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Abstract

This thesis proposes a new predictive control strategy to achieve fixed-switching frequency
operation for a neutral-point clamped (NPC) inverter. The classical fixed-sampling frequency
finite control-set model predictive control (FSF-FCS-MPC) operates with variable switching
frequency, and thus produces spread-spectrum in an output current. The classical method also
suffers from high computational complexity as the number of converter voltage levels increases.
To overcome these issues, a high performance variable sampling frequency finite control-set model
predictive control (VSF-FCS-MPC) strategy is proposed to control the power converters.

The proposed control technique combines the advantages of space vector modulation
(SVM) with a newly introduced mechanics to determine the appropriate sampling frequency. With
these features the major requirements such as balancing of DC-link capacitor voltages, switching
frequency minimization and common-mode voltage mitigation have been achieved with
simultaneous elimination of even-order and inter-harmonics in the load current harmonic
spectrum. The VSF-FCS-MPC strategy for current control with decoupled active/reactive power
regulation of grid-connected multilevel converter was also analyzed.

Moreover, a novel DC-link voltage balancing technique is presented which eliminates the
need for balancing the capacitor voltages through cost function, and thus alleviates the weighting

factor design. An introduction of SVM highly reduces the calculation time by considering only



adjacent vectors, rendering FCS-MPC more suitable for implementation with multi-level
converters with a number of voltage levels higher than three.

Finally, the proposed control technique has been validated through simulation and
experimental verification and a detailed comparison of VSF-FCS-MPC with FSF-FCS-MPC and
SVM is presented.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

The field of high-power converters has been one of the most active areas in research and
development of power electronics in the last few decades. Several industrial processes have
increased their power-level needs, driven mainly by economies of scale (production levels and
efficiency), triggering the development of new power semiconductors, converter topologies, and
control methods. The development of high-power converters started in the mid- 1980s when 4500-
V gate-turn-off (GTO) thyristors became commercially available. The GTO was the standard for
high power applications until the advent of insulated-gate bipolar transistors (IGBTs) and gate-
commutated thyristors (GCTs) in the late 1990s [1], [2]. These switching devices are now
extensively used in high-power converters and drives due to their superior switching characteristics,
reduced power losses, ease of gate control, and snubberless operation. High-power converters have
found widespread applications in industry. They can be used for pipeline pumps in the petrochemical
industry or water pumping stations, fans in the cement industry, traction applications in the
transportation industry, steel rolling mills in the metals industry, grid integration of renewable-
energy sources, reactive-power compensation, and other applications.

The most important requirements for these converters are: high efficiency, overload
capability, high reliability and operation in harsh environments. The converters can be generally
classified into a few significant families: Cycloconverters (CCV), Current Source Converters (CSC)
and Voltage Source Converters (VSC). All of these families have shown important advances in
design, performance and control strategies. The VSI converts the DC voltage to a three-phase AC
voltage with adjustable magnitude and frequency whereas the CSC converts the DC current to an
adjustable three-phase AC current. Mostly used topologies in the industry include three-phase VSI
topologies, consisting of a conventional two-level converter, a three-level and four-level neutral-
point clamped converter, a seven-level cascaded H-bridge converter and a four-level flying-capacitor

converter [3-11]. Either IGBT or GCT can operate in these converters as a switching device.



The control of power converters is one of the most elaborate fields in power electronics
due to its pivotal importance for proper operation of converters. Properly designed control
mechanisms may increase reliability, efficiency and the overall robustness of an entire system.
More often, various issues in the operation of power converters can be solved through judicious
control optimization rather than using more complex and expensive hardware solutions. The
control of power converters is a topic undergoing intense study and is constantly evolving
according to technological developments in power quality standards, control requirements, grid
code requirements, semiconductor devices, control platforms, etc.

During the 1960s, analog control platforms based on operational amplifiers and passive
components were developed to control the firing angles of thyristors in order for an output voltage
to be controlled [12]. A few years later, fully controllable device named IGBT has been developed
[3], improving power converters and requesting more complex control systems. The converters in
the past used analog control circuits, where a single-phase pulse width modulator or hysteresis
controller generates the gating signals. Analog control platforms present several drawbacks such
as a large number of components, reduced system reliability and poor computational capability to
name a few [13]. To achieve high performance operation, digital control techniques were
developed during the 1970s which involved powerful calculations, complex strategies and math-
intensive algorithms. Introduction of digital signal processors (DSPs) has created the basis for the
implementation of digital control techniques. The digital control platforms evolved rapidly and
revolutionized the industrial control area by allowing the user to develop sophisticated control
algorithms. A few examples of modern real-time (RT) digital control platforms include:
microcontrollers, DSP, and field programmable gate array (FPGA). These platforms have been
used widely in the control of various power electronic converters and they feature low cost, more
reliability and high computational power [13-19].

Highly exploited and very well studied control techniques include the hysteresis and linear
controllers. Over the years they have become widely accepted by the power electronics industry.
More recent and advanced control techniques include sliding-mode, intelligent and predictive
control techniques. The predictive control uses the system model to predict the future responses of
a plant. These predictions are then used to generate the optimal control action. This control
philosophy emerged during the 1970s for the process control which are normally very slow in

nature. The application of predictive control in power electronics is a rather recent topic due to the



fast processing time required to control the electric variables. With the evolution in DSPs, a wide
range of predictive controllers have been developed which includes deadbeat and hysteresis-based

predictive control, trajectory-based predictive control, and model-based predictive control.

1.2 Converter Topologies

The design of power converters is faced with a number of challenges that relate to topologies
and control as well as power semiconductor switching devices. One of the major requirements is to
produce high quality waveforms and this is particularly important in a grid connected operation to
reduce the device switching impact. In inverters and rectifiers, the waveforms are affected by the
following factors: 1) the topology used; 2) the application; 3) the control algorithm; 4) the size of the
filter; and 5) the choice of switching frequency [3, 20, 21]. Based on a method of achieving variable
output in terms of magnitude and frequency the high-power converters can be classified into two
main categories: direct AC—AC converters and indirect AC-DC-AC converters. The latter group
introduces a link between two converters which can be of voltage or current nature. Both groups
with their representatives have certain advantages and disadvantages, which should be taken into
account when selecting the topology for a given application. The general classification of high power
converters is provided in Figure 1.

High Power Converters

Indirect conversion
(DC - link)
|
Current Source Voltage Source
| [
v L v v
PWM Current Load Commutated Multilevel converters High Power 2-level
Source Inverter Inverter VSI
I
v v
- Multiple isolted
Single DC source
9 DC sources
=== High Power Semiconductors .
=== Medium Power Semiconductors NPC Cascaded H-Bridge

Figure 1 - High power converter classification
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At low voltage, a single topology that still dominates the market is the voltage-source two-
level converter. However, at medium and high voltages the situation is completely different.
Multilevel converter technology started with the introduction of the multilevel stepped waveform
concept with a series-connected H-bridge, which is also known as cascaded H-Bridge converter,
in the late 1960s [22]. This was closely followed by low-power development of an FC topology
the same year [23]. Finally, in the late 1970s, the diode-clamped converter (DCC) [24] was first
introduced. The DCC concept evolved into the three-level NPC (3L-NPC) converter we know
today as it was proposed in [8, 25] and can be considered as the first real multilevel power converter
for medium-voltage applications.

Multi-level converters provide a wide range of advantages over two-level topology such as
better waveform quality, lower dv/dt operation, reduced switch stress levels and many more. They
are finding increased attention in industry and academia as one of the preferred choices of
electronic power conversion for high-power applications. They have successfully made their way
into the industry and therefore can be considered a mature and proven technology. Although it is
an enabling and already proven technology, multilevel converters present a great deal of
challenges, and even more importantly, they offer such a wide range of possibilities that their
research and development is still growing in depth and width. Researchers all over the world are
contributing to further improve energy efficiency, reliability, power density, simplicity, and cost
of multilevel converters, and broaden their application field as they become more attractive and

competitive than classic topologies.

1.2.1 Two-Level Voltage Source Converter

The primary function of a voltage source converter is to convert a fixed DC voltage to a
three-phase AC voltage with variable magnitude and frequency. The two-level VSI is the main
building block for AC-DC and AC-DC-AC converter systems for low- and medium-power
applications. The two-level topology presented in Figure 2 is one of the most commonly used
topologies in the industry.

The converter is composed of an array of six switching devices, typically IGBTs and a
capacitor as a DC-link. The presence of these active switches along with a proper control scheme,
allows the generation of sinusoidal currents at the input side, a fully adjustable power factor and a

bidirectional power flow. Both carrier based pulse-width modulation (PWM) and space vector



modulation can be applied to generate the switching patterns for the 2L-VSC [3]. In addition,

variable switching frequency methods as table or prediction based methods can also be used [12].
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Figure 2 — Two-level voltage source converter

As its name suggests this converter generates a binary pulse train, alternating between 0
and Vg, while the line-to-line voltage presents a three-level waveform. This impacts the total
harmonic distortion (THD) of the input current, as larger active/passive filters or higher switching
frequencies are needed in order to meet the limits imposed by the grid code. Even though the main
features of this converter are its simplicity, modularity and low number of power components, they
suffer from unwanted traits such as high dv/dt, static and dynamic voltage sharing and common-
mode voltage (CMV). Some of these problems are solved with the invention of multilevel
topologies. However, these topologies require a higher number of power devices, which increases

the complexity of the design.
Multilevel Voltage Source Converters

Another option for a VSI system to accommodate the voltage requirements of a high-power
application is to utilize a multilevel voltage synthesis strategy. Conceptually, the multilevel VSC
configurations can be divided into:

e Diode-clamped multilevel VSC,
e H-bridge-based multilevel VSC,
e Capacitor-clamped multilevel VSC.

1.2.2 Three-Level NPC VSC

These types of converters employing clamping diodes and cascaded DC capacitors to

produce AC voltage waveforms with multiple levels can be generally configured as a three-, four-,



or five-level topology, but only the three-level converter, often known as the neutral-point clamped
converter has found a wide application in high-power medium-voltage drives [7,8]. The schematic
of the NPC converter is presented in Figure 3.

Compared to a two-level converter with a direct series connection of devices the NPC VSC
features two additional diodes per phase leg. These diodes link the midpoint of the “indirect series
connection” of the main switches to the neutral point of the converter. This allows the connection of
the phase output to the converter neutral point and enables the three-level characteristic of the
topology. There are 27 switch states, whereas the two-level converter allows eight switch states not
comprising a “0” state. Hence, the clearly superior output voltage quality is the most distinct
advantage over the two-level converter. The three-level converter compared to a two-level VSC of
the same rating can achieve reduced dv/dt and THD in its AC output voltages, lower switching losses,

reduced switch stress levels and it does not have dynamic voltage sharing problem.

Slb_l
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Figure 3 - Three-level neutral-point clamped voltage source converter

One main technical requirement for proper operation of the NPC converter is to maintain the
voltages of its DC-bus capacitors at their prescribed (usually equal) levels and to prevent voltage
drifts during the steady-state and dynamic regimes. Conceptually, there are two approaches to deal
with the DC capacitor voltage drift phenomenon. The first approach is to utilize an auxiliary power
circuitry. The auxiliary circuitry can be a set of independent power supplies for capacitors, or it can
be a dedicated electronic converter that injects current into the capacitors and regulates their voltages.
The approach is, however, not appealing for power systems applications due to its cost and

complexity. The second approach to equalize the voltages of the DC-side capacitors of a NPC



converter is to enhance the converter control strategy and, to modify the switching patterns of the
switches such that the capacitor voltages are regulated at their corresponding desired values. Another
drawback of this topology is an increased number of components and complicated PWM switching

pattern.

1.2.3 Four-Level Diode Clamped VSC

Four-Level NPC converter is an extension of the three-level NPC converter which means it
carries similar features. The number of components is increased to 6 switches and 6 diodes per leg.
The clamping diodes withstand different reverse voltages and thus a series connection of two diodes

is necessary.

Figure 4 — Four-level voltage source converter

The DC-link voltage is divided between 3 capacitors connected in series forming two neutral
point voltages that need to be balanced. The balancing techniques are similar to those used with the
3-level converter. The converter is presented in Figure 4. In the topology, only three switches conduct
at any time and the switch pairs (S;x,S1x), (S1x.51x), (S1x,S1x) operate in a complementary manner.
A total of 37 voltage vectors with 64 switching combinations are available for the converter. The

main advantage of this converter is an increased switching frequency, which leads to a better power



quality or grid code compliance in case of grid connection. The converter can also be operated at
higher voltage levels without connecting the switching devices in series.
A brief summary of the number of power components required in most common multilevel

topologies versus the 2-level VSC is presented in Table L.

Table I — Comparison of required power components

2L-VSC 3L-NPC VSC | 3L-FLC VSC | 4L-FLC VSC |5L-CHB VSC
Number of IGBTs 6x6.5kV | 12x33kV 12x3.3kV 18x2.5kV | 24x1.7kV
Number of diodes 6 18 12 18 24
Number of flying capacitors - - 3 6 -

Number of LC filter

. . - 3/3 3/3 373 3/3
capacitors / inductors

Total component count 23 36 33 48 54

1.2.4 AFE NPC Rectifier

Rectifiers are by far the most widely used converters in power electronics. The
transformation from alternating current to direct current performed by rectifiers is used in a large
variety of applications (from small power up to several megawatts). There are three distinct types of
rectifiers, the first of which is the diode rectifier. The main advantages of the diode rectifier are its
simplicity and extremely low cost.

The disadvantages and limitations of the three-phase diode rectifier are that:

» it does not offer the possibility to control the power flow,
* it generates high harmonics at the input current, especially when it supplies a capacitive load,

+ it does not allow regeneration of power.

The second topology of importance is the thyristor rectifier which introduces the possibility
of control of power flow by changing the angle of the gate pulses a for the thyristors. Through angle
a control, it is possible to change the mean value of the load voltage, regulating the control of power
delivered to the load. Thyristor rectifiers have in general the same advantages and limitations as the

diode rectifiers. An additional negative feature is that an increase in the value of o increases the phase



displacement of the input current with respect to the source AC voltage, increasing the amount of

fundamental reactive power. An advantage of thyristor rectifiers is that, in operating with & > 90,

they can regenerate power from the DC load to the power supply.
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Figure 5 - NPC AFE rectifier
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The third important rectifier topology includes power transistors with antiparallel diodes as

the main power switches. This rectifier operates with high switching frequency and is also known as

an active front-end (AFE) rectifier. A three-level NPC AFE rectifier is presented in Figure 5. It

carries all the same features as the NPC converter, as it shares the 3-level topology, except for the

power flow which is inverse. The AFE rectifier overcomes all the problems and limitations of the

diode and thyristor rectifiers. Its main features are:

1.

2
3.
4

Controlled DC voltage.
Controlled input currents with sinusoidal waveform (reduced harmonics).
Operation with high power factor.

Full regenerative operation.

1.3 Current Control Methods for the Converters

One of the most studied topics in power converters control is a current control, for which

there are two classical control methods that have been extensively studied over the last few

decades: namely, linear control using pulse width modulation and hysteresis control [21, 26, 27].
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1.3.1 Linear Control with PWM or SVM

Considering a modulator stage for the generation of control signals for the power switches
of the converter allows one to linearize the nonlinear converter. In this way, any linear controller

can be used. The most common choice being used is the proportional—integral (PI) controller.
1.3.1.1 Pulse Width Modulation

In a pulse width modulator, the reference voltage is compared to a triangular carrier signal
and the output of the comparator is used to drive the inverter switches. A sinusoidal reference
voltage is compared to the triangular carrier signal generating a pulsed voltage waveform at the
output of the inverter. The fundamental component of this voltage is proportional to the reference
voltage. In a three-phase inverter, the reference voltage of each phase is compared to the triangular

waveform, generating the switching states for each corresponding inverter leg, as in Figure 6.

Driver }---

Figure 6 — Pulse width modulator for a three-phase inverter

1.3.1.2 Linear Control with Space Vector Modulation

A variation of PWM is called space vector modulation, in which the application times of
the voltage vectors of the converter are calculated from the reference vector. It is based on the

vector representation of the three-phase voltages, defined as
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V= %(vaN + av,y + a’vey) (1)

where vy, vpy and v,y are the phase-to-neutral voltages of the inverter and a = e/2™/3. The
output voltages of the inverter depend on the switching state of each phase and the DC-link voltage,
Ven = SyVace, withx ={a, b, c}. Then, taking into account the combinations of the switching states

of each phase, the three-phase inverter generates the voltage vectors listed in Table II.

Table II - Switching states and voltage vectors

Sa Sb Se Voltage vector V
0 0 0 V, =0
2
1 0 0 vV, = 3 Ve
1 V3
! ! 0 V, = 2 Vac +j— Vac
3 3;/_
1 3
0 : 0 Vs = = 3 Vae i3 Vac
3 , 3
0 1 1 Ve == 3 Vae
1 V3
0 0 1 Vs —3 Vac —J 3 Vac
1 V3
: 0 : Vo = 3 Vac —J5 Vac
1 1 1 V, =0

Considering the voltage vectors generated by the inverter, the a — f plane is divided into
six sectors, as shown in Figure 7(a). In this way, a given reference voltage vector v', located at a
generic sector k (Figure 7b), can be synthesized using the adjacent vectors Vi, Vi+1 and Vo, applied

during #, tx+1 and f, respectively. This can be summarized with the following equations:

. 1
v = ;(Vka + Vis1Tev1 + VoTo) ()

T = tk + tk+1 + tO (3)

where T is the carrier period and #/7, tx+;/T and to/T are the duty cycles of their respective vectors.

Using trigonometric relations the application time for each vector can be calculated, resulting in

3T|v*| (COS(9 _ gk) _ sin(6-0y)

= e 5 ) 4)
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3T|v*| sin(6-6y)

Vo NG ®)
to=T — tg — tgs1 (6)

lk+1 =

where 6 is the angle of the reference vector vand 6 is the angle of vector Vi,
A classical current control scheme using SVM is shown in Figure 8. Here, the error

between the reference and the measured load current is processed by a PI controller to generate

the reference load voltages.
Py

Sector 2

b)

Figure 7 — Principles of space vector modulation. (a) Voltage vectors and sector definition, (b)
Generation of the reference vector in a generic sector
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: v : Vector Sp 3
Modulation g 1 v
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Figure 8 — Classical control scheme using SVM

With this method, constant switching frequency, fixed by the carrier, is obtained. The performance
of this control scheme depends on the design of the controller parameters and on the frequency of
the reference current.

Although the PI controller assures zero steady state error for continuous reference, it can

present a noticeable error for sinusoidal references. This error increases with the frequency of the

12



reference current and may become unacceptable for certain applications [27]. To overcome the
problem of the PI controller with sinusoidal references, the standard solution is to modify the
original scheme considering a coordinate transformation to a rotating reference frame in which the

reference currents are constant values.

1.3.2 Hysteresis Current Control

The basic idea of hysteresis current control is to keep the current inside the hysteresis band
by changing the switching state of the converter each time the current reaches the boundary. Figure

9(a) shows the hysteresis control scheme for a three-phase inverter.

---T T;

1 -T2 T4

oo
N~
=

b)
Figure 9 — Hysteresis current control for a three-phase inverter

Here, the current error is used as the input of the comparator and if the current error is higher than
the upper limit 6/2, the power switch 77 is turned on and 7% is turned off. The opposite switching
states are generated if the error is lower than -9/2. It can be observed in Figure 9(b) that with this
simple strategy the load current i; follows the waveform of the reference current i; very well,

which in this case is sinusoidal.
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For a three-phase inverter, measured load currents of each phase are compared to the
corresponding references using hysteresis comparators. Each comparator determines the switching
state of the respective inverter leg (S4, S» and S¢) such that the load currents are forced to remain
within the hysteresis band. Due to the interaction between the phases, the current error is not
strictly limited to the value of the hysteresis band.

This method is conceptually simple and the implementation does not require complex
circuits or processors. The performance of the hysteresis controller is good, with a fast dynamic
response. The switching frequency changes according to variations in the hysteresis width, load
parameters, and operating conditions. This is one of the major drawbacks of hysteresis control,
since variable switching frequency can cause resonance problems. In addition, the switching losses
restrict the application of hysteresis control to lower power levels [27]. Several modifications have
been proposed in order to control the switching frequency of the hysteresis controller. When
implemented in a digital control platform, a very high sampling frequency is required in order to

keep the controlled variables within the hysteresis band all the time.

1.4 Control Requirements

Traditionally, control requirements were mainly associated with the dynamic performance
and stability of the system. Currently, industry requires more demanding technical specifications
and constraints, and in many cases it is subject to regulations and codes. Many of these
requirements enforce operating limits and conditions that cannot be dealt with by the hardware
only, but also need to be addressed by the control system. This shift in trend has driven the
development of more advanced control methods. The design of an industrial power electronic
systems can be seen as an optimization problem where several objectives must be fulfilled at the
same time. Among these requirements, constraints, and control challenges, the following are

especially important:

*» provide the smallest possible error in the controlled variables, with fast dynamics for
reference following and disturbance rejection;

% operate the power switches in such a way that switching losses are minimized. This
requirement leads to increased efficiency and better utilization of the semiconductor

devices;
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% power converters are switched systems that inherently generate harmonic content. Usually
this harmonic content is measured as THD. Many power converter systems have limitations
and restrictions on the harmonic content introduced by the modulation stage. These limits
are usually specified in standards that can change from one country to another;

« the electromagnetic compatibility (EMC) of the system must be considered, according to
defined standards and regulations;

% in many systems, common-mode voltages must be minimized due to the harmful effects
that they can produce. These voltages induce leakage currents that reduce the safety and
lifetime of some systems;

« good performance for a wide range of operating conditions. Due to the nonlinear nature of
power converters, this is difficult to achieve when the controller has been adjusted for a
single operating point of the linearized system model;

% some converter topologies have their own inherent restrictions and constraints such as
forbidden switching states, voltage balance issues, power unbalances, mitigation of

resonances, and many other specific requirements.

1.5 Motivation for the Research

Considering the trends in control of power converters it can be seen that predictive control is
making a significant impact in research field as well as in the market. Among predictive techniques,
deadbeat control and MPC stand out due to their good properties. An implementation of MPC for
power converters can be difficult due to the large number of calculations. A solution is found in
FCS-MPC, which takes into account only the finite number of possible switching states, and can be
easily implemented using standard control hardware. The FCS-MPC has so far been successfully
implemented on various converters and rectifiers, uninterruptible power supplies, active filters and
motor control. Some of the dominant features of FCS-MPC, such as simple and convenient algorithm
for digital implementation, absence of linear controllers and the ability to easily include different
control objectives make its research potential constantly growing. Despite of this good features, the
FCS-MPC has two main drawbacks which make its application in industrial power converters
difficult. The FCS-MPC needs a high sampling frequency to achieve high performance and, a large
number of calculations required for high-level converters combined with an extended prediction

horizon could make implementation impossible. Another significant issue of FCS-MPC is a non-
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constant switching frequency producing widespread spectrum frequencies of generated currents and
voltages. This fact leads to necessity for large passive filters, increasing the weight, volume and cost
of power converters.

This thesis aims to investigate and solve some of the current issues associated with FCS-
MPC. Variable sampling frequency model predictive control has been proposed to achieve spectrum-
shaping for the NPC converter. The proposed control technique simultaneously considers load
current control, balancing of DC-link capacitor voltages, mitigation of common-mode voltage,
elimination of even-order and inter-harmonics in the load current harmonic spectrum, and fixed-
switching frequency operation. The challenges associated with weighting factor design are also
addressed. Through simulation and experimental verification on a low-power NPC converter, it has
been demonstrated that the proposed method preserves high dynamic performance nature of MPC,

and predefined harmonic spectrum characteristic of space vector modulation.

1.6 Organization of the Thesis

The thesis is divided into five chapters. Chapter 1 provides a brief introduction to power
converter topologies and most established control techniques in industry. This section also provides
the motivation for the research in field of model predictive control. Chapter 2 presents detailed
analysis of MPC, its operating principles, application and current issues. Chapter 3 is the main body
of the thesis which presents a theoretical background with proposed solutions to the addressed issues
in MPC presented in Chapter 2. Simulation results are also provided in this chapter. Chapter 4
presents experimental results and analysis along with DSP implementation of variable sampling
frequency. Chapter 5 makes an overview of main contributions of this work and provides

conclusions.
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CHAPTER 2
MODEL PREDICTIVE CONTROL

2.1 Introduction

Considering the increasing demands in performance and efficiency of power converters, the
development of new control schemes must take into account the real nature of these kinds of systems.
Power converters and especially drives are nonlinear systems of a hybrid nature, including linear and
nonlinear parts and a finite number of switching devices. The input signals for power electronic
devices are discrete signals that command the turn-on and turn-off transitions of each device. Several
constraints and restrictions need to be considered by the control, some of which are inherent to the
system, like the maximum output voltage of the converter, while others are imposed for security
reasons, like current limitations to protect the converter and its loads.

All the characteristics of power converters, as well as the characteristics of the control
platforms, converge in a natural way to the application of model predictive control. The main
characteristic of MPC is to use a model of the system to predict future behavior of the controlled
variables. The main body of the model predictive control is the cost function. In case of a finite
number of switching states, minimization of the cost function through multiple iterations produces
the optimal actuation for the switches. MPC may easily consider numerous control objectives, just
by inclusion of appropriate terms into the cost function. In such a way, the design of the controller
becomes alleviated. Combined with modern digital processors it became prosperous control
technique with ever growing potential.

This chapter extends the discussion on control methods to one of newly introduced control
strategies in power electronics, model predictive control. Different classes of predictive control
algorithms, operating principles, algorithms, block diagrams, advantages and flexibility, as well as
challenges are discussed in this chapter. It further provides an example of the design process for
current control of two-level converter with necessary discretization steps. Digital implementation
as well as defining appropriate prediction horizon are also discussed. Finally, up-to-date challenges
in MPC are presented. This chapter builds the foundations for the research which is focused on

solving problems in predictive control applied to multi-level VSC.
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2.2 Predictive Control in Power Electronic

Nowadays, practically all control strategies are implemented in digital control platforms
running at discrete time steps. Design of any control system must take into account the model of the
plant for adjusting the controller parameters, which in the case of power converters is well known.
Control platforms offer an increasing computational capability thus more calculation-demanding
control algorithms are feasible today.

As described before, due to the nature of predictive control, various constraints and
objectives could be easily implemented. Along with the known mathematical models of the
converters and considering the finite number of switching states, predictive control has stand up as
a mighty alternative to classical control methods. The main features converging toward predictive
control are summarized in Figure 10, which highlights the characteristics that lead to simple control

schemes for the control of power converters and drives.
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Figure 10 - Characteristics of predictive control

Predictive control includes a wide class of controllers that have found rather recent
application in power converters. It avoids the cascaded structure, which is typically used in a linear

control scheme, obtaining fast transient responses. Nonlinearities of a system can be included in the
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model, thus avoiding the need to linearize the model for a given operating point and improving the
operation of the system for all conditions. It is also possible to include restrictions to some variables

when designing the controller.

2.2.1 Predictive Control Types

The classification of different predictive control methods is shown in Figure 11. The main
feature of predictive control is to use the model of the system in order to predict future values of
controlled variables. This information is used by the controller to obtain the optimal actuation,
according to a predefined optimization criterion. The optimization criterion in the hysteresis-based
predictive control is to keep the controlled variable within the boundaries of a hysteresis area, while

in the trajectory based control the variables are forced to follow a predefined trajectory.

Predictive Control

v - ! '

Model Predictive Control

Deadbeat control

- Needs a modulator

- Fixed switching
frequency

- Low computations

- Constraints not

Hysteresis based

Trajectory based

- No modulator

- Variable switching
frequency

- Simple concepts

- No modulator

- Variable switching
frequency

- No cascaded
structure

(MPC)

included

v ‘

MPC MPC
with continuous with finite control set
control set

- No modulator

- Needs a - Variable switching
modulator frequency

- Fixed switching - Online optimization
frequency - Low complexity

- Constraints can (N=1)
be included - Constraints can be

included

Figure 11 — Classification of predictive control

One of the earlier predictive controllers used in power converters, so-called dead-beat
control, eliminates the classic linear controller by using a predictive model of the system. This model
is used to calculate the required reference voltage in order to reach the desired reference value for a
certain variable (usually the current). The predicted reference voltage is later generated by the
converter via a modulation stage. This scheme has been applied for current control of inverters [28]—

[34], rectifiers [35, 36], active filters [37, 38], and uninterruptible power supplies (UPSs) [39, 40].
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Another approach emerged called model predictive control, in which a model of the system is
considered in order to predict the future behavior of the variables. MPC is based on a minimization
of the cost function which may include different control objectives and constraints. Using discretized
equations, it is possible to predict the future value of the controlled variables, obtaining the future
control actions.

The difference between these groups of controllers is that deadbeat control and MPC with
continuous control set need a modulator, in order to generate the required voltage. This will result in
having a fixed switching frequency. The other controllers directly generate the switching signals for
the converter, do not need a modulator, and present a variable switching frequency.

MPC has several advantages, such as easy inclusion of nonlinearities and constraints. This
scheme has few applications in power converter control due to high amount of calculations needed
to solve the optimization problem online, which is incompatible with small sampling times used in
converter control. One solution in order to reduce the calculation time is to solve the optimization
problem offline, as presented in [41], where MPC is implemented as a search tree and the calculation
time is reduced, making it possible to use the MPC in drive control. Another solution is the use of
Generalized Predictive Control (GPC) [42], where the optimization is solved analytically, obtaining
a linear controller. Nevertheless, with GPC, it is very difficult to include system constraints and
nonlinearities.

Another approach to implement MPC for power converters takes advantage of the inherent
discrete nature of power converters. Since power converters have a finite number of switching states,
the MPC optimization problem can be simplified and reduced to the prediction of the system
behavior only for those possible switching states. Then, each prediction is used to evaluate a cost
function (also known as quality or decision function), and consequently, the state with minimum
cost is selected and generated. This approach is known as a finite control set MPC since possible
control actions (switching states) are finite. This method is also known as finite alphabet MPC or
simply as predictive control, and it has been successfully applied to a wide range of power converters

[12].
2.2.2 Control Requirements and Challenges for Three-Level Converters

Multilevel converters are recognized as among the most suitable and efficient candidates
to be used in high-power, medium-voltage industrial applications. They can synthesize near

sinusoidal voltages while increasing the number of levels, leading to good power quality and
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smaller output filters. In addition, higher levels of MV operation can be achieved without
connecting the switching devices in series. The most popular and well-known multi-level
topologies are flying capacitor, cascaded H-bridge and diode-clamped converters. By using
clamping diodes to divide the DC-link voltage among several capacitors, different configurations,
ranging from three-level to m-level diode-clamped converters can be obtained.

Multi-level diode-clamped converters are suitable for many industrial applications such as:
STATCOM, train traction, ship propulsion, regenerative conveyors, wind and photovoltaic energy
systems, and general MV motor drive applications (pumps, fans, etc.) In these applications, current
control is one of the most important issues and it has been widely studied in literature.

DC-link capacitor voltage balancing is one of the main issues in diode-clamped converters.
Especially when the number of levels increases, the switching actions in three-level converters
lead to an imbalance among the DC-link capacitor voltages. Usually, redundant switching states
are used for proper balancing. Another important challenge for diode-clamped converters is the
operation at low switching frequency in order to minimize the switching losses and to allow proper
heat dissipation. This requirement can be accomplished with the PWM and SVM techniques by
simply changing the carrier frequency. Unfortunately, low order harmonics are produced by the
PWM and SVM techniques when operated below 1 kHz leading to poor output current quality.
One more critical issue is that fast switching actions of the semiconductor devices cause high dv/dt
in the converter output voltages and this leads to higher common-mode voltage. The common-
mode voltage is undesirable when multi-level converters are used in motor drives. Mitigation of
common-mode voltage through improvements in PWM/SVM techniques is a cost effective and
attractive solution. However, the complexity of the SVM increases with the number of converter
levels.

The finite control-set model predictive control takes over the functions of linear regulators
and SVM/PWM modulators. To accomplish the aforementioned control requirements, they can be
described in a single cost function and the importance of each term can be weighted by using

assigned coefficients. This leads to fast and convenient implementation on digital processors.

2.3 The Concept of FCS-MPC

The common elements of FSC-MPC are: 1) using a model of the system to predict the future

behavior of the variables (until a predefined horizon in time), 2) and selection of optimal actuations
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by minimizing a cost function for a finite number of states. This structure has several important

advantages:

% concepts are intuitive and easy to understand;

% it can be applied to a great variety of systems;

«+ the multivariable case can be easily considered;

« dead times can be compensated;

% easy inclusion of nonlinearities in the model;

% simple treatment of constraints;

«+ the resulting controller is easy to implement;

«+ this methodology is suitable for the inclusion of modifications and extensions depending on

specific applications.

However, there are certain disadvantages that are stated below:

% larger amount of calculations for high-level converters;
¢ the quality of the model has a direct influence of the quality of the resulting controller;

+*»+ variable switching frequency caused by absence of a modulator.

The quality of the model has a direct influence on the quality of the resulting controller. If
parameters of the system change with time, some adaptation or estimation algorithm must be

considered.
2.3.1 FSC-MSC Operating Principle

The control problem for power converters can be defined as determining of an appropriate
control action S(7) (usually the gate signals of the converter) that will drive a generic system variable
x(#) as close as possible to a desired reference value x*(¢). Consider the qualitative behavior of x(¢)
and its regularly sampled value x(#) over a sample period 7s for a system with a finite number of
control actions 7, as shown in Figure 12(a), where measurements, computations, and control actions
are performed instantly (i.e., ideal case). Since the control actions or control set is finite in number
Siwith i =1, ..., n, they can be evaluated together with the measured value x(z), based on a
prediction function f,, to predict all possible system transitions xpi(t+1) = fp{x(t),Si}, fori=1, ...,

n.
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This prediction function is directly derived from the discrete model and parameters of the

system. To determine which of the control actions is to be selected, a decision or cost function f,

predictions can be defined, usually dependent on the desired reference value and the prediction g; =

Jfolx*(ti+1), xi(ti+1)} fori=1, . . ., n. Note that a future reference value is needed x *(#-;), which can

be assumed to be equal to the actual value x*(#), since 7T is sufficiently small compared with the

dynamic behavior of the system, and thus, the reference can be considered constant over 7. If needed

for highly dynamic systems, the future reference value x*(#-+;) can be estimated via appropriate

extrapolation methods. A typical example for f; would be the absolute error between the predictions

and the reference g; = |x*(tx+1) - Xpi(tx+1)|- The evaluation of the cost function with n predictions leads

to n different costs. Naturally, control action leading to the minimum cost (min{g;}, fori=1, ..., n)

is selected to control the system.
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Figure 12 — FCS-MPC operating principle: (a) ideal theoretical case (b) implementation case

Based on the example shown in Figure 12(a), the predicted value x,3(#+) is the closest to the

reference x*(#+1), hence, S3 is selected and applied at ¢ = #. Following the same criterion, S is

selected and applied in # = #-+;. However, the ideal theoretical case in which the variables can be

measured, predicted, and controlled instantly in # = # is not feasible in real-time applications.
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Nevertheless, this problem can be overcome if a two-step-ahead prediction is considered, as shown
in Figure 12(b), in which the control action to be applied in the following sample time S(#-+/) is
determined. This way, a complete sample period 7 is available to perform the algorithm.

Naturally, the sample period 7 has to be greater than the measurement, computation, and
actuation times added together. Assume that on a sample time #, a measurement x(#) is made and
the previously computed control action S(#) is applied. With this information and the system model,
a first prediction can be made to obtain the future value x(#-+/) (this is the first step prediction).

Now, from the predicted value x,(#-+), the FCS-MPC algorithm is performed for n possible
control actions, leading to one optimal selection S(#-+;) (this is second step prediction). Both
predictions are performed during the first sample period, and then, at ¢ = #-;, the optimal selected
control action S(#-+/) is applied, while x(#+1) is measured to perform the algorithm again. As shown
in the example in Figure 12(b), there is only one prediction for the first step, given by the applied
control action S(#) = S3 determined in the previous execution of the algorithm, while S(#+;) = S> 1s

selected from n predictions for the second step.
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Figure 13 — FSC-MPC generic control diagram

A simplified control block diagram for the real-time implementation of FCS-MPC is shown
in Figure 13, considering a generic system variable x(¢). It is worth mentioning that this control
method is not limited to a single variable; on the contrary, multiple variables, system constraints,
perturbations, saturations, and, basically, every characteristic that can be mathematically modeled
and measured can be included in the predictive model and cost function. This is the basis of a great
flexibility and control potential that can be achieved with FCS-MPC. Moreover, the fact that power
converters have a reduced and limited number of switching states (or control set) makes this method
feasible for implementation with presently available microprocessing resources. Since only a

discrete model of the system is necessary, rather than approximated linear models (together with
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control system design theory and modulation algorithms), a simpler and more direct design and

implementation of the controller are achieved.
2.3.2 Controller Design

In the design stage of FCS-MPC for the control of a power converter, the following steps are
identified:

* modeling of the power converter with identifying all possible switching states and its relation
to the input or output voltages or currents,

 defining a cost function that represents the desired behavior of the system,

» obtaining discrete-time models for prediction of the future behavior of the variables to be

controlled.

When modeling a converter, the basic element is the power switch, which can be an IGBT,
a thyristor, a gate turn-off thyristor (GTO), or others. The simplest model of these power switches
considers an ideal switch with only two states: on and off. Therefore, the total number of switching
states of a power converter is equal to the number of different combinations of two switching states
of each switch. However, some combinations are not possible, for example, those combinations that

short-circuit the DC-link. As a general rule, the number of possible switching states N is

N =xY (7)

where x is the number of possible states of each leg of the converter, and y is the number of phases
(or legs) of the converter. In this way a three-phase, two-level converter has N = 2° = 8 possible
switching states, a three-phase, three-level converter has N = 33 = 27 switching states, and a five-
phase, two-level converter has N = 2°= 32 switching states. In some multilevel topologies the number
of switching states of the converter can be very high, as in a three-phase, nine-level cascaded H-
bridge converter, where the number of switching states is more than 16 million.

Another aspect of converter model is the relation between the switching states and the voltage
levels, in the case of single-phase converters, or voltage vectors, in the case of three-phase or multi-
phase converters. For current source converters, the possible switching states are related to current
vectors instead of voltage vectors. It can be found that, in several cases, two or more switching states

generate the same voltage vector.
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For example, in a three-phase, two-level converter, the eight switching states generate seven
different voltage vectors, with two switching states generating the zero vector. In a three-phase,
three-level converter there is a major redundancy, with 27 switching states generating 19 different
voltage vectors. Figure 14 depicts the relation between switching states and voltage vectors for two
different converter topologies. In some other topologies, the method of calculating possible

switching states may be different.
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Figure 14 — Voltage vectors generated by a) two level converter, b) three-level converter
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Each application imposes several control requirements on the systems such as: current
control, torque control, power control, low switching frequency, etc. These requirements can be
expressed as a cost function to be minimized. The most basic cost function measures the error
between a reference and a predicted variable, for example, load current error, power error, torque
error, etc. However, one of the advantages of the predictive control methods is the possibility to
control different types of variables and include restrictions in the cost function. In order to deal with
different units and magnitudes of the controlled variables, each term in the cost function is multiplied
by a weighting factor that can be used to adjust the importance of each term.

When building a model for prediction, the controlled variables must be considered in order
to get discrete-time models that can be used for prediction of these variables. It is also important to
define which variables are measured and which ones are not measured, because in some cases
variables that are required for the predictive model are not measured and some kind of estimation
will be needed. To get a discrete-time model it is necessary to use some discretization methods. For
first-order systems it is simple to approximate the derivatives using the Euler forward method, i.e.,
using

dx x(k+1)—x(k)
dat T

®)

where T is the sampling time. However, when the order of the system is higher, the discrete-time
model obtained using the Euler method is not precise because the error introduced by Euler’s method
for higher order systems is significant. For these higher order systems, an exact discretization must

be used.
2.3.3 Current FCS-MPC of a 2L-VSI

The FCS-MPC current control problem can be easily derived from the generic operating
principle analyzed in this section. The variable x(#) would be the current is; the control action S(¢)
represents the switching states (S;, with i = 0, . . ., 7) of the converter. The predictive model
corresponds to the discrete time model of the load, with Euler approximation of the current

derivative, which leads to

) Lig(t)+TsV;(t
lsp{Si} _ L kRTS+L( k+1) 9)
2
Vitns) = 2Vge(Sil1 @ a?l) (10)
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where is(%) 1s the measured current and vi#+1)1s the voltage vector generated by the switching states
Si, withi=0, ..., 7. Additionally, note that i,s = i,y + jig,. Finally, the cost function that needs to be

minimized is

9:(ty) = |is — igp{S3| + ig — igp{Si}] (11)

The corresponding simplified block diagram of the current FCS-MPC is shown in Figure 15 as a

flow diagram.
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Figure 15 — Flow diagram of implemented control algorithm

28



The FCS-MPC does not force a commutation in each sample period. Hence, the average
switching frequency is variable, leading to a spread current spectrum. As shown in the flow diagram,

this current control is performed in the following steps:

1. the value of reference current is obtained and the load current is measured;

2. the model of the system is used to predict the value of the load current in the next sampling
interval for each voltage vector;

3. the quality function g evaluates the error between reference and predicted currents in the next
sampling interval. The voltage that minimizes the current error is selected and applied to the
load.

As shown in the diagram, the minimization of the quality function can be implemented as
cyclical prediction for each voltage vector, evaluating the quality function, and storing the minimum

value and the index value of the corresponding switching state.

2.4 Applications of Model Predictive Control and Challenges

For power conversion systems in the megawatt range, device average switching frequencies
over 1 kHz are considered inconvenient. In fact most common switching frequencies are found
around 500 Hz for IGBT and IGCT based converters. The use of lower switching frequencies
introduces a mayor trade-off between efficiency and high dynamic performance, and has been a
challenge in power electronics for decades.

Model predictive control is a powerful control strategy that uses the model of the system to
pre-calculate the behavior of the system for a predefined horizon in the future. The standard
implementation of predictive current control calculates the voltage required by the load to get the
desired current. Then this voltage is applied using pulse width modulation. This scheme has been
used for the control of single-phase and three-phase inverters, inverters with output LCL filter,
rectifiers and active filters, and uninterruptible power supplies. This concept has also been used for
torque control of induction machine. It is also possible to calculate the duty cycles for the converter
instead of the voltages. Some works have been presented using this scheme for current control in a
three-phase inverter and a matrix converter, flux and torque control of an induction machine [43],
and direct power control in an active front end rectifier [44].

It is also possible to include and control different variables using a single cost function. For

instance, while the current is controlled, at the same time, the cost function minimizes the switching
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frequency and balances the DC-link voltages in a neutral point clamped converter. This approach is
easily extended to the drives, where the entire system can be easily modelled including
nonlinearities. The fact is that the versatility and universality of MPC approach delivers great
potential for a wide range of application and an ever growing research potential.

In all applications the switching states are changed at equidistant time instants. However,
lack of modulation stage leads to a variable switching frequency producing spread voltage spectrum
over arange of frequencies. This is certainly one of the most significant issues in MPC which reduces
its potential for practical implementation. As discussed above, high number of converter voltage
levels generates many possible switching states. Due to extensive calculation required, real-time
implementation of MPC for high-level converters becomes troublesome. Moreover, weighting factor
design faces significant problems as an optimized procedure has not been presented up-to-date. The

work in Chapter 3 presents solutions to some of the problems stated.

2.5 Summary

In this chapter state-of-the-art converter control techniques are reviewed followed by the
discussion of various classes of predictive control techniques. The operating principle of FCS-
MPC is discussed for ideal and implementation cases. The implementation of current control
strategy has been discussed for 2-level converter through a flow diagram. Furthermore, the
applications of model predictive control and technical challenges are also presented.

The strategy introduced in this chapter leverages the discrete nature of power converters
and microprocessors. The predictive control has proven to be effective with a good dynamic
response and compares well with the classical methods. The use of linear and nonlinear controllers
is avoided. In addition, it is not necessary to include any type of modulator. The high calculation
power of today’s existing DSPs makes this method attractive to control power converters. Even
though the method might be simple in case of 2-level converter, the control algorithm might
become difficult to implement for some multilevel converters due to the extensive number of
calculations.

The results and analysis show that predictive control is a strong tool with a conceptually
different approach that opens up new possibilities for power converters control, especially in the

field of multi-level converter based systems.
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CHAPTER 3
VARIABLE SAMPLING FREQUECNY
MODEL PREDICTIVE CONTROL

3.1 Introduction

As discussed in a previous chapter, various control strategies can be used to control
rectifiers and inverters. One of the newest control methods with numerous advantages over
classical control is certainly model predictive control. As many of control objectives could be
simultaneously considered and easily implemented without the need for a cascaded control, MPC
becomes promising solution to control the converters in the future.

Spread spectrum and variable switching frequency is a well-known problem with model
predictive control that still has not been fully solved. The work in [45] proposes preliminary study
on using a discrete Fourier transform (DFT) in the cost function to solve this issue. The authors in
[46] presented a frequency weighted cost function to shape the harmonic spectrum. The addition
of secondary control objectives to cost function reduces the relative importance of primary control
objective, i.e., load current control. As a result, the quality (total harmonic distortion) of the load
current deteriorates. The variable switching frequency nature with these two works is still
unanswered. In [47] the authors incorporate duty-cycle calculation into cost function which
determines the time each vector will be applied for. This method is able to concentrate the spectrum
around certain frequency. However, the authors use a very high inverter switching frequency. It is
not clear how the method performs if the switching frequency was lower. Furthermore, the
experimental results are not provided to support theoretical analysis. The work in [48] proposes
selective harmonic elimination for predictive control. This concept fixes the switching frequency
but only mitigates certain harmonics in the spectrum. The current waveform is not half-wave
symmetrical and some low-order triplen harmonics are still present.

This work aims to solve the challenges associated with the FCS-MPC such as spread
spectrum and variable switching frequency by introducing variable sampling frequency concept.
This method uses an auxiliary algorithm to calculate the number of sampling points to be used in
the main predictive control algorithm. This approach combines the working principles of the FCS-
MPC and space vector modulation to achieve high dynamic performance as in FCS-MPC and fixed

switching frequency operation as in SVM.
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In this chapter a variable sampling frequency model predictive control is presented for the
elimination of even-order harmonics and spectrum shaping. The proposed strategy was verified
with the NPC converter, since it presents more challenges compared to a standard two-level
converter. Multiple objectives are considered at the same time, such as: load current control,
balancing of the DC-link capacitor voltages, common-mode voltage mitigation and elimination of
even-order harmonics in the load current harmonic spectrum. The corresponding simulation results

are presented for both NPC rectifier and inverter configurations.

3.2 Virtual System Simulator Model for Harmonic Spectrum Shaping

The very well-known characteristic of FCS-MPC is that a switching pattern does not exists
as the control does not use a modulator. This issue leads to a variable switching frequency. Due to
unsynchronized sampling between the measurements and output fundamental frequency, the
chosen states (voltage vectors) vary from the selected switching states in the preceding cycle. The
resulting switching does not fit into a pattern, leading to a spectrum with spread frequencies,
containing integer and non-integer multiples of the fundamental frequency.

To solve the spectral problem, a novel variable sampling frequency finite control-set model
predictive control (VSF-FSC-MPC) is proposed for spectrum shaping and fixed switching

frequency operation. The objectives of the proposed control strategy can be summarized as:

e cven-order harmonic elimination and spectrum shaping for inverters and rectifiers;

e ability to maintain primary control objective with minimum error during fixed switching
frequency operation for spectrum shaping;

e ability to fulfill secondary control objectives, such as voltage balancing or common-mode
voltage mitigation/elimination while maintaining primary control objective and spectrum
shaping;

e rectifier active and reactive power control and capacitor voltage balancing with even-order
harmonic elimination for grid-friendly operation;

e inverter/rectifier switching frequency control.

Variable sampling operation requires sampling frequency to be continuously adjusted

based on the operating conditions. The proposed concept whose general block scheme is presented
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in Figure 16 introduces a control algorithm named virtual system simulator (VSS). The function
of the VSS block is to simulate the power converter system with its load and locate an appropriate
sampling frequency based on a simulated waveforms of required variables. It uses MPC to develop
the data which will be analyzed on the existence of harmonics which should be eliminated from
the spectrum. The VSS operates in parallel with main MPC and is implemented as its subroutine.
The VSS entity is fully described in C/C++ language and therefore reflects the FCS-MPC concept

providing convenient implementation on modern control hardware.

Virtual System
Simulator

Input @ f;am

Main Model
Predictive Control

Output

Figure 16 — General concept of MPC with VSS

A more detailed version of the VSS is presented in Figure 17. The VSS structure can be
visually separated into four stages based on their function. First stage uses SVM concept to
determine the position of the reference vector (v,.f) and to locate the nearest three vectors that
surround the reference vector. Secondly, the VSS uses an internal MPC to simulate the behavior
of a power converter system. This module was named auxiliary model predictive control (AMPC)

and is clocked at a sampling rate fed from the sampling frequency shifter block.
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Figure 17 — Model of Virtual System Simulator

33



This module also carries the VSS waveform simulator/plotter which calculates the load
waveforms. Subsequently, the produced waveforms are subjected to harmonic analysis which is
done in third stage. Finally, the last stage is a frequency shifter and its function is to control the
sampling frequency with respect to setup operating conditions and restrictions. Each of these

segments is explained with more details in the upcoming sections.

3.2.1 Vector Selection Using SVM

The space vector hexagram is used to select the vectors available to predictive controller
at any time instant for a given reference current. The intensity and position of reference vector v*
is calculated based on the reference current i*. Then as presented in figure 18, three vectors Va, Vy,
and V. are selected based on nearest-three criterion with regard to the position of v*. The limitation
imposed on the vectors has a significant impact on shape of the produced waveforms. If the
controller in not allowed to randomly select vectors from a group of 27 available for the three-
level converter, but is forced to use only three selected vectors, a pattern begins to appear in the

switching sequence inside a fundamental cycle.

VSS
% v*k)| Calculate |y, vpV
LN C?;I:Uil(ate ( ); nearest3 |y
(k) vectors

Figure 18 — VSS module for reference calculation and nearest vector selection

The appearance of a pattern during steady-state operation is due to the fact that SVM
prevents the cost function from considering the vectors arbitrarily. Performance-wise, in
integration of SVM into MPC yields significant improvements by reducing the time needed for
cost function assessment. For instance, if a number of available vectors at any point in time is not
greater than three, the calculation burden on the processor could be reduced up to 9 times for three-
level converter.

Using SVM diagram presented in Figure 19(a) with all possible vectors and their states for

the NPC converter, the intensity of v,..f, i.e., the position of the peak of the vector is calculated

through the following expression:

v Vac
Uref =1 * IB*d\/E (12)
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where, i is the reference current, V. is the converter DC-link voltage and /5 is the base current.
Based on the intensity of the vector and its angular distance from the x-axis it is possible to assess
its exact position, i.e. the region the vector is located in. All the lengths in Figure 19(b) are assumed
to be multiplied by Ve, but for the sake of simplicity the multiplication is not pictured in the figure.

By using trigonometry expressions, the following dynamic models are derived:

Ko = %) (13)
3al — sin(%n—e)
_ (Vaer )
X3p = @ (14)
\/E
_ (Vdc*?)
X = oy (15)

SECTOR II
V15 OPN V3 Vi4
NPN PPN

TeVa Xsc TvV3

NNP PNP
V17 V11 ONP V18 -
SECTOR V TaVi

Figure 19 — Two-level SVM: a) Division of sectors and regions, b) Regions 1 to 4 in Sector I

The expressions in (13)-(15) need angle 6 which is obtained from af-frame coordinates
and it is calculated during each sampling period 7. The above expressions are used to calculate
the length from the origin to any point located on the sides of triangle 3 (Figure 19b). The intensity

of the reference vector is then compared with the calculated length to determine its position. For

instance, to determine if v,.. ¢ is located in region 1, expression (13) is used to find the length from

the origin to the point on x;.-side for the given 0. If the intensity (length) of v,..¢ is less than the
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length from the origin to the point on xs.-side, v,..f is located in region 1. Further, if the intensity
is higher than x;, and if @ is less than 30°, then expression (14) is used to calculate the dot on x;3;-

side to determine whether v, is located in region 3 or 2. We conclude that if the intensity of v,..¢

is higher than the calculated length, v,..( is located in region 2. If it is less, it is positioned in region

3. The same principle is used for determining the position in regions 3 and 4.

The conventional SVM scheme uses a predefined switching sequence. In the design of a
switching sequence a special care has to be taken to the distribution of the dwell times and their
correct arrangement. There are two possible cases that have to be considered. First, there is only
one small vector among the nearest three and, secondly when the reference vector is located in

region 1, there are two small vector of whom one is dominant half of the time.
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Figure 20 — General current spectrum with SVM

For even-order harmonic elimination two types of sequences should exist: sequence A and
sequence B. It can be observed that type-A sequence should start with an N-type small vector while
type-B sequence should commence with a P-type small vector. Combining sequence A and B even-
order harmonics can be eliminated with a slight increase in current THD. Figure 20 presents a
THD of the line-to-line voltage with implemented even-order harmonic elimination, obtained by
using SVM.

Even though the SVM combined with FCS-MPC represents a significant step toward
spectrum shaping, it is only the combination of the variable sampling frequency and applied

restrictions in SVM-based operation that establishes the right conditions for complete elimination
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of undesired spectral components in the load current. Therefore, further techniques constitute

necessary steps toward final pattern design.

3.2.2 Auxiliary MPC and Virtual Load Current Calculation

The VSS concept employs auxiliary model predictive control as a separate control
mechanics inside the VSS. It is important to note that the AMPC operates only in VSS and
therefore is not directly related to the main MPC, i.e., AMPC does not control the converter. The
AMPC however uses the same power converter model as MPC. An internal loop of the AMPC is
presented in Figure 21. The sampling frequency fumpie determined by the frequency shifting block
is fed to the AMPC. The AMPC is then executed until one full fundamental cycle of the load
current is calculated and stored for analysis. Cost function minimization delivers actuation for the

switches Six and Sax, which produces virtual currents iav, ipy and ic.

Jsample AMI;C |, Auxiliary i | Costfunction | Six,Sax Vutuall(;ad lav,Tbv,lev
samping >~ | minimization 7| surren
frequency Ver,Vez calculation

s (1 (T

Figure 21 — VSS module for virtual load current generation

If stored 3-phase current waveforms after analysis contain harmonics to be removed from the
spectrum, the data storing registers will be flushed and the AMPC is restarted to develop new
virtual current at a different internal sampling frequency. The flow diagram of the AMPC is
presented in Figure 22. It can be observed that AMPC considers only 3 vectors according to the
implemented SVM. Selected vectors are applied to the virtual load and the measurements are fed
back to the AMPC.

Since THD estimation requires at least one complete fundamental cycle it is required to
generate a set of values that will be analyzed on existence of various harmonic frequencies. The
block generates virtual currents and stores the data by dynamically assigning memory space for
the arrays. Subsequently, these values are used by the AMPC and compared with their virtual
references to calculate the error whose attempt of minimization will deliver required virtual voltage
vector to be applied at k+/ horizon. Continuing in this fashion, we obtain an actual extrapolation

of the currents for one or more complete cycles. Once the train of information is formed, it is used
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for harmonic analyzes. To develop the current waveforms, the virtual load current calculation

block uses time domain load model.
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Figure 22 — Auxiliary MPC flow diagram for the NPC inverter

Virtual load currents are calculated using expressions (16)-(18):

Van _ (Van _R
o =" = (0~ pq) v 2t (16)
R
Ven  (Ven R
=" = (0= loc ) = e7H (18)
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where Van, Vin and Ve, are the phase to neutral voltages whose values are to be calculated based on

selected switching signals S,, Sy, S and known DC-link voltage V. as:
[
IR I [
Ubn =|—§ 3 —gl Vdc Sb (19)
l 1
3

Furthermore, /o4, Io» and I, are the initial conditions that must to be known at the point in time
where the switching signals change. The initial conditions are calculated using the same
expressions (16)-(18) but with previously used vector, right before the calculation of the currents
la, Ip and I. using new assigned vector. In order for the algorithm to function properly, these
expressions are calculated with each VSS clock.

Even though the load equations introduce time ¢ and not sample time 7, it is important to
note that ¢ is also discretized, as the VSS eventually gets implemented on a digital processor. The
recommended resolution of the calculated virtual output current is 64 times higher than the AMPC
sampling frequency. Knowing that both AMPC and the waveform plotting part are parts of VSS,
AMPC has to be internally slowed down in a ratio of 64:1.

In the next stage of VSS the currents are passed through a pattern/harmonic verification

blocks. If this test passes, the correct fsgmpie 18 determined and the counter compare registers of

the DSP are set accordingly to match the new sampling rate.

3.2.3 Load Current Verification

The main part of the VSS which assures that the produced output waveforms in the
converter controlled by the MPC contain only the harmonics of interest is the verification module.
This module utilizes two-step verification and is presented in Figure 23. The first step consists of
analyzing the sequence of vectors across 6 SVM sectors in a fundamental cycle based on calculated
virtual load currents ia, ipv and i.. This kind of verification is fast since it only requires a
comparison between arrays of integers. The block output is a signal which defines if the
verification process continues or the pattern have failed to appear in the switching sequence. If the
pattern exist, further verification is required since establishing a pattern does not necessarily

assume the current spectrum does not contain even or triplen harmonics. However, if the pattern
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does not exist the loop process is reset and starts from the beginning with different sampling

frequency.

iav,ibv,icv Pattern iav,ibv,icv Harmonic
> ) . > . .
verification verification | 1O

Figure 23 — VSS module for virtual load current verification

The second block in the chain performs a thorough harmonic verification. The algorithm
uses the Discrete Fourier Transform (DFT) on a window with a high number of samples taken per
virtual current fundamental cycle. Finally, the output result of the harmonic verification block
approves or discards current sampling frequency, depending on spectrum content. If the block
outputs a positive value, the sampling frequency used in the VSS is correct for the given operating
conditions. If not, the sampling frequency is marked not optimal and the sampling frequency

shifter will provide the new sampling frequency based on given requirements and constraints.

3.2.4 Sampling Frequency Shifter and Constrains

The frequency shifter block presented in Figure 24 provides variable sampling frequency
for the entire VSS. The block calculates the new frequency each time the VSS indicated current

sampling frequency as not optimal through sampling frequency shift request.

fonisi Sampling Soample
frequency
shifter
VSS

Figure 24 — VSS module for sampling frequency control

In order to provide the data to the controller in equidistant time points, the sampling frequency has
been synchronized with the fundamental frequency of output load current. Considering the space-
vector diagram, there are 6 sectors, each phase shifted by 60 degrees. The correct synchronization
requires the number of samples (Ns) to be the same integer in each of 6 sectors. Therefore, the

sampling frequency can be obtained through equation (20),
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fsample = ffund * 6 * Ng (20)

where N, stands for the number of samples per sector and frynq is the required load current
fundamental frequency or the grid frequency. It is required to provide N; dynamically to obtain the
switching pattern under any condition, producing spectrum content without even or triplen order

harmonics.

3.2.5 Capacitor Voltage Balancing using P/N/O States

The proposed VSS concept opens an alternative way for balancing the capacitor voltages.
Since pattern in the switching sequence can be created by using the VSS, it is now possible to
balance the DC-link voltages by judiciously sorting the P and N states of small vectors. The
influence of each type of vectors to the DC-link voltage can be analyzed as follows. Since the
neutral point Z is left unconnected, the switching state PPP does not affect /2. Similarly, the other
two zero switching states, OOO and NNN, do not cause V7 to shift either. With the P-type
switching state the three-phase load is connected between the positive DC bus and neutral point Z,
therefore, the neutral current i. flows into Z causing V7 to increase. On the contrary, the N-type
switching state makes V7 decrease. The medium-voltage vectors also affect the neutral-point
voltage. Depending on the converter operating conditions, the neutral-point voltage Vzmay rise or
drop. Considering large vectors the load terminals are connected between the positive and negative
DC buses. The neutral point Z is left unconnected, and thus the neutral voltage is not affected.

To minimize the neutral-point voltage deviation, the dwell time of a given small vector can
be equally distributed between the P- and N-type switching states over a sampling period.
According to the triangular region that the reference vector is in, the following two cases are
investigated. In the first case there is one small vector among three selected vectors. To minimize
the neutral voltage deviation, the dwell time for the small vector should be equally distributed
between the P- and N-type states. In the second case two out of three selected vectors are small
vectors. Again, to reduce the neutral voltage deviation, the dwell time should be equally
distributed.

If the states are correctly arranged it is possible to maintain the voltages balanced under
normal operating conditions. This way a nice feature emerges to control the inverter switching

frequency. For instance, by sorting the states in a different order, but keeping the distribution of
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the dwell-times equal, the operating switching frequency can be utilized differently. The resulting

action will only affect the capacitor voltage ripple.
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Figure 25 — P/N/O state sorting

In a sense, the DC-link capacitor voltage ripple becomes decoupled from load current control in
terms of converter switching frequency. Only a slight increase in current THD is expected with

the increase in voltage ripple. The algorithm for sorting the vectors is presented in Figure 25.
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Figure 26 — P/N/O states arranged by the cost function

The algorithm consists of a several stages. Once the pattern is defined by the VSS it can
go through P/N/O states arrangement and the desired switching frequency versus DC-link voltage
ripple will be calculated. In the first stage it is required to detect Ns that was decided by the control.
The next stage is to choose Si, i.e., how many identical P or N states can appear in series. At least
2 same states need to be positioned next to each other in order to minimize the switching frequency.
After the length of the sequence is determined the algorithm proceeds with sorting the states of the
vectors in such a manner that reduces the switching frequency as much as possible. In the next
stage, the sequence inverses and will be applied in the forthcoming sector. An average switching
frequency is calculated to check if the pattern with newly sorted states satisfies the switching

frequency criterion.
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Figure 27 — P/N/O states arranged using an external algorithm

The simulation analysis shows the comparison between the cost function voltage balancing
and algorithmic P/N/O balancing. The pattern in Figure 26 was created by the control for the given
references and the VSS was applied to shape the spectrum. In Figure 27, the same pattern is
depicted, except the states of the small vectors are arranged by the algorithm for switching
frequency minimization. The P/N/O sorting resulted in decrease of the switching frequency from
1150 Hz to 850 Hz. The DC-link voltage was set to 10780V and the voltage ripple increased from
80V to 150V.

3.3 Inverter — Side Predictive Control with Load Current Spectrum

Shaping

To verify the feasibility of the proposed control scheme, the neutral-point clamped inverter
was considered as a case study, and this approach can be easily extended to any other power
converter configuration. The NPC inverter presents more challenges compared to a standard two-
level voltage source inverter. The NPC inverter needs to maintain constant DC-link capacitor
voltages in addition to excellent load current regulation. The control concept for the inverter is
presented in Figure 28. It contains MPC which is a converter control block. The other block carries
the VSS which provides the correct sampling frequency for the MPC. The proposed VSS algorithm
for the NPC inverter is given in Figure 29.
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Figure 28 — Inverter side control, VSS with MPC

Upon giving new current reference values to the control, the VSS function will be called to
determine an appropriate sampling frequency. The algorithm starts by determining the position of
the reference vector and the nearest three vectors. Only these vectors will be used in AMPC during
one sample. The sampling frequency shifter starts from previously used sampling frequency and

sets a value for AMPC.
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Figure 29 — Internal VSS structure for inverter

Immediately following, the AMPC algorithm is executed together with the virtual load simulator
to obtain the virtual load current waveforms. This part of the algorithm repeats itself until enough
data points are obtained for the execution of pattern and harmonics verification. First verification
stage is to run a pattern verification on the obtained switching vectors. If this block allows further

verification, the DFFT will be done to extract the harmonics of interest.

If the switching pattern exists but is formed in such a way that certain unwanted harmonics

appear in the spectrum or if the spectrum has spread frequencies, an execution of VSS repeats
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itself with the sampling frequency shifted up or down. The process repeats until the right frequency
is obtained and the desired harmonics are removed from the spectrum. It should also be noted that
in case common-mode voltage needs to be mitigated, the VSS must receive the same request.
Therefore, the VSS cost function will add and process another term and the algorithm will obtain
Jsampie Which allows fixed switching frequency operation with common-mode voltage mitigation.

The sampling frequency shifter allows certain restrictions and optimizations such as control
of switching frequency of the converter or speed optimization of the algorithm. If the switching
frequency has to be maintained constant across the entire range of load, the algorithm will target
the switching frequency. The VSS does not provide fixed switching frequency operation for all
load values, but will select fiumpie to fix the switching frequency close to the desired value for all
operating conditions and load ranges.

Once the value of fiumpre is known, the algorithm will automatically change the sampling
frequency of the MPC to a valid number. It is assumed that the calculations for fsumpie are going to
be completed within one sampling period 7. That way, the converter will always operate with a

presumed switching pattern and the dynamics of the system are preserved as well.

3.3.1 Mathematical Model of NPC Inverter

Considering the unitary vector a = e/2™/3 which represents the 120 phase displacement between

the phases, the output voltage vector can be defined as

V= %(vaz +avy; +a’vy) (21

Different switching states will generate different configuration of the three-phase load
connected to the DC source. Consequently, 27 switching states and 27 voltage vectors are obtained.
Taking into account the definitions of variables from the NPC converter circuit presented in Figure

30, the equations for load current dynamics for each phase can be written as

Vaz = LS8+ Rig + Vg (22)
Vyz = LEL+ Riy + g (23)
Ve = LSS+ Ric + vy (24)
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By substituting (22)—(24) into (21) a vector equation for the load current dynamics can be obtained:
v= L%(%(iu + iy + azic)) +R @ (iq + aiy + azic)> +2 (Vnz + vy +2%vy5)  (25)

Considering the space vector definition for the inverter voltage given by (21), and the following

definitions for load current

i = 2 (iq +aiy +a2i;) (26)

and assuming the last term of (25) equal to zero

2
5 (vnz + avnz + azvnz) = 0 (27)

then the load current dynamics can be described by the vector differential equation

di .
v=1L i Ri (28)
where v is the voltage vector generated by the inverter and i is the load current vector.

3.3.2 Discrete-Time Model for Prediction

If the load current derivative di/dt is replaced by a forward Euler approximation, that is, if

the derivative is approximated as follows:

di ik D)=i(k)
dat Ts
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and then substituted in (28), we obtain an expression that allows prediction of the future load

current at time k+/. This expression is

Pk +1) = (1-22)i(k) + Zv(k) (30)

3.3.3 Cost Function Evaluation

The future values of load currents and voltages in the capacitors are predicted for 27
switching states in a general case and generated by the inverter. For this purpose, it is necessary to
measure present load currents and voltages in the capacitors. After obtaining the predictions, a cost

function g is evaluated for each switching state.

i*(k+1) >
Minimization | _ _":} 2 :L'—&'—”
> of g fun ction : 7
i"(k+1),
chl,cz (k+ 1 ) l(k)
Predictive  [¢
Control ———— Voo (k)

Figure 31 - Predictive current control method for the NPC inverter

The switching state that minimizes the cost function is selected and applied during the next
sampling period. The predictive control scheme for the NPC inverter is shown in Figure 31. The

control requirements for the NPC inverter are:

e Load current reference tracking
e DC-link capacitor voltages balance

e Reduction of the switching frequency

These requirements can be formulated as a cost function to be minimized. The cost function for

the NPC inverter has the following composition:

g =iy, —ifl + |ig — ig| + ApclvE — v 31)

where the first two terms are the load current errors in orthogonal coordinates and the third term

in the cost function measures the difference in the predicted values of the DC-link capacitor
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voltages. The reduction of switching frequency can be obtained either through changing N; or by

using P/N/O balancing algorithm.

3.3.4 Capacitor Voltage Balancing

As it is already known, an NPC inverter may have neutral point (NP) balancing issues,
which are caused by the current that flows back to the NP. This problem arises due to tolerances
of the converter components and asymmetries of gating commands of the switches and leads to a
continuous unsymmetrical power flow between the positive and negative DC-link. The two DC-
link voltages may deviate from each other continuously and may finally destroy the components.

Model predictive controls allows balancing of the DC capacitors to be done in a very

elegant way. Starting from the capacitor differential equations

del 1

i C le1 (32)
dv, 1,
"2 = i (33)
and by approximating the derivatives as
Avex _ Vex(K+1)—vex (k)
a Ts (34)
the following discrete-time equations are obtained:
1,
vi(k+1) = veq (k) + Elc1(k)Ts (35)
1,
vi(k +1) = vy (k) + Elcz(k)Ts (36)

Currents ic;(k) and i.2(k) depend on the switching state of the inverter and are calculated using the

following expressions:
icl(k) = idc(k) - Hlaia(k) - Hlbib(k) - chic(k) 37)
lc2 (k) = idc(k) - HZaia(k) — Hypip (k) - HZcic(k) (38)

where variables H;rand H>x depend on the switching states and are defines as:

_(1ifS, ="+
e ™ { 0 otherwise (39)
1ifS, =" —"
H,, = X 4
2x { 0 otherwise (40)
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where x = a,b,c.
The cost function can then be modified to include the balancing term A4.|V5 — V5| where

Aqc coefficient has a certain range of values.

3.3.5 Common-mode Voltage Reduction

The common-mode voltage can be mitigated or completely eliminated by adding V_,,, term
into cost function which considers common-mode voltage with dedicated appropriate value of the

weighting factor A,,. The common-mode voltage is defined as:

Vant+ Vpnt+ Ven

Uy = et Pouct Yon @1

where the voltages V,,,, V3, and V,,, are phase to neutral voltages. The cost function to consider

V.m 18 given as:

g =iy, —ifl + |ig = ig| + Aem [vo (B (42)

3.3.6 Simulation Results with High Power Inverter

To verify the proposed theory the inverter was simulated using Matlab/Simulink. The
following simulations verify the steady-state and dynamic response, common-mode voltage
mitigation and switching frequency regulation using P/N/O state balancing with high power

inverter. The setup parameters are given in Table II1.

Table III — Simulation setup parameters for high power inverter

Converter Parameter Value SI Value pu
Converter rating 5 (MVA) 1
DC-Link voltage 10784 (V) 2.45

DC-Link capacitance 1000 (uF) 3.65
Output frequency 50 (Hz) 1
Filter inductance 16.1 (mH) 0.43

Load resistance 10.5 (Q) 0.9
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3.3.6.1 Steady-state and transient characteristics

Multilevel converter dominant area of operation is in high power applications. Therefore,
a high power NPC inverter was simulated to verify the control actions similar to real-application
environment. The steady-state response of the inverter controlled with VSF-MPC is provided in

Figures 32 and 33.
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Figure 32 - Steady-state response at 50 Hz: a) is, b) Vs and ¢) harmonic spectrum

Figure 32 presents the inverter load current waveform generated at a fundamental
frequency of 50 Hz, corresponding line-to-line voltage and current harmonic spectrum, while the
inverter operates at 0.4 pu of a rated current. It can be observed that for given operating conditions,
VSS achieves fixed switching frequency operation and a half-wave symmetry, leading to SVM-
based shape of spectrum with even-order harmonic elimination. A different fundamental frequency
of 25 Hz is further selected to confirm the control ability to properly handle fundamental frequency

reference changes. The results are provided in Figure 33. The switching frequency was kept
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constant leading to doubling the number of switchings per fundamental cycle in the second case.
However, VSF-MPC successfully achieves fixed switching frequency operation with spectrum
shaping. For both operating conditions it can be stated that current waveforms do not display cycle
to cycle oscillations, which means the switching frequency is fixed for given operating conditions.
Also, it is easily noticed that both current and voltage waveforms are half-wave symmetrical
leading to even-order harmonic elimination. Thus, Figures 32 and 33 confirm steady-state

operation for VSF-MPC with high power inverter.
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Figure 33 - Steady-state response at 25 Hz: a) is, b) Vs and ¢) harmonic spectrum
The same setup was also tested with a step change in current reference and the results are
presented in Figure 34. This test verifies the VSF-MPC with VSS using current step change from
0.4 pu to 0.8 pu. After receiving new reference values, the VSS successfully calculated new
sampling frequency, in such way maintaining constant switching frequency operation. This can

also be noticed by observing the capacitor voltages, which display symmetrically balanced values
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before and after the transient. During transient, there is a very short drift in the DC-link voltages
due to sudden relatively large current step. However, this behaviour was properly corrected by the

control.
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Figure 34 — Transient response of a high power NPC inverter

3.3.6.2 P/N/O Voltage Balancing

This test confirms the ability of the control to achieve proper DC-link voltage balancing
when switched from auto 1, balancing through cost function to P/N/O balancing using an external
algorithm. Figure 35 presents and verifies that the switching frequency can be adjusted through
the selection of P/N/O states. At #=0.03 s 4,4, value was changed from 0.01 to 0 at. The auxiliary
algorithm chooses P/O/N states such that the capacitor voltages are balanced even though the
cost function omits this task. Due to the transfer of capacitor voltages balancing to the auxiliary
controller, the switching frequency was changed from 1050Hz to 700Hz, and this can be noticed
by looking into the inverter output voltage waveform with respect to the mid-point of DC-bus
(Vaz)-

The ripple in the capacitor voltages is also increased; however their mean value is equal
to half the total DC-bus voltage. The ripple in the load current waveform is not affected by this

phenomenon, because the overall control scheme forces the load current to follow predefined
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harmonic profile. This test verifies the fixed switching frequency operation of the NPC inverter

and the ability to influence the switching frequency both ways.
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Figure 35 — DC-link voltage balancing by switching from auto A, balancing to P/N/O

3.3.6.3 Common-mode Voltage Elimination

Figure 36 shows the effectiveness of the proposed control algorithm in mitigation of CMV
in an NPC inverter and also simultaneous elimination of even-order harmonics. The inverter was
initially running with a switching frequency of 1050Hz, and the cost function considered the load
current control, balancing of capacitor voltages and even-order harmonic elimination. At /=0.035
s, the weighting factor A.,, was changed from 0 to 0.1, mitigating the CMV to a few volts by
choosing only medium voltage vectors and zero vector.

To facilitate such procedure, the switching frequency of the inverter decreases to 600 Hz.
Due to use of medium vectors and zero vector only, the load current THD has increased slightly.
However, the current ripple shape is still symmetrical to eliminate the even-order harmonics and
inter-harmonics. Load current follows the predefined harmonic profile and thus the even-order and

inter-harmonics are eliminated completely despite the changes in 4., value. This test verifies the
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effectiveness of the proposed scheme in eliminating even-order harmonics and CMV

simultaneously.
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Figure 36 — Common-mode voltage elimination through cost function minimization

In this case the voltage balancing of the DC-link capacitors in not achievable. However,
not only this algorithm achieves balanced voltages in steady state, but the overall control loop
displays a self-balancing effect as described in [49]. The strength of the self-balancing effect
depends on the sampling frequency, but is independent of the power rating of the system assuming

the per-unit impedance of the load is constant.

3.4 Rectifier — Side Predictive Control with Grid Current Spectrum
Shaping

If the predictive control is selected as a control method for the rectifier, spread spectrum

due to variable switching frequency is not suitable for a grid connection. Every converter

interacting directly with the grid must respect grid code guidelines such is IEEE Std 519-1992, in

terms of harmonic profile or Total Demand Distortion (TDD).

54



|
|
|
o S Vo
I :_1: | Virtual System |
[ ~| | | Simulator '
| | 1fsam i*(k
Grid | 1 C, !
_— 1
|
"5(k) i
I Main Model
: 1 | Predictive Control |
__________ |
ig(K),Va(k)

Figure 37 - Rectifier side control, VSS with MPC

In addition, to minimize the impact on the grid, rectifiers may use more complex filters,
such as LCL filter. Variable switching frequency produces various harmonic frequencies in the
spectrum which may induce oscillation and damage the equipment. Therefore, fixed switching
frequency operation is of a great significance for proper operation of rectifiers and minimal

negative impact on the grid.
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Figure 38 — Internal VSS structure for rectifier

The proposed control system for the rectifier is presented in Figure 37. The concept is
similar to previously used method to control the inverter, with a few modification required by the
rectifier configuration. In addition to previously considered in VSS, it is now required to consider
the grid voltage and frequency as well. The frequency of the grid is an important parameter which
has to be determined precisely in order for the sampling frequency to synchronize properly. The
grid frequency if fairly constant but the VSS monitors its value using an additional PLL block.
The other parameter used to determine the correct fsample iS the grid voltage. The VSS internal

structure is presented in Figure 38 with the inputs adjusted for rectifier operation.
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3.4.1 Mathematical Model of NPC AFE Rectifier

Based on the circuit shown in Figure 30, the equations for each phase can be written as:

Vga = LEE 4 Rig + oz — Vpz (43)

Vgp = L2+ Riy + Uz — Vpz (44)
dic .

Vse = LE +Ri, + v — vy (45)

Then, considering the space vector definition for the grid voltage

2
Vs = 3 (vsa + avg, + azvsc) (46)

where a = e/2™/3, and by substituting (43)-(45) into (46) the vector equation for the grid current

dynamics can be obtained as
v, = L%(é (iy + aip + azic)) +R (g (i, + aip + azic)>
+ 2 (Vaz + avpz +a%vez) — g(vnz +avy; +a’vyy) (47)
The last term of (47) is equal to zero
2 (Unz + AVyz +@%0y7) = 0 (48)

The input current dynamics equation (47) can be simplified by considering the following

definitions for the grid current vector and the voltage vector generated by the AFE:
i = 2 (iq +aiy +a%i;) (49)
2
Vafe = 3 (Vaz + avyy + azch) (50)

Voltage Vg is determined by the switching state of the converter and the DC-link voltage, and
can be expressed by the equation

Vate = Safe * Ve (51)

where V. is the DC-link voltage and S,¢. is the switching state vector of the rectifier, defined as

56



2
Safe = 5 (Sl + aSZ + 3253) (52)

where S;, S,, and S; are the switching states of each rectifier leg, and can take value of 0 if S, is
off,or 1 if Sy ison (x =1, 2, 3).
The input current dynamics equation (47) can be rewritten in the stationary of-frame as the

following vector equation:

LS = Vg — Voo — Ri (53)

where i is the input current vector, v, is the supply line voltage and v, is the voltage generated

by the converter.

3.4.2 Discrete-time Model of NPC AFE Rectifier

The predicted current is calculated using the discrete-time equation obtained from discretizing (53)

RTs

iP(k + 1) = (1= 55)i0k) + 2 (v (k) = Vage (K)) (54)

for a sampling time T. Discretization is done by approximating the derivative as the difference

over one sampling period as considered in the previous part with the NPC converter.

3.4.3 Rectifier Simulation Results

In a back-to-back system, the current reference for the rectifier is usually provided by the
PI controller in charge of the DC-link voltage regulation and by required load power on inverter
side. In order to verify the proposed concept, the rectifier with L filter was selected as a study case
and controlled with the VSS. The current reference was manually selected according to system
parameters which are the same as in case of inverter. The results for the investigated system are
presented in Figure 39. The NPC rectifier is drawing 0.4 pu of active power from the grid
respecting zero reactive power reference.

It can be noticed that the current is in phase with the grid voltage, thus taking power at
unity power factor. Furthermore, the voltages at the DC-link side are properly balanced. The
current is half-wave symmetrical and therefore does not contain even-order harmonics, which can

be seen from an associated harmonic spectrum of grid current waveform given in Figure 39¢).
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spectrum

3.5 Switching Frequency Targeting versus Number of Samples

It is known that the inverter switching frequency changes with load current ranging from
low to high values. In classical fixed sampling frequency FSC-MPC, the inverter switching
frequency varies with the load current. Figure 40 shows the proposed VSF-MPC forcing constant
sampling rate, where N was targeted for 14.

The cost function in this case includes load regulation term and capacitor voltage balancing
through A,.. At certain operating points, the requested sampling frequency cannot provide either
even-order harmonic elimination or fixed switching frequency operation. Thus, the sampling rate
is changed by the VSS to first nearby sampling frequency at which primary control objective can
be achieved. Ns could either increase (orange line) or decrease (blue line) depending on the VSS
settings. An increase in Ns would naturally raise an inverter switching frequency while lowering

N will decrease fiy.
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On the other hand, Figure 41 presents the control behavior when the inverter switching
frequency was targeted at 1000 Hz within an allowed range of 10 % of fluctuation around the
targeted value. The VSS was configured to automatically adjust the sampling rate to meet the
requested criterion while maintaining fixed switching frequency with even-order harmonic
elimination. Figures 40 and 41 show the flexibility of the proposed control scheme to fulfill various

objectives and simultaneously shape the harmonic spectrum.
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3.6 Summary

In this chapter a novel VSF-FCS-MPC scheme for inverter and rectifier is proposed. The
technique employs variable sampling frequency and a virtual system simulator to determine the
appropriate sampling frequency for spectrum shaping with even-order harmonic elimination. To
verify the proposed method, an NPC converter is considered as a study case. Through simulations
it has been proved that the spectrum can be shaped with eliminations of even-order harmonics in
addition to the current regulation and balancing of DC-link capacitor voltages. The strategy is
further verified with common-mode voltage mitigation, as an important aspect in motor drives.
From the grid side prospective, simulation were performed with the rectifier as well, which
confirms the control is able to maintain requested active power flow with simultaneous even-order

harmonic elimination and DC-link voltage balancing.
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CHAPTER 4
DSP IMPLEMENTATION
AND EXPERIMENTAL VERIFICATION

4.1 Introduction

The proposed VSF-FCS-MPC control scheme has been experimentally verified with the
laboratory NPC inverter and compared with FSF-FCS-MPC and conventional control methods, in
this case, SVM. Classical current control techniques for a three level VSI use PI regulators to
eliminate the steady-state error and a modulation stage to generate the gating signals. Even though
SVM provides fixed switching frequency operation regardless of operating conditions, the design
complexity is no match to its predictive counterpart. The complexity of the design and tuning
process for SVM increase even further when another PI loop is added to balance the capacitor
voltages. In FCS-MPC, on the other hand, current control and capacitor voltage balancing
objectives are defined in a single cost function. Simulation and experimental results for low-power
setup are both presented in this chapter for easier comparison, showing dynamic and steady-state
performances of NPC inverter. More specifically, the objective was to experimentally assess the
performance of the proposed technique in terms of percentage total harmonic distortion (% THD)
and average switching frequency under various load and reference conditions. This chapter also

covers the DSP implementation of FSF-MPC using fixed-speed digital processor.

4.2 Inverter Simulation Results with Low Power

A low power setup was simulated using MATLAB-Simulink to observe the behavior of
the control when multiple objectives need to be fulfilled, such as current control, capacitor voltage

balancing and spectrum shaping. The parameters of the system are given in Table IV.

Table IV — Setup parameters for low power inverter

Converter Parameter Value SI Value pu
Converter rating 3.6 (kVA) 1
DC-Link voltage 370 (V) 3.08

DC-Link capacitance 1000 (uF) 4.52
Output frequency 60 (Hz) 1
Filter inductance 7.5 (mH) 0.24

Load resistance 11 (Q) 0.92

61



200
Ocii Oc2
150 ek ¥ K . S S USSR SO S I —

100 |

W
[}

Vab (V), Oci2(V)
o

-50
-100
asol | NS J
200 I |

0.0 0.01

a)

200

I Ver.... D2 _
150 A(C] ‘(CZ

0.0 0.01 0.02 0.03 0.04 0.05
time (s)
b)
200
150 [ et S S Lt IH B —

100 B i A I [ 7
11t 13th 170 19t [t th h h

150 4 ,,,,,,A.Sm \7,(,5 ,,,,,,,, NN N Y 1 23x|25\ 29;|31l\ ,%
-200 I | | |

0.0 0.01 0.02 0.03 0.04 0.05

time (s)
c)
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The simulation results provided in Figures 42-44 compare SVM current control with FSF-
and VSF-MPC. Simulated waveforms in Figure 42 represent the inverter line-to-line voltage and
DC-link voltages during steady-state operation. The corresponding voltage spectrum is provided
in each figure. The graph in Figure 42a) presents SVM operation of NPC inverter. As expected,
SVM operates with fixed-switching frequency and due to implemented even-order harmonic
elimination achieves shaped spectrum including only the following harmonics: 5%, 7%, 11, 13t%,
17, 19t 231 25% 29™ and 31, Figure 42b) presents FSF-MPC operating at constant sampling
rate. It displays common MPC issue such as spread-spectrum due to variable switching frequency.
The control is able to properly balance the DC-link voltages. However, line-to-line voltage
contains various harmonic frequencies. The graph in Figure 42c) displays variable sampling
frequency method. The proposed method fully removes even-order harmonics and achieves
spectrum shape similar to SVM in terms of individual harmonic frequencies. Capacitor voltages
are properly balanced during operation.

Moreover, Figure 43 presents the inverter 3-phase steady-state current waveforms for all
three simulated control schemes, with dedicated spectrum profiles. In Figure 43a), SVM operation
is presented with fixed switching frequency operation. Similar to Figure 42b), 3-phase currents
generated by fixed sampling frequency MPC are pictured in Figure 43b). This kind of operation
leads to variable switching frequency producing spread harmonic spectrum. Finally, in Figure
43c), the proposed VSF-MPC algorithm achieves spectrum shaping while simultaneously
accomplishing reference current tracking and capacitor voltage balancing.

The dynamic performances are further analyzed in Figure 44. The graph in Figure 44a)
shows SVM response to a step change in current reference. Due to linear control and fairly
complex modulation stage a considerable time is required to achieve steady-state operation
compared to MPC response time. Both MPC techniques reveal superior predictive response
performances against SVM. However, VSF-MPC establishes shaped harmonic spectrum after
transient which can be observed in current waveform shape. It should also be stated that all three
control methods can properly balance the capacitor voltages during transients and achieve
reference current tracking with zero error. Simulation results obtain above are experimentally

verified and presented in the following sections.

4.3 DSP Implementation

The control algorithm has been implemented on the laboratory dASPACE DS1103 control
board with a PPC750GX digital processor clocked at 1 GHz. An internal architecture of the CPU
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supports 3 hardware interrupts controlled by two 32-bit counters and one 64-bit counter. The
resolution of the counters is 15 ns and 30 ns according to the system bus clock to CPU clock ratio.
All three counters are actively monitored with each system clock and their values are actively
compared with counter compare registers.

The algorithm has been written inside an interrupt routine and all calculations,
transformations and control equations are executed once with each interrupt cycle. However, the
VSS part of the algorithm in charge of finding fumpre 1s implemented as a function which is called
whenever there is a change in input parameters. The DSP supports complex task priority
management. Since controlling the primary cost function objectives is a pivotal role, the VSS
function was ranked second in the priority queue. This is required from the control point of view
and the associated Forward-Euler discretization for proper operation. However, the code execution
is optimized for fast calculation, thus all predictions can be completed in one 7§. If under certain
conditions the calculation time for fsumpie would take longer than one 75, the transient response of
the system would not be affected because the MPC has the highest priority in an interrupt routine.
Also, after a step change in current reference a certain time is required by the system to respond.
This time adds to the available calculation time for fsumpre. Finally, when fiampie 1s calculated the
counter compare registers are automatically loaded with the appropriate value.

In order to speed up the function execution time the VSS can be started with non-zero
initial conditions. A practical equivalent of such action would be an instantaneous pre-charge of
the inductors to some finite current value. Therefore, the initial conditions in (16)-(18) could be

set to any assumed value according to the operating conditions.

4.3.1 Delay Compensation

In experimental setup, the delay provided by the digital signal processor, gate drivers, and
switching devices is inevitable. In a cumulative delay, the portion provided by the digital signal
processor is most significant. The gate drivers, switching devices and sensors introduce a delay of
less than 2 ps. Considering that both MPC and VSS require 10-20 us to complete, the reference is
adjusted using vector angle compensation to minimize the impact of the processing time. Taking
into account vector representation of the variables of a three-phase system, it is convenient to
estimate the future reference by considering the change in the vector angle during one sample time.

The load current vector i’ can be described by its magnitude /*and angle 6

i*(k) = I'(k)elf® (55)

66



Assuming this vector rotates at an angular speed @ and that the magnitude remains constant, the

angle for the reference vector at #+; can be estimated as
0k +1) = 6(k) + wTy (56)

where Tis the sampling time. Considering I"(k + 1) = I'(k) the value of the future reference vector

can be estimated as

i*(k 4+ 1) = I"(k)e/ OWO+0Ts) (57)
Combining (55) and (57) the final equation to be implemented is
i"(k+1) = i*(k)e/®Ts (58)

4.4 Experimental Results and Analysis

The control algorithm has been implemented using a host PC running MATLAB/Simulink
2006a software through a real-time interface. The dSPACE DS1103 controller is used to handle
the control processes such as load current prediction, load voltage estimation, and cost function
minimization. The load currents and DC-link voltages were measured using LEM LAS5-P and
LV25-P transducers, respectively. The feedback from the sensors has been sent to the controller
through a CP1103 I/O connector. The prototype has been built with a Semikron SKM75GB123D
dual-pack insulated-gate bipolar transistor (IGBT) modules. The IGBT gate drivers are based on
a six SKHI22B dual-core modules powered by 15 V supply. The experimental setup parameters
are provided in Table V.

Table V — Experimental setup parameters

Converter parameter Value SI Value pu
Converter rating 3.6 (kVA) 1
DC-link voltage 370 (V) 3.08

DC-link capacitance 1000 (uF) 4.52
Load resistance 11(Q) 0.92
Filter leakage resistance 0.065 (Q) 0.005
Filter inductance 7.5 (mH) 0.24
Reference frequency 60 (Hz) 1
Proportional gain 1 -
Integral gain 1000 -

67



1 50.0V 2 50.0V 3 200.0V 4

5.00 m/s
Oci Ve
Kva h
[WJ I
T
Tl

0.115
0.046 0.030.062 0.03 =
/j L\ ~ V3 ~ Vs

4

_
N
3]

N\ S
f sof ey e e s gge” 3
THD = 40.4%
a)
I 50.0V 2 50.0V 3 200.0V 4 5.00 m/s
. Oct ez :
PN
Vab
¥
30
g
Ing

—
[e)

g
4| THD=385%
b)
1 50.0V 2 50.0V 3 200.0V 4 5.00 m/s
Oci. Vea..:
PERY
Vab
¥
3
g
fig
12 0083, 0.086 .
0047 "7 0,043
0.026  0.032 &« v
- i©
o
Z 5[}\1 7[}]1 111}\1 13“\’ 17“1’ 19thﬂ 23[1‘1’ 25[1‘1’ 29thﬂ 31[1‘1’
THD = 37.3%
c)

Figure 45 - Steady-state comparison of line-to-line voltages: a) SVM; b) FSF-MPC; ¢) VSF-MPC
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++ Analysis of Steady-State Performance

In order to represent the efficiency of the control to shape the spectrum and eliminate even-
order harmonics while following other required objectives, the steady-state performance has been
assessed and compared with SVM and FSF-MPC. The graphs in Figure 45 represent line-to-line
voltages and their harmonic spectrum in steady-state. Due to modulations stage, the SVM in Figure
45a) achieves fixed switching frequency operation including only the following harmonics: 5%,
70 11t 13t 17t 19t 23 25% 29™ and 31%. This is according to simulated waveforms. Even-
order harmonics are not present since SVM was implemented as a 7-segment switching sequence
optimized for reduction of switching frequency and even-order harmonic elimination. Further
analysis reveals that FSF-MPC performs with variable switching frequency (Figure 45b)). Cycle
to cycle difference between the gating signals delivers spectrum profile with frequencies spread
across an entire spectrum. The switching pattern does not exist and cannot be established due to
unsynchronized sampling times. When FSC-MPC gets accompanied with VSS to achieve optimal
sampling period, the switching pattern becomes evident, rendering VSF-MPC similar to SVM as
the same harmonic frequencies appear in both spectrums which can be observed in Figure 45c¢).
The graphs in Figure 45 also reveal that all three control techniques successfully balance the DC-
link capacitor voltages. Therefore, the experimental results in this test corroborate the theory, as
an obtained waveforms agree closely with simulation results.

Further measurements in steady-state were carried out to include 3-phase currents with
associated spectrum analysis. The results are presented in Figure 46. As in previous experiment in
Figure 45, the SVM and VSF-MPC achieve fixed switching frequency operation without
indicating inter- or even-order spectral components, while FSF-MPC delivers spread harmonic
frequencies due to non-constant switching frequency. Therefore, it can be concluded that VSF-
FCS-MPC is able to achieve fixed switching operation for given operating conditions, as such,
producing similar results to SVM. Again, experimentally obtained results are consistent with
simulated low-power waveforms.

From current THD analysis of plots in Figures 45 and 46 it is deduced that both MPCs
achieve lower %THD compared to SVM. This can be attributed to significantly less complex
predictive control mechanics and control effort concentrated into a single cost function. On top of
that, VSF-MPC stands out as a method delivering the lowest %THD of all three experimented

techniques. This behavior is notices in both voltage and current THD percentage. From

70



experimentally obtained values for different operating conditions, a thorough THD analysis and

comparison were performed and the results are presented in Figure 47.
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Figure 47 - Performance comparison: a) THD versus switching frequency; b) THD versus
modulation index

% THD Comparison

The comparative analysis was performed in case of the inverter operating at rated
conditions while the switching frequency was spanned from lowest possible to 3 kHz.
Furthermore, the setup was tested with variable modulation index ranging from 0.1 to 1 at constant
switching frequency. All three control techniques were compared against the %THD of load
current they achieve under tested conditions and the results are presented in Figure 47. As VSF-
FCS-MPC uses the VSS to adjust the switching frequency through modifying the control sampling

frequency, the sampling frequency of SVM was manually adjusted to always be 10 times higher
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than the carrier frequency. This provides high sampling rate for SVM and therefore a fair
comparison between tested control algorithms. Figure 47(a) shows that at rated conditions VSM-
FCS-MPC outperforms both SVM and FSM-FCS-MPC. Clearly, predictive control achieves better
vector utilization at full load. Also, both MPCs were able to achieve lower sustainable inverter
operating frequency than SVM, achieving only 150 Hz, while SVM was able to go as low as 175
Hz. It should be noted that all switching frequencies measured in the experiment are device
switching frequencies.

The graph in Figure 47(b) presents modulation index change versus THD. At high and low
m predictive control achieves lower THD than SVM, but in range of 0.3 to 0.7, SVM performs
with lower overall THD. Such a phenomenon can be attributed to the fact that MPC requires A4,
to increase for adequate voltage balancing at lower m rates. At m=0.7, A4, was increased from 0
to 0.05. The switching frequency was still kept at 1 kHz, but increasing 4,4, effectively decreased
the switching frequency “dedicated” toward current reference tracking, as a certain number of
switchings in small vectors became attributed only to DC-link capacitor voltage balancing.
However, the SVM operating principle is different from MPC, since the capacitor voltages are
balanced by extending or shrinking the dwell-times of certain small vectors. Balancing through
dwell-time correction does not interfere with switching frequency, providing this mechanism with
less impact on THD. However, MPC still performs better at light loads due to absence of
modulation stage and lower complexity, which in turn enables better vector handling and better

THD performance, even though the switching frequency is effectively less than with SVM.

¢+ Analysis of Dynamic Performance

The dynamic performances of the system were also verified and presented in Figure 48.
This set of measurements aims at stressing the response time of the system to determine the ability
of each control mechanism to quickly and accurately follow a step change in current reference. It
can be noticed that both VSF- and FSF-FSC-MPC outperform SVM when it comes to dynamic
performance. Both predictive controls achieved almost instantaneous correction of load currents,
accurately following the reference. On the other hand, SVM required over one and half
fundamental cycles to nullify the error in reference tracking. Such a difference in response time is
due to the fact that the overall SVM current control employs classical PI (proportional-plus-
integral) compensators using a dg-frame transformation followed by a fairly complex modulation

stage.
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The modulation stage uses a built-in look-up table based on the vectors with previously optimized
switching sequence. The fact that SVM relies on a carrier and generates the dwell-times according
to the position of the reference vector does not allow sudden changes to be accurately followed,
making the response a bit sluggish. On the other hand, predictive control single cost function-
based operation is able to momentarily respond and apply vectors to minimize the error in the next
sampling period. Thus, the response curves clearly reveal superior FCS-MPC characteristics when
it comes to dynamic performance. Figure 48 also compares the DC-link voltage balancing abilities.
All three control techniques behaved similarly and were able to maintained balanced condition
during reference step change, displaying similar behavior as observed in simulation. In conclusion,
VSM-FCS-MPC combines advantages of both techniques, providing fast response of FSC-MPC
and fixed-switching frequency operation of SVM.

4.5 Summary

This chapter presents simulation verification for a low power NPC inverter and
subsequently gives the experimental results with low power setup. The novel technique using
variable sampling frequency and a virtual system simulator to determine an appropriate sampling
frequency for spectrum shaping with even-order harmonic elimination is thoroughly examined.
The presented simulation graphs in Figures 42-44 correlate closely with experimental results given
in Figures 45, 46 and 48, displaying expected behavior for all control methods. The steady-state
performance reveals accurate current tracking and proper voltage balancing in both simulation and
experimental verification. The dynamic performances display no difference in speed and accuracy
of response with similar DC-link voltage balancing during transients. Further, this chapter provides

the DSP implementation procedure used in the experiment.
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CHAPTER 5
CONCLUSION

5.1 Technical Challenges and Work Contributions

An implementation of MPC to control modern power converters has numerous benefits as
it allows easy inclusion of various control objectives. A flexible formulation of the cost function
permits optimization of several important parameters, such as: number of switchings, switching
losses, reactive power control, motor torque ripple minimization, etc. Thus, the predictive
controller takes over the functions of PWM block and cascaded multi-loop PI control, and can
offer flexible and simple alternative to classical control systems.

One of the main challenges in the concept of FCS-MPC is achieving fixed-switching
frequency operation while maintaining good dynamic performance. Variable switching frequency
leads to spread spectrum which causes difficulties in the design and operation of power converters.
In grid-interactive converter systems with LCL filtering, spread spectrum might excite certain
harmonic frequencies rendering the system unstable or hardly controllable.

This work aims at solving variable switching frequency by introducing variable sampling
frequency operation. It has been confirmed through simulations and experiments that the concept

is feasible and that spectrum shaping can be achieved for both inverter and rectifier configurations.

5.1.1 Technical Challenges with Model Predictive Control

Aside from variable switching frequency and spread spectrum issues, there are other
technical challenges associated with FCS-MPC. One of significant aspects nowadays is available
digital computation power which in certain cases might still fail to handle all predictive control
requirements. A practical implementation of MPC for multilevel converters with too many levels
is still impossible due to extensive number of iterations. Adding up to this problem is a very
complex programming required for the proposed VSS implementation in terms of describing a
system and building a simulator that will precisely replicate its behavior.

Besides that, issues associated with predictive control, but not tightly related to the
proposed control technique are determination of the cost function weighting coefficients and

bandwidth analysis. Nowadays, the coefficients are still determined by empirical procedure. There
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is no analytical or numerical solution proposed yet to obtain an optimal solution. When it comes

to effective bandwidth analysis, related theoretical approach or frequency-response measurements

have not been reported to date. This is not trivial, considering the fact that FCS-MPC is inherently

a nonlinear control algorithm, in the same sense as the hysteresis controllers are. Hence, the

traditional concept and theory of bandwidth available for linear controllers cannot be directly

applied to FCS-MPC.

5.1.2 Work Contributions

This work proposes variable sampling frequency model predictive control to achieve fixed-

switching frequency operation. The contributions of the study are summarized below:

K/
£ %4

Spectrum Shaping with Even-Order Harmonic Elimination

A complete elimination of even-order harmonics and inter-harmonic frequencies in the
load current spectrum has been achieved with VSF-FCS-MPC. The proposed algorithm
was verified with the NPC converter. The cost function simultaneously considered
balancing of DC-link capacitor voltages and load current control. Common-mode voltage
elimination in the NPC inverter was also verified, and this has been achieved without
altering the predefined harmonic profile. Furthermore, the algorithm was simulated with
an NPC rectifier, where the harmonic profile was maintained constant while following

active and reactive power references.

Novel Switching Frequency Control Feature

Another important feature of the proposed control strategy is to arrange small vectors
automatically through an auxiliary algorithm such that DC-link capacitor voltages and
inverter switching frequency can be controlled independently without involving cost
function. This feature introduces one more degree of freedom for switching frequency

regulation and alleviates weighting factor design.

Extension of Variable Sampling Frequency FCS-MPC to Other Topologies

Variable switching frequency MPC with integrated VSS has a universal approach to power

converters. With SVM included, only certain vectors are deemed appropriate for cost
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function minimization. An application of this work can be easily extended to other higher-
level voltage source converters. Variable sampling frequency can also find its application
in current-source inverters since same optimization method can be used with topology-
related modifications. Another field that can highly benefit from MPC with fixed-switching
frequency is indeed the drives. As these systems employ both rectifiers and converters,
predictive control can offer convenient and easy way to control the drives through a single
cost function. At the same time, the rectifiers in drives may substantially benefit from
fixed-harmonic profile if control with FSF-MPC, as this method delivers the performance

in compliance with the grid codes.

Simple and Flexible Converter Control

Since the switching frequency can be controlled by controlling the P/N/O states of small
vectors and by regulating the sampling frequency, the cost function can consider fewer
terms, i.e., A, factor previously used for switching frequency reduction can now be omitted.
Therefore, problems associated with weighting factor design are mitigated. Moreover,
inclusions of only current tracking into the cost function produces less error in reference

tracking and lower overall THD.

Faster DSP Execution Time

Especially with higher level converters, predictive control requires a large amount of
calculation to predict the behavior of currents and voltages for all possible switching states.
An involvement of SVM into predictive control narrows down the number of vectors used
for prediction. This leads to significant reduction in calculation delay which will greatly
improve performance. In such case, k+2 prediction horizon may not need to be used, which

in turn, increases performances even further.
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APPENDIX

Discretization methods

A discrete-time systems should mimic the continuous-time controllers. We assume that a
continuous-time controller is given as a transfer function, C(s). It is desired to find an algorithm
(difference equation) for microprocessors so that the digital controller C(z) approximates the
continuous-time controller, Figure 49.

u(t) e(?)
C(s) [«

= ((s)
u(t) ’< u(kT) e(kT) >‘ e(?)
<4— D/A ¢ (C(z) ¢ AD [¢—

Figure 49 - Approximating Continuous-Time Controller
Approximate solution using numerical integration

To look for methods to approximate the transfer function, we start by examining a simpler
question: what is the equivalent of the differential operator (d/dt or s) in terms of the shift operator

(2)? Let’s start with a single integrator system, i.e.

u(t) =e(t) orC(s) = % = % (59)
The solution to this system is
u(t) = u(ty) + ftto e(t)dr (60)
At the sample instants
u((k+ DT) = w(T) + [ e(oydr (61)

There are three apparent choices to approximate the above integral in discrete time, i.e.
using values only at the sample instants and not in between. Figure 50 illustrates these

approximations.
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Figure 50 - Different Types of Integral Approximations

Mathematically, the discrete approximations of equation (61) can be summarized as follows:

Forward difference: utk+1) = ulk) + e(k)T
Backward difference: utk+1)=ulk)+e(k+ 1T
Trapezoidal approximation:  u(k + 1) =~ u(k) + leGrre®] 1

2

The pulse transfer function from input £(z) to output U(z) is:

-1
Forward difference: c(2) = % = % = 1T_ZZ—1
v@ _ 12 _ T

Backward difference: C2) = 50— 71~ 1z

Uu(z) TZz+1 _T1+z7?!
2

Trapezoidal Approximation: C(Z) = T 271 21z

Comparing with the pulse transfer functions above with the continuous-time transfer
function we see that the discrete-time approximation of the continuous-time transfer function can

be obtained by substituting the Laplace operator s with the following:

. zZ-1

Forward difference: s>

. zZ-1

Backward difference: s>
. L 27-1
Trapezoidal Approximation: s e
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Exact solution

A mathematically exact calculation of the matrices of the discrete-time state space representation

is of course not possible with the simple method described above. Let’s start with

x(t) = eAtk (62)

A

The matrix e?t is called matrix exponential function. It is defined by the following Taylor series:

At _ . Aiti _ AZ 2 A3 3 A4- 4
e = By =T+ A+ P+ et (63)
Combining state-space representation with equation (62) the following equation is obtained:

x(t) = @(D)xo + [, ®(t — D)Bu(t)de (64)

with
D(t) = et (65)

® is called transition matrix. If the time is set to t = (k + 1)T, the following equation results:
xX((k + 1)Tp) = A+ DToxy 4 [T QAU DT TRy (1) d7 (66)

Since the value of u(t) is constant for kT, <t < (k + 1)T, and using the substitution a =

(k+1DT,—7

x((k + DTy) = eATx(kT,) + [,° e**daBu(kT,) (67)

By comparing the coefficients of the above equation with space-state matrixes, Ad and Ba which

present the discrete-time state and input matrix can be determined directly:
Ad = eATO (68)
By = [," e*“daB (69)

Assuming a continuous system, it can be stated that detA # 0; the input matrix of the discrete-
time system thus results to:

By = A 1(eATo —)B (70)
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With the help of the equation (68) and (70), the state matrix A4 and the input matrix Ba of the

discrete-time system can be calculated.

Reference following

A measure of distance between reference and predicted value usually can be implemented

as an absolute value, square value, or integral value of the error for one sampling period:

g=lx"—x"| (71)
g= (" —x")? (72)
9= © - 2P ) de | (73)

Absolute error and squared error give similar results when the cost function considers only
one error term. However, if the cost function has two or more different terms, results can be
different. Squared error presents a better reference following when additional terms are included
in the cost function. Cost function (73) considers the trajectory of the variable between time tx and
tir1, not just the final value at instant tx+1, leading to the mean value of the error to be minimized.

This then leads to more accurate reference tracking.

Delay compensation

As the three-phase inverter has twenty seven different voltage vectors, the predicted current
and the cost function are calculated seven times. In this way, depending on the sampling frequency
and the speed of the microprocessor used for the control, the time between measurement of the
load currents and application of the new switching state can be considerable. If the calculation time
is significant compared to the sampling time, there will be a delay between the instant at which the
currents are measured and the instant of application of the new switching state.

A simple solution to compensate this delay is to take into account the calculation time and
apply the selected switching state after the next sampling instant. In this way, the control algorithm

1s modified as follows:

1. Measurement of the load currents.

2. Application of the switching state (calculated in the previous interval).
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3. Estimation of the value of the currents at time tk+iconsidering the applied switching state.
4. Prediction of the load currents for the next sampling instant tk+ for all possible switching states.
5. Evaluation of the cost function for each prediction.

6. Selection of the switching state that minimizes the cost function.

The measured currents and the applied switching states at time tx are used to estimate the value of

the load currents at time ti+i.

iP(k +1) = (1 - %) i(k) +Zv(k) (74)

Then, this current is used as a starting point for the predictions for all switching states. These

predictions are calculated using the load model shifted one step forward in time:

Pk +2) = (1-Z2)itk + 1) + Zvik + 1) (75)

where i(k+1) is the estimated current vector and v(k+1) is the actuation to be evaluated. The cost

function is modified for evaluation of the predicted currents if(k + 2), resulting in:

g=lit(k+2)—iP(k+2)|+

ik +2) —if(k +2)| (76)
Calculation of future reference using Lagrange extrapolation

For sinusoidal references and large sampling times, the use of extrapolation methods for
the reference can compensate the delay in the reference tracking in predictive control schemes. A
possible solution is to calculate the one-step-ahead prediction using the actual current reference in

the nth-order formula of the Lagrange extrapolation by:

i(k+ 1) = S0 [t Jl“ 1] i"(k+1—n) 77)

For sinusoidal references, n=2 or higher is recommended. Using the extrapolation formula, the

future reference can be predicted i*(k + 1) can be predicted, for n=2, with

(k+1) = 3i"(k) = 3i"(k — 1) +i"(k — 2) (78)
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Calculation of the future reference i*(k + 2) is required when cost function (76) is considered.

This estimate can be calculated by shifting forward (78), giving

"(k+2)=3i"(k+1) = 31" (k) +i*(k — 1) (79)

And, by substituting (78) into (79), the future reference can be calculated using only present and

past values of the reference current. The resulting expression for the calculation of i*(k + 2) is

i"(k+2)= 6i"(k) - 8i"(k—1) + 3i"(k — 2) (80)
Calculation of future references using vector angel compensation

Taking into account vector representation of the variables of a three-phase system, it is
possible to implement and estimate the future reference by considering the change in the vector
angle during one sample time.

The load current vector i*can be described by its magnitude I* and angle 6:

i"(k) = I"(k)e/f0) (81)

At steady state, it can be assumed that this vector rotates at an angular speed w and that the
magnitude remains constant. In this way, the angle of the reference vector for time #-+; can be
estimated as

0(k+1) = 0(k)+ wTy (82)
where T is the sampling time.
Considering (82) and I*(k + 1) = I"(k), the value of the future reference vector can be estimated
as

i"(k+1) = I"(k + 1)e/0¢+D = 7 (k)e/OM+aTy) (83)

and inserting (81) into (83)

i"(k+1) = i*(k)e/® s (84)

The same procedure can be used for the estimation of i*(k + 2), assuming

0k +2) = (k) + 2wT, (85)
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and I"(k + 2) = I"(k), resulting in

i*(k +2) = i*(k)e?*Ts (86)

Weighting Factors Adjustment for cost functions with secondary terms

This is the easiest case for weighting factor adjustment, since the system can be first
controlled using only the primary control objective or term. This can be simply achieved by
neglecting the secondary terms forcing the weighting factor to zero (A = 0). Hence the first step of
the procedure is to convert the cost function with secondary terms into a cost function without
weighting factors. This will set the starting point for the measurement of the behavior of the
primary variable.

The second step is to establish measurements or figures of merit that will be used to
evaluate the performance achieved by the weighting factor. Several error measures for current can
be defined, such as the root mean square (RMS) value of the error at steady state, or the total
harmonic distortion (THD). At least one additional measure is necessary to establish the trade-off

with the secondary term.

Start

A
\ 4
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\ 4

\ 4
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Figure 51 - Branch and bound algorithm to reduce the number of simulations required to obtain

suitable weighting factors

Once the measures are defined, the procedure is as follows. Evaluate the system behavior
with simulations starting with A = 0 and increase the value gradually. Record the corresponding

measures for each value of A. Stop the increments of A once the measured value for the secondary
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term has reached the desired value for the specific application, or keep increasing A until the
primary variable is not properly controlled. Then plot the results and select a value of A that fulfills
the system requirements for both variables. This procedure can be programmed by automating and
repeating the simulation, introducing an increment in the weighting factor after each simulation.
In order to reduce the number of simulations required to find a proper value for the
weighting factor, a branch and bound algorithm can be used. For this approach, first select a couple
of initial values for the weighting factor A, usually with different orders of magnitude to cover a
very wide range, for example, A = 0, 0.1, 1, and 10. A qualitative example of this algorithm is
illustrated in Figure 51. Then simulate these weighting factors and obtain the measures for both
terms, M!' and M?, for the primary and secondary terms respectively. Then compare these results
to the desired maximum errors admitted by the application and fit them into an interval of two
weighting factors (0.1 =X =1 in the example). Then compute the measures for the A in half of the
new interval (A = 0.5 in the example) and continue until a suitable A is achieved. Note in Figure 51
that each solid line corresponds to a simulation and dashed lines correspond to values already
simulated. This method reduces the number of simulations necessary to obtain a working

weighting factor.
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