (C.13) in the Laplace domain:
V; = LCS?V, + R,CSV, + Vo + LS, + R, I,y (C.14)

Grouping similar terms and taking into account the gain presented by the inverter we find

the mathematical model of inverter in the alpha-beta reference axes:

Vo = Guo(S)Vy — Gio(s)lo

(C.15)
Where:
K
_ mv C16
Gvo(8) = 57+ RCS 7 D) (C.16)
6ol) = o) ©.17)

(LCSZ+RCS + 1)
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C.2.1. Open-loop Dynamic Equations.

Expressing the mathematical model (C.15) in the canonical form we obtain:

Vo = Gvocan(s)vo* - Giocan(s)lo

(C.18)
Where:
1
T Kinv
ooean () = % (€49
L LC
GICES) (C.20)

Giocan(s) = 2 RS 1
(8" +T+150)
It is possible to factor the denominator of the expressions (C.19) and (C.20) using the

general equation for a square polynomial factorization.

—b +Vb? — 4ac
Py = —— (c.21)

Using (C.21) we find the expression that shows the location of the poles of the model
according to the value of the inverter parameters.

R R\? 1
=—F |[—~) ——= C.22
Pro=op (ZL) LC (€22)

Rewriting the canonical model (C.18) we obtain the factored system:

. K, v K;,(S+Z;)
ST S+P)SE+P) " S+P)S+P)°
Where:
R R\% 1 1 R, _ 1

Comparing the expression of the output voltage with respect to the reference (C.19) with

the general canonical form of a second order system, we obtain:
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Kiny
_nv 2
LC Ky, wn

(52 +ﬂ5+i) NG + 2w, + w,?) (C.23)
L LC

Qlo<

Is possible using the above expression identify dynamic characteristic parameter of the

inverter output voltage with respect to the reference voltage

1 R -
0p® = 7= 20wy = Ky, 0h =7
1 _ R, Ky, = Kiny

o

Wy = Ic ¢= T
2L e

Comparing the system (C.20) with the general canonical form of a second order system

and general canonical form of a finite zero, we obtain

I (72) @®0) <(i_L) + 1) K,wf (= +1)

L Wp

O —
U (52 LRCo (1)) ($2 + 28wy + wy?)
LC LC

(C.24)

Is possible using the above expression identify characteristic dynamic parameter of the

inverter output voltage with respect to the disturbance of the load current

R R

2 'L _ L

K = ¢ 5 =]
KIO=RL

C.2.2. Capacitor Current feedback + stationary

voltage control (open-loop)

The objective of this section is to find the function equivalent to the model presented by
the Figure C-1.
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Fundamental I |

control Output Filter
. u - v; + Vo
Vo —> G1(s) N — Gyo(S) g Load
Gio (S)

A

Lo

Figure C-1. stationary mathematical (openLoop) model high level bloc diagram.

Considering the P+Resonant controller and the capacitor current feedback within the

input voltage expression:
Vi=VoGy— I, (C.25)
The capacitor current in Laplace-domain can be expressed as a function of capacitor
voltage:
I, = CSV, (C.26)
Replacing the capacitor current (C.26) in the expression of voltage (C.25) we obtain
V; = V; G, — CSV, (C.27)
Replacing the voltage expression (C.27) in the output filter model of Figure C-1 we get:

v, = Kinw VG, — CSV,) (R +LS)
° " (LCS24+RCS+1) " ° ° (LCS?2+RCS+1)°

V. = Kinle * KinvCS v
° (LCS?2+RCS+1) ° (LCS2+RCS+1)°
(R+1LS)

(LCSZ+RCS+1)°

LCS? + RCS + 1 + K;,,,CS .
(LCSZ+RCS+ 1) ©
B Kiny G, . (R +LS)
"~ (LCS?2+RCS+1) ° (LCS24+RCS+1)°°
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Kin,G> (R+LS)

V, = Vi — I
° LCS2+RCS+1+K;,,CS ° LCS2+RCS+1+K;,,CS °

For V"

V. = KinvGZ v

° " LCSZ+RCS + 1+ K;,,CS °

Vo Kiny(K,S* + 2K;S + K,w?)

V: (52 + w?)(LCS? + RCS + K;,,,,CS + 1)

For I,:

. (R + LS) ;
°  LCSZ+RCS +1+K;,CS °

v, (R +LS)
I, LCS2+RCS+1+K;,,CS

(C.28)

(C.29)

(C.30)

C.2.3. Current capacitor feedback + stationary

voltage control (close-loop)

The objective of this section is to find the function equivalent to the model presented by

Figure C-2.
Fundamental |
control Output Filter
. v,
G1(s) Gyo(S) > —
Gio (S )

A

lo

Load

Figure C-2. stationary mathematical (closeLoop) model high level bloc diagram.

Considering the P+Resonant controller, the capacitor current feedback and the output

voltage feedback within the input voltage expression
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Vi= W —Vp)G — I (C.31)

Replacing the capacitor current (C.26) in the expression of voltage (C.31) we obtain

Vi= (' — V)G — CSv, (C.32)
Replacing the voltage expression (C.32) in the output filter model of Figure C-2 we get:

V. = Kinv
° (LCS?2+RCS+1)
(R+LS)
(LCS2+RCS+1)°

((V;)* - Vo)Gl - CSUO)

(LCS? + RCS + CSKipy, + 1 + G1Kiny)V,y = KinwG1Vy — (R + LS)I,

Kinval
V, = Vo
°  (LCS%?+ RCS +CSK;,,, + G1K;p,, + 1)
R+LS
I (R + LS) I, (C.33)
(LCS? + RCS + CSK;,,,, + G1K;,, + 1)
Where:
K,S? + 2K;S + K,w?
= (C.34)

S?2 + w?
Replacing the transfer function of the resonant controller (C.34) in the transfer function

of the closed loop system (C.33):

ForV,
.
Vo' (LCS? + RCS + CSKipy + 2200 e 1)
II,/—; = Gyo, (5) = % (C.35)
Where:
UMy, (S) = Kipy (K, 8% + 2K,S + K,0?) (C.36)
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deny,,, (s) = CLS* + (K, + R)CS® + (1 + Kok, + CLw?)S?

+ (2k;K iy, + CK iy 0® + CR0?)S + &% + Ky Ky 0” (C.37)
Forl,
Vo _ (R +LS) 1
I, (LCS* + RCS + CSKypy + GyKipy + 1) °
‘/O numiOCL(S)
I, ' () den;,,, (s) (C.38)
Where:
num;,, (s) = (R + LS)(S* + w?) (C.39)
den;, ., (s) = CLS* + (Kiny, + R)CS?
+ (14 Kinpkp + CLw?)S?
(C.40)

+ (2k;K;py, + CKippw? + CR0?)S + w?
+ Kl-m,kpa)z

C.2.4. Current capacitor feedback + stationary

voltage control + Harmonic Compensators

(close-loop)

The objective of this section is to find the function equivalent to the model presented by

Figure C-3.
I
Fundamental |
control Output Filter
V* - Uy - u 4 + I/D
° + G1(s) g S) 2 Gz(s) Gyo () g >
+
Series HC
i_) Gio (S)
Us °
Gs(s)
Parallel HC

Figure C-3. stationary with harmonics (closeLoop) high level bloc diagram.
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Considering the P+Resonant controller, the capacitor current feedback, the output

voltage feedback and the harmonic compensators within the input voltage expression
Vi = (Vy = V,)G1 + V,Gs — I.)G3
(C.41)

Replacing the capacitor current (C.26) in the expression of voltage (C.41):
Vi = ((V; = V,)Gy + V,Gs — CSv, )Gy (C.42)
Replacing the voltage expression (C.42) in the output filter model of Figure C-3 we get:

V. = Kinv
° (LCS2+RCS+1)
(R+LS)
(LCS2+RCS+1) °

(07 = V)61 + VG5 — €Sv,)Gs)

Vo
— KinleG3 A
(LCS?% + RCS + CSK;,G3 — Gs Ky, G + G Kip, Gz + 1) ° (C.43)
(R +LS) ,
(LCS? + RCS + CSK;p,G3 — GsKinyGs + G1KinyGs + 1) °

Where:

8% + Kp3S + 3%w?
T S24+320?

(C.44)

KrsS

Gs =53 022 (C.45)

Replacing the transfer function (C.34), (C.44) and (C.45) in the transfer function of the
closed loop system (C.43):
ForV,

numy, (s)
= Gyog, (s) = den,(s) (C.46)

0<*|g<

Where:
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Forl,

numy,(s) = Kiny (K,,S6 + (2K; + kyK,3)S® + (35k,w? +
2k;k_1r3)S* + (68k; + 26k, k,3)w?S® + (259%,w? +

C.47
50k;krs)w?S? + (450k; + 25k, Ky3)w*S + (225k,°) ) (€47

denyy(s) = LCS® + (kiny + RDCS7 + (35CLw? + Kk +

CKinvkys + 1)56 + (Zki —kys + kpkrg + 35Cw? +

35CRw?

)KinvSS + (35(‘)2 + 2Kinvkikr3 - KinvkrSkrS +

Kiny
259CLw* + 35Kinykp®? + 26CKpykysw?)S* + (259Cw? +

2
ZCRY 4 68k; — 10kys + 26kpkys ) Kinp?S® + (2590* +

inv

(C.48)

225CLw® + 259K, k,0* + 25CK k3 0* +
50Kinykikrsw? — Kippkyskrs0?)S? + (225CK 5, w® +
225CRw® + 450K;,,k;w* — 9K, kys w* +
25Kinpkpkr30*)S + (22508 + 225Kk, w®)

numy, (s)

= Gio(s) = den;,(s) (C.49)

S|

Where:

num;,(s) = LS” + RS® + 35Lw?S> + 35Rw?S* + 259Lw*S3

+ 259Rw*S? + 225LwbS + 225Rw® (C.50)

deny,(s) = deny, (C.51)
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